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FOREWORD

We held the Second International Conference on Snow Engineering in Santa Barbara, California, June
21-26,1992. Scientists, engineers and architects discussed the nature, distribution and behavior of snow
as it affects constructed facilities. Participants came from Austria, Canada, Chile, England, France, Japan,
Norway, and the United States.

The Engineering Foundation served as conference coordinator, while the National Science Foundation
and Japan Society for Snow Engineering provided financial support. The International Standards Organi-
zation, American Society of Civil Engineers Technical Council on Codes and Standards, the Japan Soci-
ety for Snow Engineering and the Japan Society of Snow and Ice contributed technical backing for the
conference. The Cold Regions Research and Engineering Laboratory of Hanover, New Hampshire, edited
and produced the conference proceedings.

The technical sessions focused on:

1. Ground snow

2. Structural case histories

3. Analytical modeling

4. Experimental modeling

5. Snow control

6. Mechanical propertics and behavior
7. Building design

8. Codes and standards.

The final session entitied, “Perspectives,” was an open discussion format that summarized the session
contents and stimulated participants to discuss past, present and future trends in the field.

At the conclusion of the Conference the Advisory Committee agreed that the Third International Con-
ference on Snow Engineering will be held in Japan, with Dr. Hirozo Mihashi of Tohoku University serving
as chair.

RONALDL. SACK
Chairman
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1
Ground Snow

Hirozo Mihashi, Chairman

Measuring the depth and density of snow on the ground in central Afghanistan. (Photograph by Douglas Powell.)




Statistical Analysis of
Annual Extreme Ground Snow Weights for
Structural Design

Osamu Joh,* Shuji Sakurai,t and Takuji Shibata**

*Department of Architecture, Hokkaido University, Sapporo, Japan
*Department of Architecture, Hokkai-Gakuen University, Sapporo, Japan
**Department of Architecture, Hokkaido University, Sapporo, Japan

ABSTRACY

Extreme snow load may not be represented by the product of the
extreme snow depth and its average snow density. This is because the
extreme snow load generally appears later in the season than the
extreme snow depth and is larger than the snow load at the time of
the extreme snow depth.

This paper presents a statistical analysis of the annual extreme
ground snow loads and depths measured at 12 sites located in a heavy
snow district of Japan. The analysis shows that there exists a
linear relation between the mean recurrence interval (MRI) values of
the extreme snow depth and the extreme snow load for 10, 30, 50 and
100 years in MRI, It is a peculiarity that the above relation is
acceptable to ali the observation sites regardless of the differences
of the latitude or the weather conditions such as temperature,
humidity, magnitude of snowfall ard geographical features. The
assessment of design snow load may be improved by using the
statistical treatment of the annual extreme snow depth and the
proposed equation.

INTRODUCTION

Snow loads specified for structural design in the Building Standard Law
Enforcement Order of the Japanese Government are calculated as the products of
the maximum values of snow depth recorded at construction sites and the
specified values of snow density. The maximum value of snow depth for struc-
tural design purposes in each district is recommended by the administrative
agency concerned. Although a rational method for assessment of the design
snow depth is introduced in the Structural Standard of the Architectural
Institute of Japan, the values recommended by administractive agencies
concerned are certainly not based on rational methods. The specified values
of snow density are regulated simply as 0.3 gf/cm3 (about 300 N/m3) for heavy
snow districts and 0.2 gf/cm for the other districts. The heavy snow
district is defined as the district where the maximum snow depth equals or




exceeds one meter, From investigation reports on building structures
collapsed due to heavy snow, it is obvious that the excess of actual snow
loads over the design snow loads was often the principal cause of the
structural damages.

The data of measurement of snow depth for many years are available at
over 300 meteorological stations on the Japan Islands. Therefore, the
rational value of snow depth for design purposes can be obtained from the
statistical analysis of the annual extreme snow data in each district. On the
other hand, the data of continuous measurement of average snow density
throughout many seasons are not generally obtained from the meteorological
stations., Moreover, there is the difficulty that the extreme snow load
appears generally later than the extreme snow depth occurs within one season.
Consequently, even if the extreme snow depth and the average snow density are
simultaneously measured, their product may not represent the extreme snow
load. If the coupled data of snow depth and snow density measured
continuously throughout many years are obtained, the rational estimation of
design snow loads may be proposed by using the extreme snow load vs, the
extreme snow depth relationship from the data analysis,

DATA OF ANNUAL EXTREME GROUND SNOW WEIGHTS IN JAPAN

Fortunately, we have obtained the data of snow depth and snow weight
measured continuously on the ground for many years at 12 observation sites,
which are distributed from 43 degree north latitude (Sapporo, Hokkaido Prefec-
ture) to 37 degree north latitude (Shiozawa, Niigata Prefecture) in heavy snow
districts of northern Japan as shown in Figure 1. The measurements were
carried out in almost every days at Tokamachi, Joetsu and Shiozawa, and in
about every five days to ten days at the others. A summary of the annual
extreme ground snow weights and snow depths of each site is shown in Table 1.
Though the periods of observation are different from each other, all data were
used in the analysis because the number of reported data of snow weight is
very low, The average monthly temperatures of January and February at Sapporo
are -4,9 and -4.2 centigrade respectively and are the lowest among 12 sites.
Those at Joetsu are +1.9 centigrade both and are the warmest. It is a pecu-
liarity that the meteorological conditions of 12 sites are over a wide range.

At Sapporo, the maximum recorded value of the snow depth is 128 cm and
the maximum recorded snow weight is 418 kgf/m? for 17 years (1963-1981). At
Shiozawa, the maximum recorded value of the snow depth is 297 cm and the
maximum recorded value of the snow weight is 1019 kgf/m2 for 18 years (1952-
1970). Tokamachi shows the largest values in the maximum recorded values of
the snow depth and the snow weight among the 12 sites, which are 385 cm and
1571 kgf/mZ respectively.

Samples of changes in the snow depth and snow weight during a winter are
shown in Figure 2, The time lag between occurrences of the annual extreme
snow depth and snow weight is obvious. The number of years in which the
annual extreme snow weight appeared later than the annual extreme snow depth
is greater than that in which both the values occur in a same day, in all
sites as shown in Table 2. The average time lags at each site range from 10.5
days at Joetsu to 22.5 days at Shiozawa and the maximum time lag among the
whole data is 68 days at Yonezawa. The maximum ratio of the annual extreme
snow weight to the weight at the annual extreme snow depth among che whole
data is 2.33 at Tokamachi, and their average ratios at each site range from
1.10 at Shinjo to 1.24 at Yuda.




SELECTION OF PROBABILISTIC MODELS

Extension of PPCC Criterion

The probability plot correlation coefficient (PPCC) test proposed by
Filliben(1975) is used for testing five types of probability distribution
functions for their goodness of fit to the data samples., The five types chose
are the Type I, Type II and Type III distributions of extreme values, and the
normal and lognormal distributions. These probability distribution functions
F(x) are described as follows:

Type 1 F (x) =exp| —expl —a (x-u)] ~00 < x < +o©
Tvpe I F (x)=exp[ -(v/x)" ] 0 =x < +00
Type F(x)=expl - [ (e-x)/Ce-w)] ¥ | -0 < xS ¢

Lognnrmal F(x)= o[ (In x-2)/L1
where ¢ :Standard normal distribution function
k.u,v.w, a, ¢, {. 2 :Parameters of F (x)

Estimates of the distribution parameters are obtained by the regression
analysis of the plots on probability papers for normal distribution of extreme
values. The upper limit value ¢ of the Type III distribution was obtained
by convergence calculations as the value when the correlation cuvefficient
reached the maximum value,

The PPCC is calculated by using the following equation:

ro=5(X;-X) (M; -N) /T (X; -X)2 £ (M; -W)2

where X;:0rdered observations
Mi=®~!(m;) :Order statistic medians
¢ :Probability distribution function
m; sUniform order statistic medians

mi = 1—mn 1=1
mi= (i—0.3175)/(n+0.365) i=2,3,----n—1
mi= 0.5 1-n 1=n {n:No. of Samples)

Filliben employed empirical sampling to obtain an approximation to the
distribution of r under normality. For each sample size n (n equals from 3 to
100) normal random samples were §enerated on a computer. N = 10 9 samples were
generated for n { 10, and N = {10°/n] samples were generated for the specified
sample sizes n > 10, The smoothed percertage points p are given in a table
resulting from the empirical sampling,

The authors carried ot the empirical sampling to r under the Type I
distribution of extreme values by using the Filliben's method and obtained a
table showing the relationship among three valuables of the PPCC r, the
percent point p (it is called a level) = 0.M5, 0.01, 0.025, 0.05, 0.10, 0.25,
0.5, 0.75, 0.90, 0.95, 0.975, 0.99 and 0.995, and the sample size n = 10 -
100. The percentage points for the Type II and Type III distributions of
extreme values can be calculated by using the above table after transforming
the valuables of the Type II and Type III into logarithms.




Test of Five Probability Distribution Functions for Goodness of Fit

The level p and the PPCC r of the annual extreme ground snow weight and
depth in each probability distribution function are shown in Table 3. The
symbols of @ for the level of more than 50%, O for the level of 5% to 50%,
AN for the level of 1% to 5%, and X for the level less than 17 are used to
simplify the Table. The Type III and normal distributions provide a better
fit on the result that the levels of the snow weights and snow depths in all
observation sites exceed 5% as shown in Tables 3(c) and 3(d) respectively,
The Type I distribution also provides a better fit excepting the snow weight
of Yoroihata and the snow depth of Tokamachi.

Figure 3 shows the numbers of observation sites fitting to each level in
five probability distribution functions. The Type III distribution provides
the best fit among the five types for the snow weight and snow depth, and most
of the numbers are the level of more than 507, Figure 4 shows the five
probability distributions of annual extreme weights for each observation site.
The figure also shows that the Type III distribution is the best fit and the
Type I and normal distribution are better. All the annual extreme snow
weights were plotted on the probability papers for normal distribution and
extreme value in every site as shown in Figure 4.

Judging from the above-mentioned results, the probability distribution .
functions for the annual extreme snow weight must be same to that for the
annual extreme snow depth at each site, and the Type III and normal distribu-
tion functions show the best and better fit respectively for both the annual
extreme snow weight and depth at all the sites.

MEAN RECURRENCE INTERVAL VALUE

Table 4 is the comparison of each probability distribution to the optimum
distribution for mean recurrence interval values of snow weights. The optimum
distribution was determined in each observation site by using the MPPCC.,
Figure 5 interprets graphically the relationship between the ratio of MRI
values and recurrence interval., The ratio of MRI values is the amount of MRI
value calculated using the provided distribution divided by the MRI value
calculated using the optimum distribution for each observation site. The
averages of the ratios of MRI values calculated using the Type III and normal
distributions provided are plotted on the neighborhood of 1.0 in every
interval., Those using the Type I distribution become slightly larger than 1.0
as the interval increases. Those using the other distributions are remarkably
larger than 1.0 as the interval increases. The average and standard deviation
of the ratios of each probability distribution to optimum distribution for 50-
year MRI values of snow weights at twelve observation sites are shown in
Figure 6. The standard deviations calculated using the Type III, Type I and
normal distribution are 0.041, 0.092 and 0.095 respectively, and the scatter-
ing is very narrow.

These behaviors appear also on the ratios of MRI values of snow depths
calculated using five probability distributions to those calculated using
optimum distribution for each observation site as shown in Figure 7.

RELATIONSHIP BETWEEN MEAN RECURRENCE INTERVAL VALUES OF SNOW WEIGHTS AND THOSE
OF SNOW DEPTHS

The relationship between the annual extreme snow weights Wpay and snow
depths Hpayx has to be obtained in order to evaluate the snow load calculating




from many data of snow depths measured by the more than 300 meteorological
stations in Japan., Figure 8 shows the relationship between Wpay and Hpay of
every year for the observation sites. The relationship is expressed by using
the function Wpay = 3.2 Hpay.

Since only the mean recurrence interval values of snow depths can be
calculated from the data mentioned above, it is more useful that the relation-
ship between mean recurrence interval values of snow weights and those of snow
depths is obtained. It was proved in the foregoing section that the proba-
bility distributions of the annual extreme snow weights and snow depths can be
seen to be very close to each other and the Type III, Type I and normal
distributions are adequate to describe the annual extreme snow weights and
depths, Therefore, ratios of MRI values of extreme snow weights to those of
extreme snow depths were calculated using the three kinds of distributions for
the recurrence intervals of 10, 30, 50 and 100 years. The ratios are corres-
pond to conversion coefficients from snow depths to snow weights.

The averages and deviations of the ratios for the 12 observation sites
are shown in Table 5 and plotted in Figure 9. The results of calculations
suggest adequate correlations between RMI values of snow weights and depths,
and the coefficients of correlation are 0.970, 0.964 and 0.971 for the Type
I, Type III and normal distributions respectively. The conversion coeffi-
cients increases slightly as the MRI value increases. From the results shown
in Table 5, however, it may be proposed that the conversion coefficient is 3.5
as a practical value for every recurrence interval not more than 100 years.

WMRT = 3.5 HMRI

where Wypr is MRI value of annual extreme snow weight (kgf/m?)
Hvrr is MRI value of annual extreme snow depth (cm)

It is noteworthy that this equation is adapted to all the sites which are
located widely from the cold district to the relatively warm district., This
means that the snow densities which were deferent remarkably to each other
site at the annual extreme snow depth increase after the time as shown in Fig.
2, and approach closely at the annual extreme snow weight as shown by
Nakamura(1992).

CONCLUSIONS

This paper presents a statistical analysis of the extreme ground snow
weights and depths measured at twelve sites located in heavy snow district of
Japan. From the analytical results, the following conclusions can be drawn:

(1)The analysis shows that the Type III distribution is the best adequate
to describe the annual extreme ground snow weights and depths at all the
sites, the Type I and normal distributions are better adequate, but the Type
II and lognormal distributions are not adequate.

(2)There exists an obvious linear relation between the mean recurrence
interval values of the extreme snow depths ( Hygry (cm)) and the extreme snow
weights ( WMRT (kgf/mz)) for the mean recurrence interval, MRI = 10, 30, 50
and 100 years in the heavy snow districts of Japan. The relationship can be
seen that WMy = 3.5 Hypr for three above mentioned distributions.

(3)The assessment of design snow load may be improved by using the
statistical treatment of the annual extreme snow depths and the equation
proposed in this paper.




ACKNOWLEDGMENTS

The authors are also grateful to the snow researchers for providing their
essential observed data and their useful comments.

REFERENCES

Filliben,J.J.,"The Probability Plot Correlation Coefficient Test for
Normality," Technometrics, Vol.l7, No.l, Feb.,1975, pp.l111-117

Nakamura, T.(1992) "Roof-Snow Observations and the Applicant to House

Construction," Proceeding of the Second International Conference on Snow
Engineering (this proceeding).

Table 1, Summary of Annual Extreme Ground Snow Weights

Observation | Sap—|Hiro—|Yoro-| YudaKama~ |Shin—{Obana!Yone~|Tada-|Toka~| Jo~ |Shino-

sites poro] saki]ihata buchi| jo l=zawa| zawa| mi |machi| otsu] zawa

Observation | 1964 | 1965 1961 1961 | 1941} 1974 1958 1958} 1962 1940 1962} 1953

years -"86| -"86) 772 ~" 15 ~"87] -"88} -'15| ~" 75y =716} ~'85) ~"80) -' 70

No. of years 21 16 11 12 43 15 17 13 12 46 19 18

Maximum (W] 418 362| 400! 1148} 1071 710] 892 760} 1221 1571{ 721 1019

Hy 128| 120 171} 2964{ 232] 214{ 225¢( 170] 339| 385; 220! 297

Minimum (W] 189 61| 187 306} 147\ 126 2231 222 267 233 271 235

H 64 21 71 94 43 54 80 771 110 97 19§ 112

Mean ¥l 306, 217| 333 644 541] 420| 575 424| 803| 816| 390 678

Hi 100 69! 129 187| 157! 129 147; 124| 223 237 131 213

Standard | W 70 82 671 251 209 160} 200f 143[ 286] 319 211 240

deviation |H 19 25 35 61 53 43 45 26 65 74 57 53
Average |Jan | -4.9| -2.0 ~3.3 -1.6] -1.8| -1.3} -1.9} -0.4] +1.9
temp. |Feb]-4.2] -1.8 -3.1 -1.4} ~1.7¢ -1.3| =1.7] -0.1] +1.9

¥ : Annual extreme ground snow weights (kgf/m?) Average temperature : (°C)

B : Annual extreme ground snow depths {(cm)

Table 2. Tiwe Lag of Annual Extreme Ground Snow Weights

Observation | Sap-{Hiro-|Yoro- | Yuda|Kama~ |Shin-{Obana{Yone—-|Tada~}Toka~| Jo- {Shino-
sites poro| saki |[ihata buchi| jo [-zawa] zawa| mi |machi{ etsu| zawa

Number of 17 9 7 10 13 12 14 10 10 43 17 16
years 3 [ (21)] (16) { (Q1) { (12)] (43) | (15) | (A7)} (13) | (12)] (46) ] (19) ] (18)

Time | Max. 38 18 37 57 43 31 63 68 51 62 25 62
lag Mean | 18.6 11.7{ 18.6] 22.0; 18.4| 15.2| 17.4; 20.8| 19.7} 20.1| 10.5) 22.5
(days) | op 11.1 3.8¢ 9.8(15.,2112.31 9.1 16.67 19.71{ 17.0] 13.9} 7.7 14.§

‘ Voo, Max. |1.72) 1.37| 1.46 | 1.48] 1.33| 1.16¢{ 1.55] 1.52} 1.50} 2.33| 1.68} 1.42
“i;;::‘ Mean | 1.19| 1.19{ 1,16 1.24{ 1.17} 1.10( 1.20% 1,21 1.21} 1.19¢ 1.231 1.21
op (0.22] 0,12} 0.1410.141 0.15} 0.04] 0.15] 0,181 0,15} 0.22| 0.21 0.13
[Notes] 3 Number of years in which Wyax delaved Hmax op . Standard deviation

() indicates total number of observated years
¥nax  Annual extreme ground snow weight (kg{/m?)

Fumax © Snow weight at annual extreme ground snow depth Hmax (kgf/m?)




Table

3. Modified Probability Plot

Correlation Coefficient Test

W : Annual extreme ground
snow weights (kgf/m?)

I Annual extreme ground
snow depths (cm)

n : Number of observated
years

© : Level >50%

O 5% <Llevel=50%
19 < Level £5%
Level 1%

(b) Typell Distribution

Ovserv. lovei rvalue 1n ()
Spots n
.5 1 25 5 10 25 5 T5 90 S 9.5 9% 995
Sa) ajw o) §~10 (0. 943
prore H a 1~2. 540, ¥20
] kr 16 W > 0.5~1 (0.877
Hrose h A 2500 80
Yoroiata ] 1| ¥ x ~0.5(0,438)
B A 1~2 5(0. 389)
Tuda 121 % (=] 5~75 (0.979)
1] C 25~50 (0.964)
Kammbwchi {431 W[ x ~0.5(0.905)
Bl ~0,5(0. 917
Sumo {151 W a 1~2.540. 890}
L} Ay 1~2.5(0. 904)
Obunazase | 17§ ¥ > 0.5~1 (0.889)
1] C 10~25 (0. 949)
Yooemwe [i3) ¥ ] 75~80 (0, 984)
K o} §~10 (0.985)
Tadass 12 ¥ Fay 1~25(0.874)
H &) 10~35 {0.942)
Toxawachi | 46| ¥i x ~8.5{(0. 892}
B x ~0.5(0.901)
Joetsu |19 ¥ | x ~O.$(0.512;
Bl ~0.5(0.824
Skiomawe |18 W > 1 50.!97;
# A 2.5~5 (0.833
(d) Normal Distribution
Obsery. iave} rveloe mn ()
Spots n
6.5 1 2.5 5 10 25 50 75 90 8% 9.5 ¥ .5
Sapporo  [21] W g S0~T5 (0. 985)
[} 50~-75 (0. 083)
Hirosax: |18} ¥ () 0N (o.m;
" ©  80~85 (0.990
Yororhata | 11| ¥ o] 19~25 (0.948)
L] @] 25~50 (0.965)
T i < 50 (0.973)
H [ 50~-75 (0.981)
Sommpuchi |43 ¥ ] 10~25 (0.983)
L] 6 $0~75 (5.990)
Shingo 15[ ¥ € T5~00 (0,987)
L] -2 75 (0. 984}
Qoanezewe | 17} ¥ G 25~50 (0.¥73)
B © Th~90 (0.988)
Yonetaws {13] ¥ O 10~25 (0.981)
L] € 9085 {0.990)
Tadem: }i2) ¥ C ) 10~35 (0.956)
H < 75~80 (0.988)
Toknsachi 46 ¥ o) 2550 (9.788;
L3 $ (0.980)
doeusu [19] ¥ [ 2550 (o.m;
4 e 50 (0,988
Shiopew 13| W ¢ 75 &0%"
H ¢ T5~90 {0,987

(a) Typel Distribution

Towors. i lewe! rvaiue 1 ()
Spots n
05 1 L5 % 10 35 50 TR %M 95 M5 W S
Sagpore: |2 ¥ O 10~25 (0.985,
¥ G S 10 m.wg
Hiromki [18] ¥ o) 550 (0.‘;
L} o 16~80 (6975
Yorouaata 13 ] ¥ 4 I~L $10.883)
B o] $~10 {£.923)
Yuds uj © 77.5 (0.9
# -] T5~ 58 {0. 985}
damsbucti 143 | ¥ G ~50 10.984)
L} 19 LR )]
S (181 W ¢ B~50 (0.973)
L} G 15~50 (0.9725
Otmansame {17 ¥ C $~10 (0, 945)
13 C 20 (0.9%)
Tosezys |13] ¥ ] 0 (0.98%)
[} G 5~50 (0. 908}
Tadea: 12y > 10~25 (0. 944
) H 7 e P g
Yokamch: | 48} ¥ o} 9--30 {0.988,
' H a” 258 )
Josrsu 197 & Q 32~10 (0.900)
L] < 319 10.948)
Shiomme |18] ¥ (o] 10 (0. M8}
[} < 1025 (0.0
(c) Typelll Distribution
Ousery. lovel realoe 1n )
Spots n
0.5 1 25 ¢ i XK 50 7 9 8% .5 B WS
Sapporo  f2] ¥ -} S0~T5 (0. 983)
B a 75~80 (0. 088)
L} ke (18} W T9~90 (0, 548
srom H $ 540 (¢ 47
Yoroiata ! 11| ¥ ° $0~-T% (B, 9T4)
¥ O  95~97.5(0.981)
Toda 1y s 6 e-9.50.082)
] < To~90 (0. 987}
Tamsomch j €31 ¥ -] 50~7% (Q, 988)
3 & 90 (0.994)
Shinpe 157 ¥ © T5~80 ((L 9aa)
K -] T5~96 (0.006;
Obanaseme | 171 ¥ (-] $~75 (0..‘;
B -] 97.5(0. 963
Tomemnams |13 ¥ © 0 (0,988
L3 -] 0 (0. 689)
Tadem: 112} ¥ [ 10~25 (0.954)
] -] ™90 (5.97)
Tokemchi 461 ¥ O ~50 (0. 985}
.3 G 50 (0. 988)
Josusu (187 ¥ g T9~90 (0. 989,
) To~90 (0. 86
Shiowma {18 ¥ -] $0--75 (0.903)
L] -] T~ (0.987) 1
(¢) Lognormal Distribution
Obmery, lave) rwilee @}
Spats n
95 1 25 5 10 25 50 75 90 85 9.5 9 WE
Sapporo 21| ¥ -] 50~75 (0.982}
A c 0~25 (0.970)
Hirosski [I8] W o 5~10 (0.941)
[ el 10 (0.952)
Yorvidaws {11 ¥ S 2. 55 (0.814)
L] o] 10~25 {0.948)
Yuch 2] % © 97.5~90 (0.983)
L L] T5~90 (0.957)
Rambuchi 143]| ¥ O 1~ 5(0. 98)
i 4 Le~5 {09755
Smiage [IS) Y (o] ~10 (0. M7}
L o/ 10~15 (0.982)
Obmdazam 17| ¥ o) 5~10 {0. 48
H & W~75 (0. 984/
Yomezaes {13] ¥ o W0-~95 (G, MR
K $~Th (0.97T0)
Tadans jtal | 5 L.5~5 (0.920)
L] L4 0~75 (0.978)
Towamch: | 461 ¥ x 9.5~1 (0.980)
¥ L 1~2.5(0. 987
domuu i8] W x =0, 5(0. 900)
Hix ~0.570. 908
Shiozava [iB] ¥ o 19~25 (2. 981)
R c B~ (09785




Table 4. Comparison of each Probability
Pistribution to Optimum Distribution
for MRI Values of Spnow Weights

MR1 Type 1| Type ll] Typelil] Normall Log.
10-yrjx | 1.02 | 1.10 | 1.00 (1,00 {1.09
o 10.01870.079]0.008)0.024]0.096

[ 30-yr|x [ 1.10 | 1.42 [0.99 |1.00 |1.23
o | 0.067]0.33610,031(0.074]0.257
50-yr{x §1.13 [ 1.63 {0.98 [1.00 |1.30
g | 0.09210.540 [ 0.06410.095 | 0.346
100-vr|x { 1,18 [2.00 [0.98 | 1.6 |1.41
o | 0.12910.95210.053]0.125]0.486

[Note] The values show the ratio of the MRI
values of suow weights calculated from
five ﬁyrobabllny distributions to those
calculated from optimum distribution
for each observation site.

Table 5. Conversion Coelficients
from Snow Depths to Snow Weights

MRI Type I Typell] Normal
T0-vrlx 1 3.47 | 3.47 | 3.1¢
o} 0,842 0.446 1 0427
30-yrix } 3.54 |13.53 13.58
o | 0,496 1 0.512 1 0.461
S0-yr | x 1 3.57 3.56 3.52
a ]l 0.516 1 9.594 10,472
100-yr jx | 3.680 | 3.59 13.54
o | 0.540 1 0.669 | 0,186 ]
10~ Jx | 3.5 3.5 |3.51 |
100-yr o | 0.186 1 0.55210.418
v [ 0.13710.156 {0,128

[Nate] x is the ratio of MRI
value of extreme snow weight
to thar of extreme snow depth.
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Snow Load Variation with Altitude in Norway

Rune Sandvik
Norwegian Council for Buildling Standardization
Oslo, Norway

ABSTRACT

Snow load variation with altitude is important to consider in load standards for design
of structures and is commonly given by mathematical functions, the validity of which
are usually limited to defined geographical subareas in many national standards. In this
paper the variation of characteristic snow load on the ground in different parts of
Norway has been analyzed on the basis of calculated snow load on the ground with a
return period of 50 years for appoximately 200 meteorological stations. So far, no
general climatical criteria have been derived on how to devide a geographical area
into subareas with specific functions for the variation of snow load with altitude. The
selection of subareas for the present analyses was made in order to deduce whether a
specific function derived for a very small area can be relied upon when the area is
enlarged without any considerable change in the climatic conditions. Another area with
much the same amount of precipitation, but with lower winter temperature was
analyzed, and also some areas with great differences in precipitation quantity, e.g.,
areas located close to the west-coast of Norway and areas shaded from heavy
precipitation by mountains, are considered.

INTRODUCTION

At the end of the seventies several collapses of buildings due to snow overloading initiated an
important study on snow load on the ground in Norway. As a result of a study done by
Norwegian meteorological staff, many regions experienced a considerable increase in the
characterstic snow load based on calculated values for a return period of 5 years. It was
decided, with some exceptions, to fix an average value of the characteristic snow load for
each of more than 400 municipalities. No standardized values were generally given for
altitudes above 600 meters. It was of course realized that the snow load in many regions had
a strong variation with altitude, also below 600 meters above sea level. However, due to the
climatological complexity of mapping such subareas in Norway, and the lack of economical
support, further investigations in the field were prevented.

During the last few years work was done in Germany by Granzer (1989) resulting in a set of
functions for variation of ground snow load with altitude applied by Draft Eurocode 1,




"Eurocode for the actions on structures” (1990). In Canada considerable work reported by
Newark (1989) has been done to revise the ground snow load map for the National Building
Code of Canada with consideration of snow load variation with altitude. In Austria, a
definition of zones for snow load variation with altitude is reported by Gabl (1989).

Since 1990 the the work on Eurocode 1 is also including Norway as a CEN member, and it is
necessary to make further studies on the validity of the formulas proposed in Draft Eurocode
1 for the different parts of Norway.

CLIMATIC CONDITIONS OF THE REGIONS ANALYZED

Norway has a long coastline facing the North Sea and the Atlantic Ocean with heaviest
precipitation, from about 1200 mm to appoximately 2500 mm a year combined with relatively
high winter temperatures, close to 0 degrees Celsius, at the coast. Eastern parts of central
and southern Norway experience less than half this amount of precipitation and has a
considerably colder winter climate.

It is important to find out whether areas can be
mapped for the use of a specific formula according to
some recognizable climatic parameters, as for
example the normal precipitation and the winter
temperature. If so, for selected areas with small
variation in climate, the behavior of the characterstic
snow load with altitude should be systematic.

Three dry regions were selected at the central eastern
part of Norway. The first, A, is the county of Oslo,
450 sq. kilometers, and the second is Oslo and the
county Akershus, B, which surrounds Oslo and covers
more than 10 times its area. The third region is the
county of Hedmark, C, 27.000 sq. kilometers with
much the same precipitation, but a generally colder
winter climate. The locations of the areas are shown
on the map in Fig. 1.

On the western coast, two neighbouring coastal
regions, D and E, were selected, covering a distance
up to 50 kilometers from the coast. Both of these
regions have a rather warm winter climate, but the
northermost region, covering the counties of Mare og
Romsdal, Trendelag and Nordland, has less
precipitation.

Figurc 1. Regions analyzed. See text.




In addition, a region covering eastern parts of the counties of Hordaland and Sogn og
Fjordane, F, was selected to distinguish the drier parts of these counties from the wet western
parts. Both regions are, however, located to the west of the main mountain ridge with a
south - north direction.

All three regions at the western part of Norway are mountainous with precipitation advection
by westerly winds, while precipitation from southern and eastern winds are dominant for the
three eastern areas selected in this study which includes calculated values of snow load with
50-year return period for approximately 200 meterological stations.

DISCUSSION OF RESULTS

As shown in Fig. 2, a linear function of the altitude fits the data quite well for the small area
of Oslo. However, a linear function of the logarithm of the altitude has a higher correlation
coefficient, 0.88 as compared to 0.85. The altitude of the region is limited to about 600
meters, and the logarithmic function seems to be preferable at an interval to 100 - 600
meters.

Figure 3 shows that the enlarged area makes the functions less reliable; however, this may
still be a reasonable approach, adjusting the coefficients toward lower values and increasing
the constants of both equations.

The county of Hedmark, region C, shown in Fig. 4, does not climatically differ much from
the conditions typically for regions A and B, although it has slightly colder winter
temperature. All three regions have maxium snow loads accumulated from several snow-
falls during the winter. In spite of this, region C has no regular snow load variation with
altitude, even for an interval from 100 - 800 meters. Looking at the results from all three
regions it is noted that the regularity of snow load variation with altitude for dry regions
located at eastern central Norway is decreasing and disappears as the area covered gradually
increases.

Region F, represented in Fig. 5, the dry part of western Norway, shaded by mountains from
heavy precipitation in all directions, has low values close to the sea level that increase very
fast with altitude up to appoximately 400 meters, and then decrease to moderate values
further up to 1000 meters. The spreading of the data is very strong, which indicates that the
snow load depends very much on other factors not taken into account in the selection of the
climatological homogeneous area.

The area at the southern part of the west coast is represented in Fig. 6. No data are
available above 400 meters. A linear function is rcasonable from sea level up to 400 meters.
The spreading of data is much less than for the area located more to the east. However, the
coefficient is high for the equation and an extrapolation exceeding appoximately 600 meters
is not possible.
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The costal area, farther north, Fig. 7, shows very great spreading of the data, and the
coefficient for the linear equation is also very high, which causes unrealistic values when
extrapolating beyond 300 meters altitude.

Generally conceming both area E and F, no conclusions on the behavior of snow load with
altitude can be stated.

Comparing the linear functions for the two areas, A and D, which had the highest correlation
coefficient among all areas included in this study, it is notable that the snow load increase
with altitude is much stronger for the area located at the west coast as compared to the Oslo
area. Special care must be taken if extrapolation of the functions is considered.

The preliminary analysis on which this paper is based, demonstrates the complexity of
regionalizing the behavior of snow load variation with altitude from a small area to a larger
area, even when the small area remains as a central part of the larger area. It also clearly
states that the climatic conditions that normally are expected to govern snowload, e.g.,
precipitation and temperature, are not solely reliable for the geographical mapping of
formulas to determine the snow load variation with altitude.

CONCLUSION

Regionalizing snow load variation with altitude is very complex. Unexpected major
irregularities occur, even for regions with closely related winter climate. In some regions
the snow load variation with altitude can be represented by a linear function up to a certain
level, and for a limited interval of altitude, in some cases, it is better fitted by a logarithmic
function.
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Estimation of Ground Snow Depth
Based on Topographic Factors

Toru Takahashi,* Hirozo Mihashi’ and Masanori Izumi*

*Department of Architecture, Chiba Univesity, Chiba, Japan
*Department of Architecture, Tohoku University, Sendai, Japan

ABSTRACT

Multiple regression analyses were carried out for estimating values of AMD (Annual
Maximum Snow Depth) and AMI7 (Annual Maximum Increasing Intensity of Snow
Depth in 7 days) for areas without observatories. The data were those observed at
423 observation points of the Japan Meteorological Agency and several topographic
factors calculated from the digital national land information of Japan. The mecha-
nism of snowfall and actual state of structural damage were adequately related by
comparing these maps with the data of heavy snow disasters.

INTRODUCTION

In Japan there are about one thousand meteorological observation points, which belong to
the Japan Meteorological Agency, for daily snow depth observation. The reality is, though, that
only 423 stations can be used for estimating extreme values for long return periods. Therefore, it
is problem to estimate extreme values on areas without observatories. Sack and Sheikh-Taheri
(1986) estimated ground snow load as related to altitude. In Europe, each country suggests
estimating snow load according to altitude (Judge, 1988 and Zuranski, 1988).

On the other hand, there are several studies estimating snow depth using topographic
factors (for example, Ishihara et al., 1967-75). The authors sorted out these studies (Izumi et al.,
1987) and pointed out some problems. These are mainly the limitation of estimation area, and
imbalance of the number of observation points and topographic factors.

In this paper, muitiple regression analyses are carried out. Then the reliability of the
analysis was verified, using estimated mesh maps and examining the case of heavy snow disaster
in the year of 1963 and 1981.

ESTIMATION OF SNOW DEPTH

Figure 1 shows relation between snow depth and altitude. Extreme values of mean recur-
rence interval of 50 years are estimated by the method of the authors (Izumi et al., 1988). There
does not seem to be a simple relation. The special feature is heavy snow at low altitude points.
For snow depth estimation, area divisions are needed.

With consideration of snowfall characteristics, we have divided the Japanese mainland
into 16 blocks as shown in Figure 2 excepting Hokkaido and Okinawa prefecture. The flowchart
of producing the mesh map is shown in Figure 3. The area division was done by trial and error.

We do not adopt minute topographic factors due to the lack of observation points com-
pared to the number of meshes. This is different from the method of Shibata et al. (1980).
Topographic factors used in the analyses are shown in Table 1. Figure 4.1, 4.2 and 4.3 shows the
illustrations of sea / area ratio, inclination of the land and land closing ratio, respectively. Topo-
graphic factors of each one-square-kilometer mesh have been calculated with a supercomputer
because of the large number of meshes. (There are 367,811 meshes to cover the whole Japan.)
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Using a supercomputer, the problem of limited geographic area was solved.
After the multiple regression analysis, we got the following formula.

d-Zaixﬁb—q 1)

where, d : snow depth (dependent variable)
a, : partial regression coefficient (independent coefficient)
b : intercept
q : variable for residual adjustment, expressed by following equation

)

where, q; : residual at j-th near observation point
5j « distance from the object mesh

Tables 2.1 and 2.2 show standardized partial regression coefficients for each divided area
of AMD and AMI7 for a mean recurrence interval of 50 years. The values of contribution rate
with F-test ard multiple correlation coefficients are also shown in Table 2.1 and 2.2. The value
of contribution rate was proven to be significant by F-test for almost all districts. Topographic
factors and snow depth of each point are standardized beforehand, so the values of coefficients
are directly related to efficiency for the analysis. The effect of altitude is generally great, espe-
cially in AMD, and the sea / area ratio is influential in some districts. Information of latitude and
longitude is also effective in several districts where the ground snow depth varies as a linear
function of the geographical location.

Substituting the topographic factors of each one-square-kilometer mesh into Eq.1 with
non-standardized coefficients, we get the mesh maps for snow depth. Actual partial regression
coefficients for Niigata prefecture are shown in Tables 3 and 4 for AMD and AMI7, respective—
ly. Corresponding mesh-maps are shown in Figures 5.1, 5.2, 6.1 and 6.2, respectively. On the
map, the value should be neglected for areas with altitudes of 1000 m or more, because of the
lack of observed data of snow depth. The special feature in these figures is that the partial re—
gression coefficient of altitude in AMI7 is smaller than that of AMD. As you see in Figure 6.2,
AMI7 values of mean recurrence interval of 50 years are uniformly accumulated. This is caused
by the snowfall mechanism in this district. They sometimes have short-term heavy snowfall
even in a seashore area. On the other hand, the annual maximum snow depth is the value
accumulated through the winter season. Snow in the seashore area is apt to melt, and the value
of AMD is smaller than that on mountainsides. The difference between AMD and AMI7 should
be considered in snow load for building design, and it is verified in the following section. Addi-
tional information, colored maps for areas A to H, are illustrated in another report presented by
the authors (Izumi et al., 1987, 1989).

The other feature of this analysis is that a hearing was carried out with each prefectural
government. Because of the necessity of supervising building design, they have other informa-
tion for snow depth. The data they have are not specified as the statistical data, but an outline of
the comparison could be adopted. It is hard to estimate the values, such as area [ and J shown in
Figure 2. This might be because an observation point is lacking on the ridge of the mountains in
those areas, and the information for ridge area is lacking. Furthermore, factor such as sea / area
ratio would not be effective there. Therefore, further consideration is needed for such an area.

VERIFICATION OF ESTIMATED MESH MAP

To verify the reliability of the estimated maps, we compare them with actual snow depth
for the heavy snow disasters in 1963 and 1981. We consider four prefectures damaged by heavy
snow disasters in 1963 and 1981, i.c., Yamagata, Niigata, Toyama and Ishikawa prefectures.
Tables 5.1 and 5.2 show correlation matrices of estimated snow depth based on the estimated
maps and collapsed or damaged residential buildings' ratio (the ratio of collapsed or damaged
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Figure 1. Relation between snow depth and altitude.

A: Aomori pref. E: Fukushima pref. I: Chubu dist. M: San'in dist.
B: Iwate pref. F: Kanto dist. J: Gifu pref. N: San'yo dist.
C: Miyagi pref. G: Niigata pref. K: Tokai dist. O: Shikoku dist.
D: Tohoku-west dist.  H: Hokuriku dist. L: Kansai dist. P: Kyushu dist.

Figure 2. Area devision used in multiple regression analyses.

Table 1. Topographic factors used in a multiple regression analysis.

Latitude

Longitude

Altitude

Sea / area ratio with radius of 40 km and 20 km [See Figure 4.1. (radius: 10 km)}
Inclination of the land in four directions with radius of 10 km (See Figure 4.2.)
Land closing ratio with radius of 10 km [See Figure 4.3. (radius: 5 km)]

APl o
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Table 2.1. Result of multiple regression analysis of AMD (standardized partial regression coefficients)

AMD-50 A(24) B(D cC3 D% £(23) FQ3D G255 H2T)
Contribution rate (F-test) 0.6850x 0.6181%x 0.8722%x 0.5914x  0.9360%* 0. 7iTIxx 0.9548%x 0.8338s%
Muitiple correlation coefficient R 0.8276  0.7862  0.9333  0.7690  0.9675  0.8468  0.9771  0.913I
R adjusted by degree of freedom 0.6653  0.7323  0.9041  0.6037 0.9443  0.7587  0.9605  0.8544

Latitude 0.6077% 0.5920%x 0.9535%+ 0.0945  0.2808xx 0.3418§ 0.2022 -0.5246
Longitude -0.4764%  -0.9176%% -1.2495%% -0.2588 -0.7876%% -0.1168 -0.5674  0.5634
Average altitude 0.6131%  0.3847%x (.5050%x 0.4659  0.3835%¢ 0.4907  0.3502%% 0.5227%
Sea area ratio gradius: 40km) 0.0327  0.1462  0.3697% 0.2726  0.3772% -0.2963 -0.6279  0.3203
Sea area ratio (radius: 20km) -0. 3573 - - -0. 8402 - 0.1962 -0.3474 -0.5842
Land inclination - south -0.3746  0.0284 -0.043¢  0.0707 -0.1831  0.0336 -0.4093% -0.0062
Land inclination -~ west 0.0903  0.0988 -0.0368 -0.0254  0.0911  0.4227¢ -0.0212 -0.1840
Land inclination - north -0.2223  0.1009  0.0254 -0.0355 -0.2913  0.0140 -0.1055  0.0717
Land inclination - east -0.0818  0.0297  0.0284 -0.1699  0.3636%+ 0.2165 0.1791  0.2245

Land closing ratio (radius: 10km) | ¢.1680 -0.1233  0.0435  0.0004  0.1874  -0.2730  0.2488  -0.0903
1084 1.374 -0.715  -1.251 -0.713  -0.884  0.416  -0.863

Residual ~ 1151 ~ 1.903 ~ 1.052 ~ 0.938 ~ 0.466 ~ 1.645 ~ 0.552 ~ 1.289
AMD-30 T (B KOD LG MGO  NGD 0G0 Pn
Contribation rate (F~test) 0.8224%% 0.8306%% 0.9218%% 0.8268%% 0.9138%% 0.8150%% 0.4326 0. 7960%%

Muitiple correlation coefficient R 0.9069  0.9163  0.9601  0.9093  0.9554  0.9033  0.6577  0.8927
R adjusted by degree of freedom 0.8340  0.8791  ©0.9138  0.8261  0.9353  0.8557  0.4312  0.8368

Latitude 0.7070% 1.0728%x 1.2473%% 1. 2856%% 0.4828% 0.3728 -c.1353 -0. 1744
Longitude -0.0075  -0.7934%% -1.3402%% -0.0440 -0.0869 -0.1968 -0.2234  0.2065
Average altitude -0.0160  0.2003  0.9818%x 0.2151  0.6595%% 1. 1393xx 0.2659  0.4072%x
Sea area ratio $radius: 40kmg 0.2562  0.0464  0.4877x -0.0392  0.0063  0.6184% 0.0714  0.5009
Sea area ratio (radius: 20km -0.2611  -0.0718  -0.2222  -0.3000 -0.4364x 0.0319 -0.6618 -0.4374
Land inclination - south 0.2088  0.3562¢ -0.0730 -0.0369  0.2701% 0.2937  0.1616 -0.2064
Land inclination — west 0.0862  0.1783  0.0406  0.1770  0.0124 -0.2609  (.0837  -0.4054
Land inclination - north -0.0819 -0.0756  0.3330  0.4472  0.0358  0.1843 -0.2551  -0.2802
Land inclination - east 0.1103 -0.0794  0.0683 -0.1183  0.0305 -0.1164 -0.0251  0.3323
Land closing ratio (radius: 10km) | -0.3253  0.0374 -0.3471 -0.8538 -0.5772¢% 0.3085 -0.1330 0. 48349s
Residual -0.651  -0.848  -0.610  -0.741  -0.724  -0.690  -1.140 L 417

~ 0.769 ~ 1.077 ~ 0.405 ~ 0.785 ~ 0.755 ~ 0.826 ~ 3.024 ~ 0.314

Table 2.2. Result of multiple regression analysis of AMI7 (standardized partial regression coefficients)
AMI7-50 A(29) B(52) cq@an D(29) E(23) FQD G HQD
Contribution rate (F-test 0.5517  0.5566%x 0.7232%x 0.6663xx 0.9180%%x 0.7704%x 0.83785%% 0.6528x
Mult_iple correlation coefficient R 0. 7427 0. 7460 0.8504  0.8163 0.9581 0.8771 0.9373  0.8080
R adjusted by degree of freedom 0.4547  0.6794  0.7776  0.6935  0.9280  0.8097  0.8398  0.6602

Tatitude 0.5262  0.6154% 0.8694%% 0.2586  0.4038%* 0.2140 -0.7728 0.5417
Longitude -0.2206  -0.7897+x -0.9236% -0.6562 -0.8784xx -0.0744  0.2698  0.7156
Average altitude 0.7035% 0.528%%% (.6552¢% 0.3125  0.4416  0.5845% -0.0148  0.3890
Sea area ratio ?adius: 40km; 0.1345  0.2423  0.2679 -0.1480  0.4423% -0.2658  0.6874  0.0606
Sea area ratio (radius: 20km -0. 4680 - - -0.6290 - 0.1508 -0.8768 -0.2700
Land inclination ~ south -0.0518  0.0829 -0.0669 -0.1664 -0.0578  0.0227 -0.1290 -0.1692
Land inclination ~ west -0.1608  0.0550  0.0561 -0.0178 -0.0678  0.4064% -0.1022 -0.3670
Land inclination - north 0.0232 -0.1089 -0.0591 -0.1292  0.0308 -0.0801 -0.1895  0.1363
Land inclination - east -0.3131  0.0103 -0.0282 -0.1596  0.0527  0.1700  0.2400  0.2132
Land closing ratio (radius: 10km) | 0.2010 -0.1285 0.0467  0.3318  0.1719 -0.1404 _ 0.2436 _ 0.1075
Residual “1.676  -1.425  -0.819  -1.148  -0.503  -0.901  -0.895 -1.294
~ 1040 ~ 1.685 ~ 1.215 ~ 1.003 ~ 0.616 ~ 1.307 ~ 0.655 ~ 1.528
AMI7-50 125 15 K@ LG MGH N3 0GD PG
Contribution rate (F-test 0.8850%x 0. 8606%% 0.9185%% 0.8351%% 0.B8774%% 0.8402%% 0.4880  0.6988%%

Multiple correlation coefficient R 0.9412  0.9277  0.9584  0.9138  0.9367 0.9166  0.6986 0. 8360
R adjusted by degree of freedom 0.8969 0.8958 0.9099  0.8353 0.9078  0.8761  0.5152  0.7453

Latitude 0.6610%x 0.9990%x 1.2035%k 1.2621x¢ (.4693x 0.4069 -0.0546 -0.2746%
Longitude 0.0389  -0.7692¢x -0.9196x -0.1280 0.2280 -0.2300 -0.2407 -0.2209
Average altitude 0. 0752 0. 1116 0.7127%  0.3800 0.5876xx 1.0032%x 0.2926 0. 2897
Sea area ratio (radius: 40km 0.4741% -0. 1535 0.5486x -0. 105! 0. 0924 0.3614 0. 2385 0.5922
Sea area ratio (radius: 20km; -0. 2796 0.2433  -0.1099 0.0038 -0.2760 0.0274 -0.8055 -0.6008
Land inclination - south 0.2434 0.3677% 0.0260 -0.0907 0. 1203 0. 2403 0.2005 -0.0613
Land fnclination - west 0.1243  0.2022  0.0445 -0.0479 -0.0760 -0.0941  0.1159 -0. 4851
Land !nclinatgon - north -0.0536  0.0859  0.4467¢ 0.3946  0.0327  0.1053 -0.2843 -0. 1476
Land inclination - east 0.0967 -0.1091 -0.0828 -0.2536 -0.0199 -0.0309 -0.0201  0.3775

Land closing ratio (radius: 10km) -0.2749 0.0326  -0.4242 -0.3345 -0.1432  0.1780  -0.1356  0.4027

Residual -0.552 -0. 813 -0.458 -0.819 -0.729 -0.702 -1.245 -1.659

~ 0.581 ~ 0.921 ~ 0.611 ~ 0.926 ~ 0.737 ~ 0.949 ~ 2.478 ~ 0.981
rejective probability **: 1%, *:5%
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Table 3. Result of multiple regression analysis of AMD
(nonstandardized partial regression coefficients)

Niigata Pref. (25 points) AMDO2 AMDS0 N
Contribution rate (F-test) 0.968** 0.955**
Multiple correlation coefficient R 0.984 0.977 Z
R adjusted by degree of freedom 0.972 0.960 N
Intercept 5664.83 18931.9
Latitude -22.002 58.036
Longitude -34.0M -149.668
Average altitude 0.422° 0.365* ;
Sea area ratio (radius: 40km) -87.112 -305.863
Sca area ratio (radius: 20km) -74.872 -185.615
Land inclination - south -0.267** -0.417°
Land inclination - west 0.021 -0.020 Niigata prefecture
Land inclination - north -0.050 -0.137
Land inclination - east 0.007 0.167
Land closing ratio (radius: 10km) | 136.457°* 130.263
. -34.9 .51.0
' Residual (em) ~379 ~61.7

rejective probability **: 1%, *: 5%

Figure 5.1. Estimated mesh map of AMD
(average year)
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Figure 5.2. Estimated mesh map of AMD (mean recurrence interval 50 years)
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Table 4. Result of multiple regression analysis of AMI7
(nonstandardized partial regression coefficients)

Niigata Pref. (25 points) AMI702 AMI750 N
Contribution rate (F-test) 0.976** 0.879*+
Multiple correlation coefficient R 0.988 0.937
R adjusted by degree of freedom 0.979 0.890
intercept 2081.74 -430.04
Latitude -23.219 -82.491
Longitude -8.173 -26.355
Average altitude 0.104°* -0.006
Sea area ratio (radius: 40km) -23.707 123.263
Sea area ratio (radius: 20km) -44.097 -174.101
Land inclination - south -0.077¢ -0.049 i
Land inclination - west 0.000 -0.037 Ni igata prefecture
Land inclination - north -0.028 -0.077
Land inclination - cast 0.013 0.082
Land closing ratio (radius: 10km) | 45.826°* 48.119
. -10.3 -40.7
Residual (cm) ~15.1 ~29.8

rejective probability **: 1%, *: 5%

Figure 6.1. Estimated mesh map of AMI-7
(average year)
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Figure 6.2. Estimated mesh map of AMI-7 (mean recurrence interval 50 years)
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buildings to all buildings). The number of damaged and collapsed houses is based on the pub-
lished reports (Dept. of Architecture, 1963, National Research Center for Disaster Prevention,
1982, 1983). Total number of residential houses in each town is based on the national census
(Statistical Bureau, 1960, 1965, 1980). Notable relations are correlation coefficients between the
damaged buildings' ratio and snow depth. They are negative in Yamagata and Ishikawa prefec~
ture in 1963. On the other hand, in 1981, they have adequate correlation especially in Niigata
and Ishikawa prefecture. Figure 7 shows the relation between damaged buildings' ratio (includ-
ing collapsed buildings) of each town and its altitude. Each altitude is represented as that of each
town hall. Table 5.1 and Figure 7 (a) show that the heavy snow disaster in 1963 occurred mainly
in the plain areas and not much snow had been expected there. Figure 8 shows the relation
between damaged buildings' ratio and estimated AMD. Characteristic of Figure 8 (a) is that the
seriously damaged towns are concentrated in the range from 100 cm to 200 cm especially in
Ishikawa prefecture. Such a characteristic does not appear in the figure of 1981. On the other
hand, according to AMI7, characteristics in Figure 8 (a) do not appear in Figure 9 (a). In other
words, the larger the AMI7, the more serious the damage. This result of estimation might mean
that short—term heavy snowfall is the main cause of damage of buildings.

Let us consider the data from the other point of view. In Figure 10, the ratio of actual
AMD of that year to estimated AMD-T50 (AMD of mean recurrence interval of 50 years),
should be read along the horizontal axis. Actual AMDs in seriously damaged towns are about
1.0. After that, it can be said that the design load of these buildings may be about the value of
mean recurrence interval of SO years or a little less than that. There are a few towns that have
more snow than the value of the mean recurrence interval of 50 years and are little damaged,
especially in 1963. We checked the towns and the following were pointed out; they are towns
mountainsides and they regularly have heavy snow. So, they probably have a custom of roof
snow removal. To verify this hypothesis, Figure 12 shows the damaged buildings' ratio versus
ratio of actual AMI7 of that year to estimated AMI7-T50 (AMI7 of mean recurrence interval SO
years). Unfortunately, daily snow depth is not observed in every town, and data are limited to
those of the Japan Meteorological Agency (JMA). For strict comparison, the same data of
Figure 12 are taken up from Figure 10 and shown in Figure 11. Comparing Figure 12 with
Figure 11, such towns disappear, actual AMI7 of which is larger than the value of mean recur-
rence interval of S0 years and has no damage. This result meanc that removal of roof snow
requires an interval of unit of snowfall. Then, it can be said that it is dangerous when the unit of
snowfall is heavy and the value is larger than the value of mean recurrence interval of 50 years.
In other words, the short-term snowfall should be considered so that buildings, especially resi-
dential houses, can be protected against heavy snow disaster.

CONCLUSIONS

Substituting the topographic factors of each one-square-kilometer mesh into the formula
given by the multiple regression analyses, we obtained the mesh maps for AMD and AMI7 of
mean value and the value of mean recurrence interval of 50 years. By using this formula and
maps, we can estimate the value of snow depth of the areas without observatories.

Furthermore, the relation between the mechanism of snowfall and the actual state of
structural damage is explained, by comparing these maps with the data of heavy snow disasters.
This verification also explains the importance of snowfall in short term, for the safety of residen—
tial buildings. It is also can be said that the AMI7 might be useful for the safety of building that
use snow melting or snow removal systems.
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Table 5.1. Correlation matrix of estimated Table 5.2. Correlation matrix of estimated

snow depth and collapsed or damaged snow depth and collapsed or damaged

ratio (caused by heavy snow in 1963). ratio (caused by heavy snow in 1981).
{a) Yamagata pref. (1963) (a) Yamagata pref. (1981)

44D 02 AND 50 W1302 AVI350 AMI702 AWITS0 COLLAP DAWAGE \WD 02 \WD-50 141302 AMI350 WIT02 ANIT50 COLLAP DAMAGE,

D02 1.00%x WD 02] 1. 00%%
AWD 50 .977sx 1. 00ss AND 50| . 9534% 1. 00s%
AMI302| . 978sx . 942sx 1. 00s AMI302] . 986%x . 920%% 100wk
AVI350] . 91085 . B79xx . 964xx 1.00xs ANI350( . 946%x . 890%x . 9T7xs 1. Q0ks
ANIT02| . 978%% . 956+% . 995 . 954xs 1. 00 AMITO2| .990%s . 949sx . 992%x _968xs 1. 00%s
AMITSO] . B10x . 860%x . 8535 . 86Tsx . 8T6xx | 00k« ANITSO| . 910sx 965 .890xs . 885w+ .922%% 1. 00k
(GLLAP|-.280 -.262 -.357 .366 -.338 334 I.00%x COLLAP| .313 .31l .277 .287 .306 .337 1.00ss
DAVAGE| - 344 -.322 -.406 -.466% -. 384 -.382 .496¢ 100k DAWAGEl .328 .355 316 344 .346 311 008 1 00w

(b) Niigata pref. (1963

(b) Niigata pref. ({981

AND-02 AWD-50 ANI302 AMI350 AMI702 AMI750 COLLAP DANAGE AMD-02 D50 AW1302 AMi350 ANI702 ANITS50 COLLAP DAMAGE
AMD-02] 1. 00%% AND-02] 1. G0xx
AWD-50) . 962%% 1. 00%x AWD-50! . 974%x 1. 00xs
AKI302] . 973%x . 979%x |. 00xx AWI302] . 977xx . 991xx [ 00%x
AM1350] . 748%% . 868¥x . 873%x 1. (0%« AWI350] . 825%x .915%% . 922%x [.00s%
ANITO2| . 981%% .9TTx . 996%x . B45kx | 00%x AMIT02] . 985% . 990k . 997x . 902ex 1. 00%s
ANITS0| . T40%x . 852%% . 845%% . 9354k . 8424% | 00%x AMITS0| . Bifxx . GOE*x . 901xx . 959xx . BI6xx 1. 00%%
COLLAP| .219 .212 .203 .I84 194 142 1.00%s COLLAP| . 382%% . 378%% . 389x% . 360kx . 400%x . $32¢% . Q0¥
DAMAGE! .217 .220 .184 117 . 177 .082 .127 1.00sx  DAWAGE| .38Gsx .340k% .374xx .324xx .383%x .350%% .866%x [, 00xx
(¢) Toyama pref. (1963) (c) Toyama pref. (1981)
A¥D-02 AND 50 AWI302 AWI350 AWIT02 ANITS0 COLLAP DAWAGE AMD-02 A4D-50 AWI302 AW1350 AWI702 AWI750 COLLAP DAMAGE
AMD-02| 1. 00%* AMD-02] 1. 00x
AMD-50| . 98Tsx 1. 00%x AWD-50| . 995%% 1. 008+
AM1302] . 971%x 95T 1. 00%x ANI302| . 979%x . 9T6xx 1. 00%x
AMIZ50] .5ids% . 48Tex .B51%x | 00%x AMI3S0| . 53tex . 565%% . 611%x 1.00%x
ANITO2| . 994%% . 98Tex . 9804k .571¥x 1. 00%* AMI702| . 996%% . 994% . 932%x 572¢x |. 00%x
AMIT50| . 866k . 880%x . 904%x . 802%x . §98*x 1. (0xx AMIT507 . 879%x . 903xx . 888+« . 834%x . B95xx | ((xx
COLLAP{-.120 -.046 -.170 -.277 -.123 -.123 1.00%x COLLAP) . 466% .436% .430% .043 . 446% .273 1. 00%x
DAMAGE! - 199 198 -.264 .435% 227 -.374 .090 1.00%x  DAMAGE| .548¥x .54Txx 565%s 285 .554%x .495% .215 1.00wx
(d) Ishikava pref. (]1963) (d) Ishikawa pref. (1981)
AMD- 02 AWD-50 AY1302 AWI350 AMIT02 AMITS0 COLLAP DAWAGE AND-02 AWD 50 $W1302 AWE350 AMIT02 AMIT5Q COLLAP DAWAGE
AMD-02{ 1.00%x A¥D 02] 1. 00%x
AMD- 50| . 997#x 1. 00%x AND-50| . 996%x 1. 00%%
ANI302| . 989%x . 985%% 1. 00k* ANIZ02| . 989xx . 985%x ,. 00w
AMII50] . 962%% . 9644% . 945%% 1. 004k ANI350] . 956%x _956%% . 933% 1. (0%
AMITO2| . 995%% . 993%x .G98xx . 953xs 1. 00%x AWITO2] . 995%% . 9934 . 998%x . 9525k 1. 00x#
ANI750] . 984%x . 984xx . 088%x . 969xx .991%x 1. 00%x AKITS0| . 984xx . 986%* . 98Txx  952¢x , 992%x | (0xx
COLLAP| . 792%% . 780xx . T64%% . 796%% . T68%x . 76dxx 1. (0%x COLIAP| . 826%x _810s% .798%x _836% .804%x . 792xx |, (0%
DAWAGE! .206 .227 .232 .212 .228 .22¢ .088 1. Q0¥  DAWAGE| .B72xx .370% .865%% .BS5ixx .B64%r .B4l¥x .820%% 1. Q0%x
rejective probability **: 1%, *: 5%
AMD-02: Annual maximum snow depth of average year.
AMD-50: Annual maximum snow depth of return period 50 years.
AMI302:  Annual maximum increasing intensity of snow depth in 3 days of average year.
AMI350:  Annual maximum increasing intensity of snow depth in 3 days
of mean recurrence interval 50 years.
AMI702:  Annual maximum increasing intensity of snow depth in 7 days of average year.
AMI750:  Annual maximum increasing intensity of snow depth in 7 days
of mean recurrence interval 50 years.
COLLAP: Collapsed buildings' ratio of residential houses.
DAMAGE: Damaged buildings’ ratio of residential houses.
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Figure 7. Damaged residential house ratio of each town vs. altitude.
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Figure 8. Damaged residential house ratio of each town vs. estimated AMD
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(O: Yamagata pref., /\: Niigata pref., [ ]: Toyama pref., {1 Ishikawa pref.)
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Figure 11. Damaged residential house ratio of each town vs. ratio of actual AMD to estimated
AMD of mean recurrence interval 50 years (only the observation points of IMA).
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Figure 12. Damaged residential house ratio of each town vs. ratio of actual AMI7 to estimated
AMI7 of mean recurrence interval 50 years (same observation points as Figure 11).
(O: Yamagata pref., /\: Niigata pref., [ ]: Toyama pref., {: Ishikawa pref.)
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Mr. M. Yamamoto entered the large number of data of snow disasters into the computer.
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Continnous Measurement of Snowfall Intensity
per Short Time Interval

Moriaki Tamura
Nagaoka Technical High School
Saiwaicho 2-7-70, Nagaoka, Niigata Pref.,940 Japan

ABSTRACT

Snowfall intensity was measured per minute for 3 months during the
wintertime from 1990 to 1991 in Nagaoka, Japan for the purpose of
obtaining basic data for controlling an automatic snow-melting sys-—
tem. The measuring was carried out using a funnel-shaped receptacle
with a heater. This instrument was used to catch and melt snowflakes
so that the water drops to be counted by the light beam sensor could
be recorded. For the purpose of differentiating the two types of
precipitation, snow and rain, a temperature sensor was employed. The
critical temperature of the air or the snow was established at 0.7°C.
It was considered that at temperatures equal to and below 0.7 C there
was snowfall, and at temperatures above 0.7 C there was rain.

The results of this measurement are (1) the maximum intensity was
0.35 mm/min in precipitation, (2) an exponential curve was derived
relating snowfall intensity and frequency, and (3) 90 % of the total
frequencies were in the 0.070 mm/min range.

INTRODUCTION

The Hokuriku district of the Main Island of the Japanese Islands, facing
the Sea of Japan, has heavy snow in the winter due to the seasonal wind
flowing from the continent and water vapor coming from the sea. There have
been cases of 80 cm of snowfall in one day. The concentrated and continuous
snowfalls of high accumulation are a bother for the people living in this
district.

The snowfall has obstacled the narrow roads in the urban district. To
remove these, there are methods by which snow can be melted instantaneously
and continuously by sprinkling warm underground water on the roads. Figure 1
shows a snow melting system using underground water for roads.
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Figure 1. A snow melting system using underground water for roads.

At present, the amount of the water sprinkled on the road, per units of
time and area, can be determined by considering snowfall intensity, air
temperature, wind velocity and solar radiation. Now, the actual method of
control generally used is to sprinkle a constant amount of the water during
the time continuous snowfall.

A problem with this treatment is that a 1-hour snowfall intensity is used
to determine the amount of water sprinkling. But, variations in the actual
snowfall intensity by some minutes and seconds come to unbalance heat supplied
by the method of constantly sprinkling the water. To use effectively the heat
of the water, the amount of water sprinkling and a control method of snow
melting system should be determined on the basis of the frequency distribution
of the actual snowfall intensity.

Results of the snowfall intensities measured with a snowfall detector of
the water drop counting type, given for a 1l-minute interval continuously
during 3 months, are presented.
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INSTRUMENTS

The precipitation meter of a water drop counting type used at weather
stations to measure the precipitation per short time has not been widely used
because of its complex structure, heavy weight and high expense. Thus, a
snowfall detector of a water drop counting type has been developed to be
compact, lightweight and of a simple structure. The equipment consists of
water drop and snow temperature detecting parts, the stiuctures of which are
shown in Fig. 2. A receptacle in the water drop detecting part has an opening
aperture of 117 cf, and is funnel shaped to catch raindrops and snowflakes.
Caught snowflakes can be melted with the 10-W heater setting behind the
receptacle. At the tip nozzle of the water duct the water can be transformed
to water drops, which are precipitated. The precipitated water drop crosses
the light beam to be counted one by one with the counting device of the
equipment. Therefore the smallest measuring unit is 0.0070 mm in
precipitation, which should be given by the mass of one water drop devided by
the cross sectional area of receptacle.

Figure 3 shows the structure of the funnel-shaped receptacle. Using a
ring-shaped small wire at the upper entrance of the receptacle, the water can
flow smoothly from the receptacle. The inner part of the nozzle is cut to
1-mm width and 20-mm length from the tip nozzle of the water duct, so that the
precipitated water from the duct can be separated to water drops with a
constant mass.

A characteristic curve relating to the mass and the dropping frequency
per minute for precipitated water drops is obtained by laboratory experiments
(Fig. 4). This figure indicates that the mass of the water drop seems to be
almost constant under stable separations until a dropping frequency of 300
drops 1 minute is reached. Then it becomes unstable and varies widely above
300 drops. Then, the drops can not be separated and they continuously exit by
water flow.

A qualitative discrimination between snowfall (containing sleet and hail)
or rain can be performed with a device detecting snow temperature (Fig. 2,
Photo 1). The structure consists of an element detecting the temperature
setting in the central part of a cup-shaped snow receptacle. When the element
temperature has been less than the discrimination temperature, the temperature
circumstance of snowfall (containing sleet and hail) can be estimated. Under
this condition, all precipitation should be discriminated as the snowfall.
When the element temperature is greater than the discrimination temperature,
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all precipitation should be identified as the rain.

The discrimination temperature could %
be set to be 0.7°C. The characteristics h
of this discriminative structure for rain
and snowfall show that, even in the case
of snowfall at an air temperature greater
than the discrimination temperature, the
presence of snowfall could be found with
the element detecting the temperature.
The temperature should be dropped below
the discrimination temperature if snowfa-
11 lying on the snow receptacle. It cou-
1d be estimated to be several percent of
the discriminative erroneous rate for ra-
in and snow, which has been expected with
this discriminative equipment.

Figure 5 was obtained from results
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Figure 5. Comparison of precipitations per day with rain-snow gauge
and snowfall detector.
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comparing values of precipitation per day with this snowfall detector and the
standard rain and snow gauges at the Japanese Meteorological Agency. The
correlation coefficient between both measured values is 0.96. It has been
proved that the correlation coefficient should be larger than this in the
case of rain, and lower in the case of snowfall.

MEASUREMENTS

With the measuring equipment on the 15-m high rooftop of Nagaoka
Technical High School, intensities of snow and rain precipitations have been
measured per l-minute intervals continuously for almost 3 months (missing 24
hours on February 4) from 16 December 1990 to 20 March 1991. Figure 6 shows a
schematic of the measuring system, where measured values are read with the
computer and recorded on a flbppy disk. In addition, the precipitation could
be measured as either snow or rain precipitation. Moreover, to find
discriminations between rain or snowfall, a CCD TV camera was used to take
photos every each 4 seconds, so that pictures of the external field could be
stored with video recording equipment.

>|< SNOW

SNOWFALL
DETECTOR

D/A

ﬁ CONVERTER RECORDER

SNO¥ AND RAIN
DETECTOR —{ COMPUTER O
DROP COUNTER

FLOPPY DISK

Figure 6. Schematic measuring system.

RESULTS

Snowfall intensities by time recording

Figure 7 shows a sample of snowfall intensity recording for the l-minute
measurement. With the measuring unit of 0.0070 mm, mentioned previously, the
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output of snowfall intensity could be obtained by counting not less than one
water drop for each one minute. Recording during the observation, it has been
estimated that the maximum snowfall intensity was less than 0.35 mm/min.
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Figure 7. Sample record of snowfall intensity with detector.

Frequency of occurrence of separate snowfall intensity values.

Investigating the frequency of occurrence for each separate value of
snowfall intensity, continuously recorded per one minute during the
observation, the result of the distribution has been obtained as shown in
Figure 8. The total frequency was given by 16153 numbers with an intensity of
0.0070 mm/min, which could be converted to the time of 269.2 hours. According
to Figure 8, the more snowfall intensity increases, the more frequency of
occurrence decreases exponentially. A regression equation of the relation
between the snowfall intensity I and the relative frequency of occurrence F
(%) percent could be given as equation (1).

F = Fo«EXP{-K (I-I0)} (%) (1)

where, Fo= 23.3, K = 38.0, Io= 0.0070 mm/min
water drop numbers: n =1, 2, 3,...
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and I = n«lo

Under the snowfall intensity of 0.077 mm/min, the frequency of occurrence
should be decreased linearly (Fig. 8). But, above the intensity, the
frequency should be larger than the value given by this equation. This reason
could be that the precipitated snowflake has not been melted instantaneously,
and could be melted after a large amount of snowfall lied on the receptacle,
because of the small heater power supply of 10-W setting at the receptacle for
melting.

Moreover, the result calculating accumlated value F proved that 50 % of
the total frequency occurred under the snowfall intensity of 0.056 mm/min,
while 90 % occurred under the 0.070 mm/min. Then, recalculating values
measured per one—minute unit to those per S-minute unit, the result of
frequency could be given by the distribution of frequency (Fig. 9). The same
regression equation has been obtained for that related between the snowfall
intensity, averaged by 1 min for the value per 5 min, and the relative
frequency of occurrence F percent given by this figure.
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Correlations of the snowfall intensities measured with an electronic balance

and the snowfall detector.

The mass of natural snowfall has been measured per 1 minute with an
electronic balance for comparing to the snowfall intensity measured with the
snowfall detector, during continuous a 240-min, interval from 19 to 23 hours,
8 February 1992.

The lag correlation coefficient between measuring time units from 1 to 5
min and lag times for 0, 1 and 2 times of the measuring time has been deduced
for both measured values (Table 1).

In the case of the larger measuring time unit, the lag correlation
coefficient increases more. However, according to this table, the increment
is not so great. In addition, for any time unit, the more the lag time
increases, the more the lag correlation coeffitient decreases. This proves
that the time rate value measured with the snowfall detector to that with the
electronic balance should be estimated within 1 min.
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Table 1. Lag correlation coefficient.

Feb 8 1992 .19:00 ~23:00

l.Lag Mecasuring Time Unit T (min)

Time

(min) 1 2 3 4 5

0 0. 978{6C. 977 (0. 981}10. 9831}10. 990

1 0. 647}10. 095{0. 198[0. 505(0. 793

2 - 0. 573{0. 383|0. 278(0. 396{0. 510

Amount of precipitation;
Klectronic balance : 4. 7 mm
Snowfall detector 5. 9 mm

DISCUSSION AND CONCLUSIONS

Experimental results mentioned above are as follows. Even using a
the mass of rain and snowfall
intensities per short time could be measured for a long time. For the
snowfall at Nagaoka during the observation, the frequency distribution of
snowfall intensities has been obtained such that distribution can be expressed
by equation (1).
frequency of occurrence decreases exponentially.

detector with such a simple structure,

The more the snowfall intensity increases, the more the
The maximum snowfall
intensity has been estimated to a value below 0.35 mm/min. During the
observation, 50 % of the total frequency occurred below the snowfall intensity
of 0.056 mm/min, while 90 % occurred under the 0.070 mm/min. Above the
snowfall intensity of 0.1 mm/min, it come apart from equation (1), because of
a lack of heater power to melt the snowflakes, a point which must be improved.
Comparing values measured with the electronic balance and the detector,
there is not so much a difference of correlations between them, even if the

measuring time unit increases 1 to 5 min. In addition, if the simultaneous
lag correlation coefficient (at 0 lag time) is at the maximum, even for any
then the time that with this detector to that with the

electronic balance could be estimated within 1 min.

measuring time,

Because these measurments were made only during one winter, there is no
equation (1) has universality not. Thus,
measurements have to be investigated. Based on these data, effective control

evidence whether or more
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methods for snow melting with sprinkling water will be further studied.
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The Use of Snow Survey Data in
Determination of Ground Snow Loads

Douglas R. Powell
Lecturer, Depariment of Geography
Sonoma State University
Sonoma, California, U.S.A.

ABSTRACT

Snow surveying is a formal, scientific technique for forecasting stream flow from
snowmelt in a particular watershed. At some 2,000 sites in the western United
States, snow water equivalent data are measured and reccrded with many records
dating back over forty years. These data are valuable for detzrmination of ground
snow loads and are often the only reliable data in moun.iin terrain. The author
draws from forty years of field experience in snow surveving in the western United
States, Afghanistan, and Chile to discuss three major methods to obtain snow water
equivalent data: the federal snow sampler, snow sensors, and gamma ray attenuation.
Advantages and limitations of each method in using water equivalent data in the
determination of ground snow loads are described, with much attention given to the
federal sampler as a re’atively inexpensive, portable and easily used tool for
immediate measurement of snow depth, water equivalent and density at any place,
at any time. Other applications of snow survey data to ground snow load
determination are described with a brief comment upon the difficult problem of
extrapolating data from a snow course or snow sensor to a particular project site.

INTRODUCTION

The purpose of snow surveying as a formal, scientific technique is to forecast stream
flow from snowmelt in a particular watershed. For years in various snow accumulation zones
in the United States and elsewhere in the world, attention was given to a practical, operational
method of forecasting snow runoff, months in advance, in a given basin. The first successful
use of snow surveying to forecast volumetric snowmelt on a major scale occurred in the Donner
Pass - Lake Tahoe region in the central Sierra Nevada in the first decade of the 20th Century.
This resulted from the pioneering efforts of James E. Church, a professor of classics at the
University of Nevada in Reno, who is widely recognized as the Father of Snow Surveying. On
his own initiative, without financial support for some years, he began measuring the water
equivalent of snow accumulation in the vicinity of Mt. Rose (3,286 meters, 10,788 feet). He
discovered a definite correlation between an index of water equivalent in the snowpack of the
Lake Tahoe basin and the subsequent rise of the lake level from snowmelt runoff during April
through July. In the spring of 1909, he successfully forecast how much the lake would rise from
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snowmelt and thereby mitigated an intense dispute with a real potential for violence, between
a hydroelectric power company and lakeside property owners as to how discharge from Lake
Tahoe would be regulated at a dam across the outlet of the lake. After this practical
demonstration of the efficacy of snow surveying, the technique spread throughout snow
accumulation zones in Califomia, then into all of the mountain states in the western United
States, into western Canada and many other countries where snowmelt was a major component
in streamflow.

For the past forty years I have been actively engaged in snow surveying, primarily in the
southern Sierra Nevada in California but with three field seasons in Afghanistan and two in
Chile to establish snow survey programs in those countries. I estimate I have spent a minimum
of 1600 days at mid-to-high elevation in mountain terrain on snow measurement. This long
experience does not qualify me automatically as an omniscient expert but does indicate
considerable exposure to problems of snow data acquisition. I also had the privilege and good
fortune to learn about snow surveying in the office and field from the founder of the science,
James Church, who remained active well into his eighties. From this experience and research,
I offer the following observations and suggestions about how snow survey data are gathered and
may be used in - .certaining ground snow loads.

METHODS OF SNOW SURVEYING

The first essential activity of snow surveying is to gather data on snow water equivalent
at particular sites in river basins where snow accumulation is significant. This work is
conducted or coordinated by the State Department of Water Resources in California, and by the
Federal Soil Conservation Service in other mountain states, in western United States and Alaska,
with local offices in each state. In Canada, each province has a public agency for taking and
coordinating snow surveys. These public offices then issue surface runoff forecasts for the
snowmelt season for each river basin where measurements have been taken - usually as of
February 1, March 1, April 1 and May 1; in some basins earlier, in some later. These forecasts
are available to water users and planners and to any interested citizen.

There are about 2,000 sites in the United States where snow water equivalents are
measured regularly, about 400 in California. Many of these sites have continuous data from the
1930°s to the present, especially in California which has a few eighty-year records. These data
are available at the above-mentioned offices for study and analysis. Although the measurement
of snow water equivalent at these 2,000 sites, snow courses and sensors is employed primarily
for stream flow forecasting, this parameter can be most valuable in the determination of ground
snow loads at any site. These snow data are often the best, or even the only, reliable, long-term
data source in mountainous regions or areas away from weather stations and can be immediately
converted into ground snow loads of kPa or psf. Snow water equivalent from snow surveying
data has been widely used in western United States for quantifying permissible roof snow loads
in building codes and for mapping distribution of ground snow loads as in the state of Idaho
(Sack and Sheikh-Taheri, 1986). It may be very helpful in snow engineering to be aware of the
chief methods of acquiring snow water equivalent with advantages and limitations of each
method.
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Federal Snow Sampler

The federal snow sampler, sometimes referred to as the Mount Rose sampler, only a little
modified from Church’s original instruments of seventy to eighty years ago, is still the basic tool
used for snow data acquisition in much of North America and the rest of the world. It is
composed of sections of hollow aluminum tubes, generally 76 centimeters (30 inches) in length.
The sampler, with sufficient sections coupled together to reach from the top of the snowpack to
the ground, is pushed through the snow to the ground, acquiring a core of snow. The bottom
section is fitted with a steel cutter tip with teeth to cut through dense snow and ice layers. The
inside of the cutter tip is slightly smaller in diameter than the rest of the tube, which prevents
the snow core from sliding out through the bottom when the sampler is lifted out of the
snowpack. In the United States the diameter of the cutter tip is 1.485 inches; one inch depth
of water of this diameter weighs exactly one ounce; thus a spring scale calibrated in ounces is
used to determine the snow water equivalent of the sample in inches. A similar relationship can
be used in the metric system to give the snow water equivalent in centimeters. Each tube has
alternating narrow slots, roughly 12 centimeters in length, to which a driving wrench, with
spreading metal arms, may be attached to provide leverage for getting the sampler through deep
snow and ice layers. After the sampler is driven to the ground, the snow depth is recorded by
reading the scale marked along the sampler’s length; then the sampler is lifted out of the snow
and weighed. By subtracting the weight of the empty sampler, the snow water equivalent of the
core is obtained. In snow surveying, usually ten samples, 15 - 45 meters (50 - 150 feet) apart,
are taken at each measuring site or snow course, which is given a specific name, such as Bishop
Pass. These samples are averaged to obtain one value of snow depth and water equivalent for
each snow course. From depth and snow water equivalent readings at each sample point, or for
the entire course, density values can be readily calculated. Other variations of metal tube
instruments are used but the federal snow sampler is by far the most common. Using the
sampler effectively does not call for great technical skill or extraordinary physical strength
(deep, dense snow may call for extreme exertion) but experience with all possible conditions,
especially in difficult snow and adverse weather, is critical for consistent and reliable data.
(More detail on field sampling can be found in California Departmnent of Water Resources, 1985;
and Powell, 1987). Figures 1, 2, 3 and 4 show samples being taken in the Sierra Nevada.

Following are some common and troublesome problems in using the federal sampler.
To prove that the sampler has reached the ground at the bottom of snowpack, evidence of sand,
dirt, or vegetation should be present on the teeth of the cutter. The length of the core within
the tubes, observable from the tube slots, should be not less than 90% of the depth. Penetration
of ice layers at the ground or within the snowpack, especially in deep snow, may be
exasperating and time consuming. In the Sierra Nevada and elsewhere, internal ice layers
usually form during periods of clear weather with accompanying melt-freeze metamorphism.
When later buried by subsequent large snowfalls, these layers persist at depth, often well into
the melt season. The cutter may clog, pushing snow aside when sampling, or snow may stick
to the inner tube surface and be most difficult to remove. Cooling the sampler before use on
the snow surface or in shade, or sampling in early moming or late afternoon may avoid or
alleviate sticking problems, but not always. Ponding of water at the bottom of the snowpack
during active snowmelt causes problems to which there may not be adequate answers.
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Figure 1. Bishop Pass snow course in the Kings River Basin, Sierra
Nevada, California, elevation 3,400 meters (11,200 feet). The pipe and
sign at middle bottom mark one end of the course with ten sample points,
45 meters (150 feet) apart.

=3

Figure 2. Using the federal snow sampler at the Bullfrog Lake snow
course, Kings River Basin, Sierra Nevada, California, elevation 3,300
meters (11,800 feet). The surveyor is holding the driving wedge to push
the federal sampler through a snow depth of 4 meters (13 feet).

48




Figure 3. Weighing the federal sampler with a snow core at the
Bulifrog Lake snow course. The snow water equivalent of this sample
was 150 centimeters (60 inches).

r Y = «

Figure 4. Withdrawing the federal sampler in very deep snow, 750
centimeters (300 inches), at the Piute Pass snow course, San Joaquin
River Basin, Sierra Nevada, California, elevation 3,400 meters (11,200
feet). Ten 75 centimeter (30 inch) tubes were used. Water equivalent of
this sample was 325 centimeters (130 inches).
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Various field tests by different agencies have concluded that the federal sampler over
measures water equivalent by up to 10 - 12% in deep snowpacks (California Department of
Water Resources, 1976; Western Snow Conference Metrification Committee, 1983). The
California tests indicated the error increased with depth and density; other tests do not show
significant correlation with density. There is no general agreement on causes for this
overmeasurement: proposed explanations are that outside snow is forced into the tubes through
the slots while the sampler is being driven through deep, dense snow, and the design of the
cutter. The Western Snow Conference Metrification Committee Report (1983) provides a
detailed analysis of a variety of snow samplers used in North America, and concludes that the
federal sampler is the most utilitarian for deep snows in western United States, but recommends
that design modifications and further field tests be performed on the cutter to correct possible
overmeasurement, This report also gives design recommendations, specifications, and drawings
about conversion of sampler equipment to the metric system. Many times in my own field
experience, I am convinced the reverse is true - the sampler underweighs by pushing snow aside,
especially by partial clogging at the cutter, and by not picking up light density snow, which may
occur in layers even in deep snow. I would like more research into this matter, especially under
variable field conditions. Users of the federal sampler should be aware of possible
overmeasurement - or undermeasurement - particularly in deep snow. Many water equivalent
readings from adjacent federal sampler and sensor sites have not conclusively shown the federal
sampler consistently overweighs compared to the sensors (Suits, 1985).

Thus, there are problems in using the federal sampler. Most can be successfully solved
or mitigated with persistence, experience and research. The advantages of the federal sampler
are many and significant. In one quick and simple measurement, snow depth, water equivalent
and density can be obtained at any given site, at any time of day or night. Snow water
equivalent is a direct expression of ground snow load, immediately convertible into any
measurement system. The equipment, sampler and scale is readily portable; one person can
carry the necessary number of tubes for all but very deep snow. An improved carrying case for
the sampler, which provides protection for the tubes and comfort for travel, has recently been
developed in British Columbia, Canada (Gluns and Rose, 1992). In snow depths less than 2
meters, one person generally performs the measurement although two persons make the task
easier. I have been involved in taking successful samples in the Sierra Nevada in depths of 12
meters with water equivalents of 350 centimeters. Deeper samples have been measured
elsewhere, such as the Kenai Peninsula in Alaska. The equipment is relatively inexpensive,
currently about $ 2,500 for a complete set with eight tubes.

The federal sampler is indeed a versatile and valuable tool for determining ground snow
load in all types of terrain, snow and weather conditions. 1t is also very useful in obtaining roof
snow loads. Its portability means it can be taken on most roofs for sampling, although personnel
safety and prevention of damage to roof surfaces are important considerations. It will not
penetrate ice accumulations of any thickness, which presents special problems of roof snow load
assessment. Another significant use of the sampler is for ground truth measurements on or in
the vicinity of snow sensors. Snow survey agencies, such as the California Department of Water
Resources and the Federal Soil Conservation Service, take many manual samples throughout the
winter to check the accuracy of pressure pillows and other sensors. I highly recommend that
any agency, company or individual working with ground and roof snow loads possess a federal
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snow sampler or its equivalent. It can be used any time, any place, in nearly any weather by
one or two persons. Taking samples in difficult snow and inclement weather may well be
challenging and most unpleasant but I firmly believe that the understanding of snow by any
person is much enhanced by exposure to all manifestations of its physical environment.

Pressure Type Snow Sensors

Since the 1960°’s other devices for measuring snow water equivalents have been
increasingly used at snow survey courses and other locations where this information is desirable.
Most commonly used are pressure type sensors called snow pillows or snow tanks. These are
butyl rubber or stainless steel envelopes filled with an antifreeze solution. The snow above the
surface changes pressure on the antifreeze fluid proportional to the weight of the water
equivalent in the snowpack. The snow water load is read by a pressure transducer and the
magnitude of this force can be telemetered to a central master receiving station such as
Sacramento, California; Ogden, Utah; and Boise, Idaho. In California, the data are sent by
radio to a Geostationary Operation Environmental Satellite (GOES) which is generally located
35,90C kilometers (22,300 miles) above the equator at 135 degrees west longitude, then relayed
to a receiver terminal in Sacramento for storage or on-call use. The Soil Conservation Service
transmits radio signals skyward, which are reflected downward from ionized meteorite trails in
the upper atmosphere (80 - 120 kilometers above the surface of the earth) between the data sites
and the master stations at Ogden and Boise. Both transmitting systems generally use solar
panels for a power source.

The first snow pressure pillows employed were butyl rubber envelopes, commonly 3.66
meters (12 feet) in diameter, requiring up to 300 liters of antifreeze. These have been largely
replaced by stainless steel tanks using far less antifrecze. Most of the steel sensors consist of
four tanks (1.22 by 1.52 meters; 4 by 5 feet) placed alongside each other with a total surface
area of 2.44 by 3.04 meters (8 by 10 feet). The steel units are often still called snow pillows,
sometimes snow tanks, or just snow sensors. There are perhaps 700 such sensors operating
presently in snow survey programs. The Soil Conservation Service operates over 500 of these
which report air temperature and cumulative seasonal precipitation along with snow water
equivalents. Figures 5 and 6 show installation of steel pillows in the Sierra Nevada.

These systems make daily readings of snow water equivalents possible. Snow depths are
not recorded, so density readings are not available. Data from the sensors allow incremental
contributions from individual storms, information lacking from once-a-month manual
measurements. The temperature data may indicate whether the precipitation was snow or rain.
Costly and time-consuming travel to the snow course is eliminated and, theoretically, the data
are available in any weather.

There are problems. Pillows or tanks may leak. They may be slow in responding to
quick changes in water equivalent, sometimes several days or more, particularly during heavy
storms or rapid snowmelt. Bridging of the snow and accumulation of meltwater above the
sensor may result in inaccurate data and the electronic equipment may malfunction. Unexpected
heavy snow accumulations have sometimes buried the transmission equipment, with a cessation
of reporting when much needed. Vandalism or animal activity (bears have a taste for antifreeze)
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Figure S. Installing a stainless steel snow pillow at the Dana Meadows
snow course, Tuolumne River Basin, Sierra Nevada, California, elevation
2,925 meters (9,600 feet). Four tanks, 1.22 by 1.52 meters (4 by 5 feet),
with a total surface area of 2.44 by 3.04 meters (8 by 10 feet), arc placed
alongside each other. The sensor is covered with about 5 centimeters of
sod to protect its surface and to retain the first snowfall of the season.
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Figure 6. Completion of installation of the steel pillow at the Dana
Meadows snow course in tlic Sierra Nevada. The aerial at the top points
towards the GOES satellite. Immediately below the aerial is the solar
panel which is the energy source for transmission of water equivalent
data. The people are being instructed in the installation of snow pillows.
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can damage or destroy sensors in the summer months. Since the sensors measure snow at one
point, the data are more subject to local aberrations of snow accumulation at that site, such as
wind drifting, creep, and avalanching, than data from manually measured snow courses which
have ten sample points.

A major purpose of introducing sensors for acquiring snow water equivalent in snow
survey programs was to reduce or eliminate manual measurements. This reduction has not
proceeded as rapidly as originally planned, partly because of the cost of installation and
maintenance, partly because of problems of operation and some loss of confidence in the
accuracy of the pillow data. In California, the data are used primarily at present to provide
information about snow water equivalent increase between the monthly manual measurements.
Many sensors are located on pre-existing snow courses and dual sets of water equivalent data,
by federal sampler and telemetered sensor, are available. It may take ten to twenty years or
more before forecasters establish sufficient confidence in sensor data in making surface runoff
forecasts to justify elimination of the sampler data. Thus, manual federal sampler surveys may
continue along with sensor snow water equivalent data for many years. Moreover, ground truth
federal sampler measurements on and near sensors will continue indefinitely.

There have been a number of studies to test the accuracy of sensor snow water equivalent
measurement, often by comparison with adjacent or nearby manual samples (Soil Conservation
Service, 1978; Suits, 1985). Thus far, there have been no discernible, predictable differences
between the two methods. Sometimes sensor results are higher than control federal sampler
figures, sometimes lower. The two approaches to gathering snow water equivalent data appear
roughly equal in accuracy and reliability.

Some implications of using sensor snow water equivalent data in determining ground
snow loads are the following. Where and when available, sensor data can be used in much the
same manner and with similar confidence as federal sampler data. Chief advantages are daily
readings from sensors and observing incremental increases in snow water equivalent from
particular storms. Main disadvantages are breakdowns and time lags in recording and
transmission of sensor data; the fixed location and one point measurement of the sensors
compared to the mobility of the samples; and the greater cost of installation and maintenance
of the sensor. It should be pointed out that both methods have ardent supporters and detractors.
In the future, a higher percentage of snow water equivalent data generated from sensor data in
snow survey programs will probably occur.

Gamma Ray Aftenuation

There are other automated and telemetered devices for ascertaining water equivalent at
a given site. They operate on the principle of measuring the degree of attenuation by a
snowpack of gamma radiation from a source to a counter. This can be calibrated in inches or
centimeters of water. The most promising method of measuring gamma radiation is being
developed by the Office of Hydrology, United States Weather Service, in Minneapolis,
Minnesota (Office of Hydrology, National Weather Service, 1992). This depends upon
measuring gamma radiation from an instrumented aircraft flying about 150 meters above the
ground over a designated strip of terrain, roughly 16 kilometers long. 300 meters wide, in gentle
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terrain; smaller areas are used in mountainous terrain. The designated strip is flown over
without snow cover to acquire a background gamma radiation reading, then at various times
during the winter with snow cover to measure the water equivalent from the degree of
attenuation of the gamma ray radiation by the snowpack. This method of using gamma radiation
has one serious limitation. If the water equivalen: is about 100 centimeters (40 inches) or more,
the radiation recorded by the counter drops down to amounts difficult to measure without major
error. But these aerial surveys show much promise in generating snow water equivalent data
over broad areas with low to moderate snowpacks - currently in gentle terrain, later in
mountainous regions. Ground truth snow water equivalent measurements with snow tube
samplers are taken to verify the data. The chief use of these aerial surveys for determination
of ground snow loads will be to acquire average loads over extensive areas. Maximum readings
will be lost in the average figures but some extremes could be ascertained by checking the
ground truth measurements.

OTHER APPLICATIONS OF SNOW SURVEY DATA

Snow survey data can contribute information useful to snow engineering other than the
direct measurement of ground snow loads. Each agency that conducts snow surveys maintains
records of all surveys made, including figures for each sample point of each snow course.
Detailed study and analysis of these records can divulge valuable information on snow densities,
extreme depths, and water equivalents (one sample point may be much higher than the course
average), the time of year of maximum accumulation, the intensity and frequency, the duration
of significant storms, the extreme and high ground snow loads, and the variation of depth and
snow water equivalent in short horizontal distances. Conceming this last point, I have found
on snow courses in the Sierra Nevada that depth and snow water equivalent can double from one
point to another within distances of 50 to 100 meters, the variance often being the same ratio
from year to year.

There is the inevitable and difficult problem of extrapolating the data from snow courses
and sensors to a particular building site or other location where these data are useful for ground
snow load determination (Powell, 1988). In general, the closer the two are together, the better.
This calls for the most careful comparison of the data site to the project site. The location and
detailed descriptions of course and sensor sites, giving elevation, exposure/orientation,
surrounding topography and vegetation are generally available from the measuring agency, and
can be very helpful. Of particular value is the existence of more than one course or sensors in
the area near the project site. This can be helpful in drawing ground snow load contours, using
the measured sites as reference points, over an area large enough to include the project site. A
thorough knowledge of and experience with the weather patterns and topography of the region
are desirable. A personal reconnaissance of the snow survey sites and the project site under
winter conditions is essential. There are no easy answers or concise formulas to this eternal
problem of extrapolating data from one site to another, given the variable deposition and
accumulation of snow in short distances. I again point out that snow survey data are often the
only reliable data in mountainous areas.
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CONCLUSIONS

Snow surveying is a technique for measuring snow water equivalent at particular sites
throughout the snow accumulation season in order to forecast surface runoff during the snowmelt
season. There are some 2,000 sites in the western United States where regular measurements
are taken, many with continuous records of forty years or more. I have been actively engaged
in snow surveying for forty years, primarily in the Sierra Nevada of California but with
experience in Afghanistan and Chile and much contact with snow survey participants in other
states and Canada. I have outlined the origin of snow surveying and three major methods by
which snow water equivalent is obtained: the federal sampler, pressure sensors and aerial
surveys. I have discussed the advantages and limitations of each method in using water
equivalent data in the determination of ground snow loads with emphasis upon the federal
sampler as an inexpensive, portable and simple tool for immediate measurement of snow depth,
snow water equivalent and density, at any place and any time. Any agency, company or
individual can make good use of the federal sampler for determination of ground snow loads.
Snow survey data can be analyzed for valuable information other than water equivalent, and in
much of western United States and Canada snow surveying is the only source of reliable snow
data because of inaccessibility of terrain and lack of weather stations.
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Structural Case Histories
Michael O’Rourke, Chairman

Surveyirg the depth of snow on roofs in Japan with the aid of a kite balloon. (Photograph provided by Shuji Sakurai.)
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ABSTRACT

The snow loading on roofs is affected by, amongst other factors, their size and
shape and by heat loss through the roof from below. This paper reports on
research, done under contract for the National Building Code of Canada, aimed
specifically at quantifying the trends of snow loads versus roof size for varying
rates of heat loss. The concern was with the very large flat roofs now being
constructed and the lack of supporting data. Small roofs lose snow rapidly
because they tend to be scoured off by wind. Large roofs retain snow longer
because there is a relatively greater quantity to be transported over long distances
before removal, Melting by heat transfer through the roof, therefore, is relatively
more important for large roofs as a snow removal mechanism.

The studies have been undertaken using the finite-area element computer
simulation technique on hypothetical flat roofed buildings in three Canadian cities
with different climatic regimes: Edmonton which is a very cold city with moderate
snowfall; Montreal which has larger snowfall and is not as cold; and St. John’s
Newfoundland which has a maritime climate characterized by heavy snowfalls and
strong winds. The paper discusses the results of the computer simulations and
compares them with Code provisions and available full scale data.

INTRODUCTION

Design snow loads on single and muiti-level flat roofs are based on measurcments of
snow depths and densities taken during surveys and after collapses (e.g. Taylor, 1992, O’Rourke
and Redfield, 1981, O’Rourke, Tobiasson and Wood, 1986)) and on the experience and
judgement of the engineers on the Building Code committees. When flat roof surveys were
started in Canada in 1966, most roofs were less than about 75 m in length although there were
exceptions. In recent years, however, very large flat-roofed buildings have been built of
dimensions 300 x 300 m and beyond and there is one in Ontario which is about 280 x 1000 m.
Such roofs have not been surveyed and experience with them is limited.

Surveys are very expensive, take years to complete, 10 at least, and inevitably leave
unresolved questions. To supplement field data and to answer the unresolved questions, efforts
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have been made to develop analytical and computational approaches, based on wind tunnel tests,
to estimate snow loads on roofs (Irwin and Gamble, 1988; Gamble et al., 1991 and Isyumov,
1971) and there has been some success with these. In particular, the Finite Area Element (FAE)
method has been developed (see Irwin and Gamble, 1988; Gamble et al, 1991) and used to
establish the trends described in this paper.

THE FINITE AREA ELEMENT (FAE) METHOD

Each roof is divided into many elemental areas. For each element, the predicted wind
velocities one metre above the roof at the four corners (grid points) are used by the program to
compute the snowdrift fluxes through the sides of each element. Thus the analysis proceeds hour
by hour for an entire winter season of meteorological data, calculating the increase or decrease
in the mass of snow in each clement, as a result of snowfall, drifting, and melting.

Wind tunnel tests are usually used to determine the local wind speed and wind directions
at each grid location on the roof - for 16 wind directions in 22.5 degree increments. It is
possible, however, to specify the velocity patterns on simple roofs by other methods. In this
study, no wind tunnel tests were done; the roofs were assumed to be flat with wind speeds and
directions uniform over the entire roof. Although the general snow loadings were modelled,
localized drifts caused by complex airflows close to the roof edges could not be modelled. These
local drifts tend to be the same for the roof sizes studied and are covered implicitly by the
current National Building Code of Canada (NBCC) (National Research Council of Canada, 1990)
provisions for roofs of less than 75 m in length. Therefore for the present study of trends, this
was not considered to be a serious limitation.

From the meteorological records of daily snowfall, which include information indicating
heavy, medium, or light accumulations, the amount of snow falling onto an element in a given
one hour period is estimated. Likewise, meteorological records for temperature, when combined
with solar radiation data and building heat loss data, determine the melting rate for the snow in
the element. Thus computations are made for the amount of snow melted in each element. If
the snow surface has melted or it has rained, the snow is not available for drifting. As well,
more snow cannot be scoured from an area than is available for drifting or has fallen, fresh, into
the area. By stepping through the meteorological data in one-hour intervals, the increase in snow
load as a result of snowfall, the redistribution of loads by drifting, and the reductions in load
from melting are evaluated for all elements comprising the grid. The entire history of events in
each element is computed for the number of years of meteorological records available for each
roof location. Then a statistical analysis of the loads on each element is done to get predicted
design loads.

THE STUDY

The paper describes a study in which the FAE method was used to examine the effects
of the following parameters on the snow loads on 10 m high flat roofs in open and suburban
exposure:
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a) Building size; Montreal, Edmonton, St. John’s (square buildings 10, 40, 100, 300,
500 m on a side);

b) Building shape; Montreal only (square vs rectangular 300 x 40, 40 x 40, 300 x
100, 100 x 100, and 200 x 300 m, with the prevailing winter winds aligned with
the long side of each roof);

c) Heat loss-roof insulation; Montreal and Edmonton (R infinite, R15, RS BTU’s);
and

d) Local climate - geographic location - (Montreal, Quebec; Edmonton, Alberta; St.
John’s, Newfoundland). Montreal has moderately high snowfall with moderate
temperatures, Edmonton is cold (continental) with lower snowfall, and St. John’s
experiences a maritime climate with high snowfalls, strong winds and more winter
rain (see Table 1).

The loads computed in the analysis were:

a) average load - the largest average load over the whole roof,

b) peak load - the largest average load in one roof bay (the bay sizes are 2.5 x
2.5 m for 10 x 10 m roofs; 10 x 10 m for 40 x 40 m roofs and 20 x 20 m for the

rest), and

c) step load - the maximum average load due to roof snow deposited on the ground
just off the edge of the roof. No drifting along the ground was allowed.

Table 1. City Meteorological Normals Comparison (1951-80) and NBCC Ground Snow Loads

P e T
City Total Total Average Average NBCC
Yearly | Winter! Winter! Winter!
Snowfall | Rainfall | Temperature | Windspeed | S, S,
mm H,0 | mm H,0 °C km/hr kPa kPa
e = = amEaaEE St
Edmonton 136 5 -10.0 13.2 1.6 0.1
Montreal 235 108 -7.1 17.7 2.2 0.4
St. John's 359 27.2 2.6 0.6

Notes: 1. Winter denotes the months of ]jecembcr to March inclusive.

Results of the Analysis
Effect of heat transfer and R value

Heat transfer through the insulation and into the snow on the roof will melt some snow
and reduce loads. The effect of heat loss was investigated by simulating different R values of
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roof insulation on five building sizes in Montreal and Edmonton. The following assumptions
were made: the inside air temperature was 20 deg C and the outside convection coefficient was
33 W/m?K. The results in Table 2 indicate that the reductions in load compared to a perfectly
insulated roof are relatively modest, a maximum of only 14 % for a 300 x 300 m R 5 roof in
Montreal and as expected, less (5 %) for the colder climate of Edmonton. Smaller or exposed
roofs tend to demonstrate less effects from reduced roof insulation. This is due to the shallower

snowpack found on smaller or exposed roofs which provides less insulation than the deeper drifts
found on larger or sheltered roofs. This effect is illustrated in Table 2 a).

Table 2. Effect of Heat Transfer - Roof Insulation

a) Montreal
Normalized Peak Snow Load
S/S, + 8)
Roof Roof Roof

Open Suburban Open Suburban Open Suburban
Exposure Exposure Exposure Exposure | Exposure | Exposure

Infinity 0.28 0.711 0.49 0.93 0.87 0.98

R 15 0.28 0.67 047 0.88 0.82 092

RS 0.26 0.61 0.44 0.80 0.76 0.84

R ST d

b) Edmonton - 300 x 300 m Building

R Value Normalized Peak Snow Load
(S/(S, +8))
Open Exposure Suburban Exposure
Infinity 0.85 0.95
R 15 0.84 0.93
R35 0.81 0.90

The predictions by the FAE method may have tended to underestimate the load reductions
due to melting since it was assumed that meltwater was soaked up by the snowpack up to the
point where the pack could contain no more. Only thereafter could the meltwater drain away.
The observations (O’Rourke and Redfield, 1981) imply a reduction in the order of 20 % due to

heat transfer and this is reflected in the ASCE 7-88 standard (American Society of Civil
Engineers, 1990).

Effect of roof size
Peak and average roof loads

The results of the analyses for the three cities are plotted in Figures 1 to 4. There is a
trend to significantly larger peak and average snow loads as the roof size; in particular, the length
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increases. Such a trend was expected because as a roof becomes very large, its size begins to
approximate the ground and the roof load begins to approach that on the ground. Exposed
ground, however, has reduced snow on it, and as Figure 1 shows, so does even a very large

exposed roof. The snow is scoured off exposed roofs, bouncing along in a process called
saltation and eventually blows over the edge.

The peak loads for roofs larger than 40 x 40 m are computed for 20 x 20 m bays which
are big enough areas to control the design of columns, beams and slabs. Loads averaged over
the entire roof (Figures 3 and 4) are of less importance to designers. It is interesting to note how
similar the ‘rends are for Montreal and Edmonton. The particularly strong winter winds at St.
John’s (see Table 1) result in the roofs with suburban exposure having the same peak and
average loads as those with open exposure in Montreal and Edmonton. Roofs with open
exposure in St. John’s have much reduced loads due to the high speed of the winds causing

drifting.
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Step (drift) loads

The simulation allowed snow to
drift off the roof and accumulate as a
uniformly distributed mass of snow in a
sheltered zone 20 m wide on the ground
10 m below the edge of the roof. For
comparative purposes, the National
Building Code of Canada (NBCC) would
have an average amount of snow in a 20
m wide drift of about 1.3 (S, + S,). It can
be seen in Figures 5 and 6 that the
predicted step loads from the FAE
simulations arc sensitive to upper level
roof size and to wind exposure. For roofs
of up to 50 m length in suburban
exposure in Montreal and Edmonton the
predictions do not exceed the NBCC
value of 1.3. However, for exposed
conditions, or in the windier climate of St.
John’s the predictions indicate normalized
step load of about 2.0 could occur at the

l; *

5 14 / i;"‘
e ad

! / 0t John's
" p
g .: O s sostmovtearect

[ b‘_,,--—'
} “ /

21

[} 100 200 300 400 &0
Fout Siee (m)

Figure 5. City Comparisons of Step Loads - Open
Exposure (Square Roofs)

edge of a 50 m long upper level roof (see Figure 5). For roofs longer than 50 m step loads
several times higher than 2.0 appear possible. The predicted step loads are almost certainly
overestimates of real life values because of the assumption that the step was 100 % efficient in
capturing all snow drifting off the upper roof (some snow will be carried entirely away by the

wind). However, it is noteworthy that in
the Jordan Marsh roof collapse
(M.AReidy Engineers, 1978) that the
normalized step load is estimated to have
been in the raiige of 4 10 4.5 for a roof
length of about 100 m, which is consistent
with the predictions for an exposed roof
of that size.

Effect of roof shape

It is of interest to investigate
whether a change in roof planform results
in different snow loads. The expectation
is that a narrower roof would lose more
snow off the sides than a square roof
when the wind direction shifts. Indeed
that is what occurs. Table 3 illustrates
that for a constant width, peak snow load
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Figure 6. City Comparisons of Step Loads -
Suburban Exposure (Square Roofs)




increases with building length. Further, it shows that as the width increases, so also does the
peak load, although at an ever decreasing rate as the building approaches a square shape.

Table 3. Effect of Roof Shape

(a) 40 m Width
Roof Length (Along Predominant Peak Snow Load
Blowing Snow Winds) (kPa)
40 m (40 x 40 m) 0.74
|I 300 m (300 x 40 m) 1.08 ||
(b) 100 m Width
Roof Length (Along Predominant Peak Snow Load
100 m (100 x 100 m) 1.28
300 m (300 x 100 m) 1.59 ﬂ

To be able to deal with roofs of different aspect ratios, a characteristic roof length would
be advantageous. Such a characteristic length was obtained by comparing the amount of snow
on the square and rectangular roofs. The characteristic length, 1°, defined as the length of the

square roof that experiences the same design load as the rectangular roof, was found to be of the
form

r=2w-wi 1)

where w is the small dimension of the roof, and / the large. Figure 7 presents the combination
of data taken from the three cities, for open and suburban exposures and for roofs of square and
rectangular planform. The plot is in the form of normalized bay (peak) load versus the
characteristic length of each roof simulated. As noted previously the peak bay load, the highest

average in a bay, is of more interest to designers than the largest average load over the whole
roof.

Superimposed on these results are possible design curves which rise above NBCC loads
for roofs with characteristic lengths greater than about 75 m. Note that the value of the design
load for small roofs (horizontal portion of the design curves shown in Figure 7) actually changes
somewhat for different cities because of the varying contribution of the rain load, S.. An average
for the cities studied is shown in the figure. The design curves fit the data well for Montreal and
Edmonton but are conservative for St. John’s because, as noted before, the winds in St. John's
are very high resulting in turbulent diffusion as a major mechanism of snow transport off the
roof. Indeed because the analysis does not model turbulent diffusion, all the data (and possible
design curves) may be conservative, especially for the larger roofs in open exposure. Note that
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the design curves have been drawn to fall slightly below the FAE results (which were for zero
heat transfer in this Figure) as an allowance for some heat transfer through typical roofs. For
the same reason the curves level off at 0.95 rather than 1.0.
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Figure 7. Load Reduction Factors and Recommendations

The influence of wind velocity is illustrated in Figure 8. This js an alternate presentation
of the data in Figure 7 with the effect of wind speed prominent. Figure 8 accounts for the effects
of exposure and building height on velocity. The velocity used was the average wind speed at
the roof height. This value is obtained by finding the average (annual) wind speed, U,,,, in
published wind normal tables for the geographic location and applying the following equation:

Umot = UlV. X (Zmoﬂm)a (2)
where Z,,, = the height of the roof
Z,n = the height of the anemometer (usually 10 m)
o = 0.14 for open exposure

= (.25 for suburban exposure
Clearly the winter wind (Table 1) is more appropriate but not as readily available. Even

without accounting for turbulent diffusion, Figure 8 highlights the importance of saltation at the
higher wind speeds in reducing loads by transporting snow off roofs.
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Conclusions

. L

The analysis identifies a trend towards loads higher than those recommended in the 1990
NBCC Commentary on Snow Loads for roofs longer than about 75 m. -

The wider a rectangular roof, the more snow load it attracts.

A characteristic length can be defined to obtain the snow loads on rectangular flat roofs
in terms of an equivalent square roof.

Heat transfer effects for roofs of different heat loss were predicted to reduce roof loads
by 5% to 15% for exposed and sheltered roofs respectively. The effect is less for smaller
roofs because of the shallower snowpack found on these roods. Actual reductions may
be more, as the predictions are thought to be conservative.

For larger roofs, step loads much larger than those in the NBCC were identified,
particularly for roofs exposed to strong winds. These are upper bound loads, however,
in part because the analysis assumed the step to capture all snow drifting off the upper
roof with 100% efficiency.




6. Despite the upper bound nature of the predicted step loads they indicate the need to take
a further look at code provisions for steps, especially where the upper roof area is large
and the site is exposed to strong winds. There is field evidence that in such situations
exceptionally large step loads can indeed occur.
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ABSTRACT

Snow load on the ground and flat roofs was measured every week for several years at
more than 100 buildings in Tohoku District, Japan. Influencing factors on the
ground—-to-roof conversion factor were investigated and the formula of snow density
introduced in the ISO draft '91 is critically discussed.

INTRODUCTION

Since the most available data for snow load are usually snow depth on the ground, it is
essential to determine the ground-to-roof conversion factor and the snow density for designing
buildings in snowy areas. So far, however, very little information has been published on the
variation of the conversion factor for snow loads on roofs. O'Rourke and his co-workers (1982)
. analyzed data on ground and roof snow loads for 199 structures. They concluded that the conver-
sion factor was most strongly influenced by the exposure of the structure but less influenced by
the thermal characteristics of the structure. Moreover they did not recognize any observable
difference in snow loads on sloped roofs between 0°and 35°. Héibo (1988) analyzed snow load
data of about 200 buildings with gable roofs to propose a formula of the conversion factor as a
function of slopes and ground snow load for different roofing materials.

In this study, weekly data of snow load on the ground and flat roofs were measured for
two or three years at more than 100 buildings in the northeast part of the Honshu Islands
(Tohoku District) in Japan. All the data are shown in other reports by authors (1985, 1989) and
only the summary is presented in this paper.

MEASUREMENT PROCEDURES

The study was composed of two parts. In the first part, snow load and depth on the
ground and flat roofs of 22 buildings in Yamagata prefecture were measured every week in 1984
and 1985. Snow samplers were used to measure the snow load. Only the typical results are
presented in this paper, whose locations and the outline are shown in Figure 1 and Table 1,
respectively.

In the second part, mainly snow depth on the ground and flat roofs of 99 buildings in
Tohoku District were measured every week from 1986 to 1988. Among them, data of 47 build-
ings were used for factor analysis, whose locations and the outline are shown in Figure 2 and
Table 2, respectively.

MEASUREMENT RESULTS AND DISCUSSION

Figure 3 shows the weekly variation of results measured in Yamagata prefecture in 1983
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- 1984. Figures 3.1, 3.2 and 3.3 show variations of snow load, conversion factor and snow
density ratio, respectively. In these results, the conversion factor was recognized to be strongly
influenced by thermal characteristics. In case of unheated buildings, the conversion factor varied
between 0.8 and 1.0 and the snow density ratio was almost 1.0. On the other hand, the conver-
sion factor of 0.75 - 0.85 was measured for usually heated office buildings and the snow density
was slightly lower than that of the former cases varying between about 1.0 and 0.8. For build-
ings with poor thermal insulation, the conversion factor gradually decreased up to 0.5 or even
less, and the snow density ratio varied very roughly between 1.5 and 0.5. The variation was
influenced by the snow intensity and the thermal insulation factor. In case of regularly heated
buildings such as fire stations, the conversion factor decreased remarkably. In some cases, the
snow load on roof was 30 to 50% larger than that on the ground. It might be caused by influ-
ences of wind.

These results revealed that once a year measurement gave very rough information and
that only the continuous measurement could give a reliable data to determine the conversion
factor. It was also pointed out that the influences of thermal characteristics of the roof were not
negligible to conversion factors and that snow intensity should be considered when reduction of
snow loads due to the thermal influence was performed.

Figure 4 shows the relation between the equivalent snow density and the maximum snow
depth. The equivalent snow density was calculated from the relation between the maximum
snow load and the maximum snow depth. In Figure 4, the mean values of meteorological data in
Japan are shown with their variation ranges (Sakurai et al., 1982; Mihashi and Takahashi, 1988).
The formula of snow density introduced in the draft of ISO 4355 that was proposed in USSR
(1970) may give too large values for rather warm areas and for heavy snow areas above 2 m. In
the draft of AlJ recommendation (1992), the following formula is adopted:

p=125/d+185 (kg/m?) 1)

Figure 5 shows the weekly variation of snow depth (on ground and roof) and the conver-
sion factor, which is the result of the measurement in Part 2. In case of inland locations, the
conversion factor varied between 1.0 and 0.7. On the hand, it varied between 0.5 and 0.3 in
locations closed to the coast and very windy locations where the exposure effect might be
dominant. Typical examples of snow drift are shown in Figure 6. In some cases where it rarely
snows, the conversion factor was changeable and distributed between 1.0 and 0.5.

Multivariate statistical analysis was performed for those data in which twelve variables
shown in Table 3 were chosen. Table 4 shows the factor loading matrix and accumulated contri—
bution ratio. The first factor seems to be corresponding to the snow depth and the snowfall. The
second factor may describe the exposure effect that correlates to the distance from the coast, the
wind speed and geological conditions. The third factor corresponds to the thermal condition of
the roof. The fourth and fifth factors are changed in 1987 and 1988. They describe the local
wind conditions and the atmospheric temperature conditions. The former condition is influenced
by parapets and the building height. The latter condition influences properties of snow. Figure 7
shows the relation between the factor-1 and the factor-2. Two years' measurement gives slight-
ly different results but some qualitative tendencies are certainly recognized. These five factors
can totally represent about 87% of flat roof snow depth.

CONCLUSION

The conversion factor is influenced by several factors. Only the continuous measure-
ment cou'd give reliable data to determine the conversion factor and the influences of thermal
characteristics of the roof were not negligible. The formula of snow density proposed in USSR
(1970) may give an overestimation for warm area and for heavy snow areas above 2 meters.
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Table 1. Characteristics of observed buildings to measure snow load.

Site Structure  Use Year Height Slope Parapet Insulation Heating Ground
A Shinjo-3 RC1 Obs.house 1969 3.72 1/100 - - nothing  lawn
B Kahoku RC4 House 1982 143 1/50 0.5 fpb. 30mm partially  soil
C Shirataka S1 Nursery schl. 1982 3.9 1/100 0.15 fpb. 30mm normally soil
D Nagai S2 Kindergarten 1980 7.8 1/100 0.05 gw. 50mm normally soil
E Yanagata-1 RC4  Office 1968 17.7 1/100 1.1 ? sometimes cray
F Kaminoyama RC5  Office 1974 19.8 1/100 0.55 ceb.? normally soil
G Nanyo S4 Office 1982 15.7 1/50 0.5 ? nommally cray
H Yonezawa-1 SRC7 Office 1969 264 1/100 1.3 fpb. 25mm partially  soil

ceb. : cemented excelsior board, fpb. : foamed polystyrene board, gw. : glass wool
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Table 2. Characteristics of obscrved buildings to measure snow depth.

No.  Site Structure Use  Year Height Slope Parapet Insulation  Temperature
1 Aomori-1 RC4 Office 1965 159 1/100 1.5 ceb.25mm 17.0 (officc room)
2 Aomori-2 SRC 8 Office 1984 29.7 1/80 1.15 fpb. 25mm 22.0 (corridor)
3 Aomori-3 RC6 Office 1960 19.5 1/100 1.1 ceb. 15mm 21.0 (office room)
4 Aomori-4 RC?2 Office 1962 6.8 3/100 1.0 ceb.25mm 25.0 (office room)
S Aomori-5 RC2 Office 1961 79 1/100 0.1 - 22.0 (office room)
6 Hirosaki-1 RC2 Office 1973 7.1 1/100 0.3 fpb. 25mm 22.0 (office room)
7 Hirosaki-2 RC3 Office 1964 9.0 1/100 1.1 ceb.25mm 20.0 (office room)
8 Fujisaki RC2 Office 1968 7.1 1/100 0.15 fpb. 20mm 25.0 (office room)
9 Goshogawara-1 RC2 Office 1984 7.9 1/100 0.7 fpb. 25mm 20.0 (office room)
10 Goshogawara-2 RC3 Office 1983 12.2 1/62  1.45 fpb. S0mm 25.0 (corridor)
11 Ajigasawa RC?2 Office 1980 79 1/50 0.35 fpb. 30mm 23.0 (office room)
12 Mutsu-1 RC4 Office 1983 158 1/50 0.46 fpb. 30mm 24.0 (office room)
13 Mutsu-2 RC2 Hall 1985 11.0 1/100 0.65 fpb. 30mm 18.0 (entrance hall)
14 Hachinohe-1 RC4 Office 1963 52 1/100 0.9 - 19.0 (office room)
15 Hachinohe-3 RC3 Office 1979 122 1/100 1.2 fpb. 25mm 12.5 (office room)
16 Hachinohe-4 RCS5 Office 1971 125 1/100 1.1 fpb. 25mm 21.0 (office room)
17 Towada RC3 Office 1981 123 1/50 0.5 fpb. 50mm 21.0 (office room)
18 Morioka-1 SRC 8 Office 1962 29.0 1/100 1.2 - 19.0 (office room)
19 Morioka-2 RC3 Office 1964 11.2 1/100 1.8 ceb. 25mm 25.0 (office room)
20 Morioka-3 RC2 Office 1976 7.2 1/100 1.5 - 20.0 (office room)
21 Narugo RC2 Office 1957 74 1/100 0.05 - 24.0 (office room)
22 Furukawa CB1 Office 1962 39 1/100 0.22 ceb. 25mm 20.0 (office room)
23 Shiogama RC3 Office 1960 11.5 1/90 0.85 fpb. 10mm 12.0 (waiting room)
24 Kamafusa RC3 Office 1970 13.3 1/100 0.45 fpb. 15Smm 22.0 (office room)
25 Kazuno RC2 Office 1965 11.6 1/100 1.15 ceb. 12mm 20.0 (office room)
26 Takanosu-4 RC3 Office 1970 11.9 1/100 0.5 fpb. 15Smm 22.0 (office room)
27 Noshiro-2 RC3 Office 1969 11.9 1/100 1.1 fpb. 15Smm 23.0 (office room)
28 Akita-1 RC4 Office 1964 15.5 1/85 1.15 ceb. 30mm 17.0 (office room)
29 Akita-3 RCS Office 1968 19.4 1/100 0.5 ceb. 25mm 24.0 (office room)
30 Akita-5 RC6 Office 1959 24.7 1/100 125 - 21.0 (office room)
31 Honjo-1 RC1 Office 1966 3.7 1/100 028 - 24.0 (office room)
32 Honjo-2 RC3 Office 1963 11.7 1/100 0.6 ceb.9mm 20.0 (office room)
-33 Kakunodate RC1 Office 1966 4.0 1/100 0.1 - 27.0 (office room)
34 Omagari-2 RC3 Office 1967 10.3 1/100 0.55 ceb. 15mm 24.0 (office room)
35 Yokote RC3 Office 1970 119 1/100 0.75 ceb. 15Smm 24.0 (office room)
36 Yuzawa-2 RC3 Office 1966 11.7 1/100 1.2 ceb. 15Smm 21.0 (office room)
37 Shinjo-1 RC3 Office 1982 11.9 1/100 0.6 fpb. 50mm 22.0 (officc room)
38 Yamagata-1 SRC11Office 1983 389 1/50  0.65 fpb. 50mm 20.1 (meeting room)
39 Yamagata-2 S 16 Office 1975 61.2 1/100 1.2 fpb.25mm 22.0 (office room)
40 Yamagata-3 RC6 Office 1983 252 1/100 1.1 fpb. SOmm 21.0 (office room)
41 Nagai RCS5 Office 1981 20.6 1/100 0.8 ~ 20.5 (office room)
42 Yonczawa-1 SRC 7 Office 1969 264 1/100 1.3 fpb. 25mm 20.0 (kitchen)
43 Sakata-1 RCS5 Office 1964 189 1/100 04 - 21.0 (office room)
44 Kitakata RC3 Office 1978 11.5 1/50 0.6 fpb. 30mm 16.0 (office room)
45 Aizuwakamatsu-1SRC 4 Office 1983 174 1/45 1.8 fpb.100mm 20.0 (office room)
46 Aizuwakamatsu-2RC 3 Office 1970 9.8 1/100 1.1S5 ceb. 12mm 23.0 (office room)
47 Tajima RC4 Office 1971 143 1/100 1.2 - 24.0 (office room)

ccb. : cemented cxcelsior board
fpb. : foamed polystyrenc board




Snow load [kPa]
o
o

el ==
©o © o o o

o
o

5.0

—

[kPa

=]

Snow Jva

10}

0.0

Snow load [kPa|

O =~ MW Ao oo
O O O O O o o

6.0

50¢
4071

3.0

Snow load [kPa)

10
00

401}
30f
20}

201

o : Roof
o : Roof2
a : Groundi O : Rooft O : Rooft
v : Ground2 O : Roof2 O . RooR
A Shinjo-3 A Shinjo-3
N 1.5 1.5
A A
o o
a0 %00 -2 g o0
ASOO ° 21,0-000000000000 2 10f 099, 0000%00,
. e Fry °© g
a : °
o g 05¢ § 05
) v n
s ]
N TSP B WVNEr R 0.0 P P U B 0.0 N P BT PRy
Jan. Feb. Mar. ’ Jan. Feb. Mar. ~  Jan. Feb. Mar.
Time (weeks) Time (weeks) Time (weeks)
B Kahoky B Kahokw
20 20
o 2 1st° 2 et
B o g 9 8 cé 15 o o a i 1.5 o O
O = (o} o] = e} a
gO_ & Va 210 ©o Cgpoo 2 90f © OBODB op8o
Bg 813" s W o 06 O
] z
om VY g z
0%° ° % 05f & 05f
SIS BT 0.0 A T T S oot b
Jan. Feb. Mar, ) Jan. Feb. Mar. ) Jan. Feb. Mar.
Time (weeks) Time (weeks) Time (weeks)
C Shirataka C Shirataka
1.5 1.5
(o]
a |.g 2 Bg o
fa - 3 Q - & < (o]
AQO 210f 8 ooOOO 00 S10f B 000‘308580@0
845 ol & DDD o O0g | G w} ]
sgo” o0 |3 Co oog. Oo| 8
50 ol =z o Og 2
6. gBoo 2 05¢ Zos¢
BoPo & o R
88
a
Eli,.IIJ‘IxK.. 0.0 | SV YNl NS UE TN Y Y VR S ooxl.JklA..l‘...
Jan. Feb. Mar. ' Jan. Feb. Mar. ) Jan. Feb. Mar.
Time (weeks) Time (weeks) ) Time (weeks)
[ D Nagi [ Nagai ]
1.5 1.5
ab ~§ 'g a m] = ® 8
A0 Eog =10} © ®.n88
2® _opoBo| § Og P80go| 4 °
o0 TP 8g, o0 > ocl
a oco| 805 o o o 05
Aaggoo 00 a g9g o Co E
a0pg
P RNV SR R 0.0 bt 0.0+t b
Jan. Feb. - Mar. : Jan. Feb. Mar. ‘ Jan. Feb. Mar.
Time (weeks) Time (weeks) Time (weeks)

Figurc 3.1.a. Variation of snow Figurc 3.2.a. Variation of con— Figure 3.3.a. Variation of snow

load.

version factor

73

density ratio.




g
o

n
o

Snow load [kPaj

o
o

3.0

Snow load {kPa)

o
=]

w
=]

-
o

Snow load [kPaj

g
o

Snow load [xPa)

e G AT
o O © v o o o

-t
o

i
o

-
[~4

o
=]

. Rooft
: Roof2
: Groundi
. Ground?2

LE Vamagaa-1_|]

&}
ju]
[
v

o3
e
2 6%
v
fo] 5}
3@@ og
T ST |

T |
Jan. Feb. l.iar.

Time (weeks)

_F Kaminoyama |

vV

gaé

D'G

ge DD 5]
eoooDooo

A& o]
I\ﬁar.

P - SO |
Time (weeks)

Jan. Feb.

Feb. Mar.
Time (weeks)

_H Yonemwa-l |

Jan,

O
a® 90, o)

ﬁ?BBDQDUx?
Jan. Faeb.

o]
O

2.
Mar.

Time (weeks)

o - ~-
(4, (=] (9

Snow depth ratio

o
(=]

1.5

Snow depth ratio
o
[4,])

o
o

Srow depth ratio

0.0

15

Snow depth ratio

e
o

CSFT

10¢

(4.}

|
M%r.

Time (weeks)

_F Kaminoyama_|

—d M .
Jan. Feb.

,9¢
o4 a
O g o0 p
°© o 000

o
0o
4 :
Mar.

Time (weeks)

Feb.

0
dBo,05 ©

a a
&} a

o ©

ki
Jan.

st b
Feb. Mar.
Time (weeks)

! H Yonezawa-1 %

e}

0
0
0008
| BTNV

Feb Mar.
Time (weeks)

U8o06
o Dg

8

e}
W]

o)
R L

Jan

Snow density ratio

Snow density ratio Snow density ratio

Snow density ratio

15¢

10}

0S¢t

0.0

20

15}

10¢

05¢

0