A STRATIFIED SAMPLING DESIGN FOR SNOW SURVEYS BASED 576-74
ON TERRAIN SHAPE
By
G. J. Young 1/

Introduction

Measurements of snowpack water equivalent vary according to the purposes for which
the particular studies are designed. A large number of studies, primarily to predict river
discharge, use measurements taken at index plots. Although there may be no way of estimating
the total volume of snow within the basin from an index plot, empirical associations
between measured snow amount and river discharge throughout the following melt season may
allow sufficiently accurate predictions of discharge to justify the method. More elaborate
point sampling designs have to be implemented if knowledge of the mean depth and variance
in depth are desired for the basin-wide snowpack. In this case it must be possible to re-
late the sample points to the total population (infinite) of points in the basin. The most
elaborate designs are required when distribution maps of snow cover are desired as well as
mean depth and variance in depth of the pack.

Mean pack depth and variance in depth can be estimated by implementing random de-
signs. However, as indicated by Cochran (1953) higher precision can often be attained by
using a stratified sampling design. Cochran has shown that the greatest accuracy (or
alternatively the highest accuracy for a given effort) is obtained when the delineation of
the strata is based on the snow depth itself. While it is not practically possible to
implement a stratification on the variate being measured, this ideal can be approached if
strata are delineated according to terrain variables which are known to be closely associ-
ated with snow depth. A review by Meiman (1968) shows that there are strong links between
terrain characteristics and snow depth. Recently Bartos and Rechard (1973) and Steppuhn and
Dyck (1973) have shown how stratified designs, based primarily on vegetation, resulte in
greatly increased accuracy in estimation of areal snow cover.

The purpose of this paper iIs to describe a stratified sampling design based on

altitude, local relief and slope angle. By using the design the spatial distribution of
the snowpack at the end of winter can be mapped.
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Location of the glaciers -- As part of the International Hydrological Decade
(1.H.D.) Program studies of glacier mass balance have been undertaken on several glaciers in
the Canadian Cordillera by the Glaciology Division, Department of the Environment, Ottawa.
Mokievsky-Zubok (1971); Ostrem (1966); Stanley (1970, 1971) and Young (1970, 1971, 1973a).

Aims —- A major concern of our studies is an evaluation of the processes governing the
accumulation of the winter snowpack and the ablation of snow and ice during the summer. These
processes are intimately linked to the changing patterns of snow cover through time. As Harvey
(1968) has suggested, it can be very profitable to study patterns in considerable detail for
insight into the formative processes may thereby be gained. Pattern description is seen,
therefore, as an important first step towards process evaluation. Data collection and
preliminary analyses have been conducted according to the standard procedures advocated by
Ostrem and Stanley (1969).

Problems -- One of the main problems associated with the studies conducted on
glaciers is the difficulty of movement over the glacier surface. An important criterion for
choosing the five Cordilleran glaciers, in the first place, was that access to them and travel
on them was relatively easy. A simple accessibility map for Peyto Glacier is shown in Figure
2. As most other glaciers are more difficult to travel on than the ones under study it is,
therefore, questionable whether conclusions representative of the entire population of
glaciers are being reached. Furthermore, on any particular glacier there are areas which
are always easy to reach, areas which are always "out of bounds®, because of crevasse or
avalanche dangers, and areas which are not dangerous at the end of winter but which become
ever more dangerous as the melt season progresses. The proportion of each of these three
categories varies from glacier to glacier.

In general, the upper parts of Peyto Glacier are much less accessible than the
lower parts. This has direct influence on the selection of the network of sampling loca-
tions. While a much higher density of sampling locations has been maintained on the lower
parts of the glacier, there have been many Instances of "missing data® from the upper parts of
the glacier. To a lesser extent the same situation prevails on the other glaciers surveyed
despite the fact that there is really more need for a larger number of sampling locations at
higher elevations for mean snowpack depth and variability in depth in general increases
with increasing altitude.

Further, because of manpower and financial constraints, a much more simple network
of sampling locations should be established, but one which would give approximately equal
weight to all altitude zones on the glacier.

The Rationale for Stratification

It has been shown in a previous study, (Young, 1973a) that there are close associ-
ation between accumulation values and various terrain characteristics at sampling locations.
While total accumulations vary considerably from one year to another there is nearly always a
strong linear association between altitude and snow depth. Within any particular altitude
zone (@ standard zone is bounded by successive 100 m contour lines) variance in snow depth
can be explained largely in terms of slope angle and local relief (for definitions of these
terms see the next section). On all the glaciers there is a significant negative correlation
between local relief and snow depth, i.e. hollows tend to contain more snow than bumps.
On all glaciers, too, there are consistent associations between slope angle and snow depth,
although the signs of the correlation coefficients vary from one glacier to another.

It has been found that a very good approximation of total accumulation can be
obtained simply by expressing snow depth as a linear function of altitude and mapping the
distribution accordingly. Important detail or “embroidery® on the basic trend derived from
altitude can be added to the map by also using the linkages between local relief and slope
angle with snow depth.

Consequently, if the altitude/snow depth relationship is derived from a set of
measurements made at locations which have lower than average slope angles or atypical local
relief then the basic trend map based on altitude will be wrong. It is argued that it is of
primary importance to establish as correctly as possible the altitude/snow depth relation-
ship and to this end not only should measurements be made from a wide range of altitudes



but also within any altitude zone care should be taken to choose sampling locations typical
for the zone in terms of slope angle and local relief. This type of reasoning becomes
especially important if it is only possible to take a few measurements. However, it becomes
less important if within any altitude zone a sufficiently large number of measurements can be
made to establish mean depth and variance in depth with high confidence.

The method outlined below is designed to stratify a basin or area according to
altitude, slope angle and local relief and thus define a small number of locations from
which good estimates of basin-wide snow cover can be obtained.

Topographic Shape -- A grid square technique similar to that proposed by Solomon
et al. (1968) has been adopted here; the computer program used has been described by Young
(1973 b) and is illustrated by a series of diagrams for Peyto Glacier (Figures 3-6).

A square grid (Universal Transverse Mercator) with a grid interval of 100 m is
laid over the topographic map (Figure 3). Altitudes at grid line intersections are stored
and used to calculate local relief and slope angle for each grid point. Figure 4 il-
lustrates, for a given point, how the altitudes at that point and latitudes of its four
nearest neighbours are used to compute a best fit regression plane, the maximum slope of
which is taken as the slope angle at the point in question. Local relief is defined as the
extent in meters which the altitude of the center point is above or below the regression
plane. Figures 5 and 6 show maps of slope angle and local relief derived by this method.

It is relevant here to discuss the choice 9f a 100 m grid interval rather than any
other. ldeally it would have been desirable to have as fine a grid as possible, e.g., a 10 m
or a 1 m grid interval. Measurements of snow depth are made within a few meters of sampling
locations, i.e. in a very compact area. Processes of accumulation and ablation may well be
sensitive to very small scale topographic shapes as well as to larger scale topography.
Surface shape measures should be at the same sort of scale as the processes being investi-
gated. As McCarty et al. (1956) has stated: "In geographic investigation it is apparent that
conclusions derived from studies made at one scale should not he expected to apply to
problems whose data are expressed at other scales. Every change in scale will bring about the
statement of a new problem, and there is no basis for assuming that association existing at
one scale will also exist at another." The choice of a 100 m grid interval may, therefore,
not be the most appropriate choice for the elucidation of the process/pattern
interrelationship.

Why, then, was a 100 m grid chosen? Firstly, it was considered the finest scale at
which altitudes could be read off the topographic map with confidence. The 1: 10000 maps of
the glaciers must be considered very accurate. Contours are at 10 m intervals and are
accurate to within = 2 m over most of the glacier surfaces. At grid locations altitudes
can, therefore, probably be read to + 5 with confidence. It is considered that at horizontal
distances of 100 m a 5 m error is tolerable for defining surface geometry characteristics.
Secondly, a grid interval of 100 m produces a density of 100 points per km?; for Peyto
Glacier this density translates into 1340 points for the whole glacier, a number which is
tolerable for computer manipulation (given that many matrices containing glacier information
will be used-in a single computer program). Thirdly, with the sampling interval of 100 m
shape measures do not change markedly through time (except for small areas at the extreme
snout or edges of the glacier) whereas on a scale of 10 m or especially at 1 m rapid changes
in shape may occur over time.

The 100 m grid was then chosen primarily for convenience; results derived by using
it should be viewed with appropriate caution.

The Evaluation of an Existing Sampling Network

Before describing the method used to generate a stratified sampling network an
example is given of how an existing network can be evaluated in terms of altitude, slope
angle and local relief.

The method of evaluation is summarized in a number of steps, as follows:

1. The glacier surface is divided into a number of overlapping zones based on
altitude. Each zone is centered on a 10 m contour and consists of the area bounded by



1r2km

'Locel rakiet’
(in this case
positive }

Regression plane
fitted to five
Z co-ordinctes

Z co-ordinate of

a grid point

Point on grid with
"8 four necrest
naighbour points

<

100m grid InteF Vol —— B e,

Figure 4.

Geumetrical relations used to derive local relief.

i <
NNy ae° -
G = -
‘ % 3° -

[ ] > a0® slope_yam
i T

30° Slope

40° Slope

a ———
20° Siope 7

T
-----------

PEYTO GLACIER

Figure §.

Slope angles.

RN

Convexities - shaded
Comcavities - blank

/7 NaN
N =

\\\_

S

0

3

) ,,_,,,,‘/ B
g

oy

7

=]
iy

—mpmZ

7

S

) |
D¢ 7
‘ : ‘z
- / ,, ;

i
»

1>

&

~ §

<

¢

N

=

L A72km i
L | i
PEYTO GLACIER
Figure 6. Local relief



contour lines 20 m lower and 20 mhigher than the central contour. Two such successive zones
are illustrated in Figure 7. A 40 m (vertically) wide zone rather than a zone of any other
width is chosen arbitrarily. Each zone contains a sufficiently large number of grid cells so
that meaningful statistical measures may be calculated and yet is sufficiently narrow so
that the boundary effects at the top and bottom of the glacier are minimized.

2. Within each zone the mean and standard deviation of both local relief and slope
angle values are calculated. These values can then be plotted against altitude for each 10 m
vertical interval as illustrated in Figure 8. The graphs show clearly how the means and
standard deviations for both local relief and slope angle change over the altitude range of
the glacier.

3. The values of local relief and slope angle at all stake locations can also be
plotted on the graphs (asterisks on Figure 8). It can be seen clearly to what extent the
stake locations are typical or atypical, in terms of local relief, and slope angle for the
particular elevations, and in terms of altitude range for the glacier.

The Peyto Glacier example shows that stake locations are usually fairly representa-
tive of the glacier in terms of local relief (i.e. values of local relief at stake locations
are near to the average for the altitude and are reasonably well dispersed on either side of
the mean). However, in terms of slope, there is definite bias towards more gentle slopes,
especially on those parts of the glacier where slopes are steepest. This may be of very real
importance in making ablation maps for gentle slopes tend to be less well drained than steep
slopes and thus there may be considerable bias in the measurements made.

A New Stake Network Based on Stratification According to Surface Geometry

The above described approach can be used to define those parts of a glacier which
are representative of slope angle and local relief. The approach is summarized in a number
of steps, as follows:

1. For each 100 m grid intersection the procedure is:

(a) To define the area of the glacier within 20 m of the elevation of the
grid point (See Figure 9).

(b) Calculate the mean and standard deviations of slope angle and local
relief for the grid points lying within this area.

(c) Express the slope angle and local relief of the point in question iIn
terms of standard deviation from the average for the area.

(d) Classify the point as "representative® in terms of slope angle and
"representative” in terms of local relief if the values of the point are
within +0.319 a of the mean. The value of 0.319 a has been chosen because if
the frequency distributions for slope angle and local relief are normal then
about 25% of points should be classed as "representative”.

2. Map the locations of all points which are classified as representative, first,
in terms of local relief, second in terms of slope angle and third in terms of both local
relief and slope angle. Figure 10 shows all three maps in one for Peyto Glacier.

3. As shown on Figure 10 about one point in every ten on the square grid is
classified as typical in terms of both slope angle and local relief. A subset of these
points can now be chosen according to any other criteria the researcher wishes. On the
glaciers described in this study the following additional criteria were used:

(a) Range in altitude was maximized and a similar number of locations were
made in each altitude zone.

(b) Stakes in the original networks which coincided with the “best® locations,
as described above, were used as part of the new stake network, thus
minimizing the number of new stakes to be inserted.
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(c) Possible new stake locations which fell in highly crevassed areas had to
be eliminated for practical reasons.

(d) New locations were also chosen away from moraines or valley walls which
might have had significant effects on processes of accumulation and
ablation.

(e) Within the constraints described above, variation In azimuths of new
locations was maximized.

Results of a Standard vs. the Stratified Technique on Peyto Glacier

On 25 May 1973 snowpack water equivalent measurements were taken at 25 locations which
have been visited each year as part of the regular survey and at 10 locations which have been
positioned in accordance with the stratified design. Five of the stratified locations
coincided with 5 of the normal sampling locations (all low down on the glacier). The
distributions of these two sets of sampling locations are shown in Figure 11. It can be
seen from the map and from the accompanying scatter diagrams that the normal stakes are
clustered toward the lower parts of the glacier, the stratified set is more evenly spread
both spatially and altitudinally.

The following analyses were performed on the two sets of data.

1. Accumulation was associated with altitude. The scatter diagrams, linear re-
gression equations and correlation coefficients (shown in Figure 11) are remarkably similar
for the two sets of data.

2. Accumulation was associated with altitude (A), local relief (R) and slope
angle (S). While the multiple correlation coefficients are both very high, the linear re-
gression equations are markedly different. Standard partial regression coefficients are given
so that the relative importance of the three predictor variables within each equation may be
seen. It is noticeable that altitude is relatively less important in the second equation
(stratified sample) than in the First while slope angle is more important. In other words,
slope angle is the dominant predictor variable in the stratified sample.

Equation 1 (using 25 normal locations).

Accumulation = -533.4 + 0.250 x A + 3.76 X R + 4.78 x S

Standard partial regression coefficients are: A 1.02; R 0.15; S 0.36;
multiple correlation coefficient = 0.95.

Equation 2 (using stratified sampling design).
Accumulation = 43.2 + 0.035 x A + 0.51 x R + 6.84 x S

Standard partial regression coefficients are: A 0.18; R 0.01; S 0.81;
multiple correlation coefficient = 0.98.

3. Volumes of total accumulation and maps of snow depth distribution were produced
by substituting in equation 1 and 2 the values of A, R and S for each grid point and mapping
these results. Total volumes were substantially different (24.7 x 10°m°by equation 1, 10.5 x
10°m®by equation 2) Figure 12 shows these differences when the distributions are mapped.
Additional information gathered after 25 May suggests that the snow depths in the upper
parts of the glacier predicted by equation 1 are unrealistically high. The depths generated by
equation 2 are probably much more realistic.

This example of using the stratified sampling design in one situation for one survey
cannot be taken as a complete test of the method. However, it indicates that the method seems
to produce realistic results and if in addition it means a saving in effort then it may be
worthy of implementation on other areas.



.
,J @, “
» » d

! n E 2800
=
o

] * y 0t 2400 ‘.".
_r_J . ¢
L

LEVA

) 100 200 300
B_j" cm (w,e.)

Regular sample
W.E. -432.5 + 0,22 *ALT

T s 0.89

o]
i

73000

§

Wy
e Regular points

o Stratified points

ELEVATION {ma.s
g

- . 0 ] 30!
Figure 11. Peyto : accumulation by two different methods. 100 m (wee )200 300
Stratified sample
W.E. = -365.6 + 0.19 *ALT
T = 0.94

2.8 25.8 58.8 V3.6 398,80 L8%.8 15%.8 175.9 RUR.E 22%.8 500.%
- » L4 ] L) e ] a 2

hbdd aee
pes oco0
— L2 2 Lo *? ooaa0
Rl d2s 2 ad L2 Adadbad ]
984963888988 e eI 2 WIEARINGAZEA0S Ho44800800
1 ~eREeeIREL BRBROD ¥ ¥ 0GEY s3e4epBOTED
LT IT T 22 ot BRESREG* 2000008 LEPI80RESE
L R Y T NERe406000600000 24544200004
REVNAYAIANE L2222 2222 20 BRERASLEEH0°NN0D TETEEEEATLRN
an g9as EEIRIFATELN~ BRBER Grs9s L)
" #869868¢835060000% SROPEUBILIIIE ® BEYYSINGONCHYPE00 8R0S0t
OBRY BEABO*OCNESPSLCO0N0Y ORBES*+44st et

BNEE BBERAAEABE0000AG0% %S 09043 ¢tisten

V08U 4 4774w 2 B9O7°R00TRTQ0O0YITEEiATggrIrenses

8ag
a 9886603589488000000% 0008002 s5s ] BHANNOs S IOCBOYPEsEROEgNER IV,
L] 1AL 3984088000000%00007 2 tes ] RE00C0000070% PE3s0svvgorsaen
T T L LILELEEL T AALIT L teos
LL:t 1ir'unaan“ueeeu'uw'uuooan 28 uusuuuo- OOkdree
nunf.nnsn-lwsuh @ 00 000 Ll FrERse*EQA00T e PR
CAARNARGSNRYS llun-nauuuusanoaousiuu"""-"-"ouu-ouuuunn
% 800 BE 8 ERHAOTEFFEIVOIR 44004443 +42D0RNDBY
RRIRRILEALS HEAIUAGELEEBOEEABIUNABTITREBAI* Te ¢ T o0 4500244044 +47RBAR
BRAETEIALEERENSR 23680 008088 LLECRT 00C886EE QFedsesrne esnsrngd
PRECUZITIEIABLEBIRRY o BE3RHRRB60 A%A8L N0*008E0*EERE
PrLT LR T LT H £ sabaced L1 L] 1 0 **20a5280 09966
AAAYREISRCBCANEUNANERENERINEPY65098PETNUIRIURE. 11 sess
A889CC0AINRAREER  BRITITIHAQH00T 2 10604490000

BERRLSCANLBRIEAE BIITITAENEREC0GUOELEERENYIRDED
BRRRAABREDEYR e maardos
Banag IGIETIDRRECLIGHE 3Bl
QRSRRTANENIBZANENLSANCISERNS TN
BRAIRCRIINLZBACZLENCTBATNGLE0020 REBEE. IGIBPQBOLBEGBBBSGOO'"""
BERSELAUBITRENTIGLIONELINARANS WEROCELEBAELBNI0IEE6LECABNOL00% S
BEEBERANIALAPELIGEELLNERABALES L 8 [\ iad
B .ERBORABLYICNARBITCANARZINES Br EBLEE000CANILABLQRGIN P IPE
SORABRECHIAATANS LA NSIRINTGR a8 ] [} o
BEBANARI%SRERAARNEOURE G SRAN [11] L]
DEREANRENEIBNEAVIAIND HPARTIDANROEEE000HE60D

|eBPLsE3BARR 85 APUNTHOCOQS SRS R ¢ 0BIREA00%
.llRE'H!t's:IFG.'COQOD“'DSOOODOO"
BRURERE

BEUBRATHABTNREAD ILHIRBIGEEA0000
AEBHRANSEIS REBAREBLH0D
BRARINe BEZBEEO

PEYTD ACCUM 25 BAY 73 ALTSLROSL PEYTO ACCUW 25 MAY 73 STRATIFED SAMPLE ALT#LReSL

Figure 12. Maps of accummlation.



ACKNOWLEDGEMENTS
The author would like to thank Mr. K. C. Arnold and Dr. A. D. Stanley of the
Glaciology Division, Inland Waters Directorate, Ottawa, Ontario for their helpful comments.

REFERENCES

Bartos, L. R. and P. A. Rechard, 1973. Snow sampling techniques on a small subalpine
watershed. Proc. Western Snow Conference, pp 52-61.

Cochran, W. G., 1953. Sampling techniques. New York, John Wiley and Sons, 143 p.

Harvey, D. W., 1968. Processes, patterns and scale problems in geographical research.
Trans. Inst. British Geographers, 45, pp. 71-78.

McCarty, H. H., J. C. Hook and D. S. Knos, 1956. The measurement of association in
Industrial Geography. Univ. lowa, Dept. Geogr. Rept., 1, 1-143.

Meiman, J. R., 1968. Snow accumulation related to elevation, aspect and forest canopy.
Proceedings of Workshop Seminar on Snow Hydrology, Can. Nat. Comm. for 1.H.D.,
Fredericton, pp. 35-47.

Mokievsky-Zubok, 0., 1971. Half decade study of mass balance at Sentinel Glacier, B. C.
Canada. 1.A.S_H. General Assembly of Moscow, August.

Ostrem, G., 1966. Mass balance studies in glaciers in Western Canada, 1965. Geographical
Bulletin, Vol. 8, No. 1, pp. 81-107.

Ostrem, G. and A. D. Stanley, 1969. Glacier mass balance measurements. Canadian
Department of Energy, Mines & Resources and Norwegian Water & Electricity
Board, 129p.

Solomon, S. 1., J. P. Denouvilliez, E. J. Chart, J. A. Woolley and C. Cadou, 1968. The use of
a square grid system for computer estimation of precipitation, temperature and
runoff. Water Resources Research, Vol. 4, No. 5, pp. 919-929.

Stanley, A. D., 1970. Combined balance studies at selected glacier basins in Western
Canada. 1.A.S_.H., General Assembly of Moscow, August.

Stanley, A. D., 1971. Mass and water balance studies at selected glacier basins in Western
Canada. 1.A.S.H., General Assembly of Moscow, August.

Stepphun, H. and G. E. Dyck, (1973, is press). Estimating true basin snow cover. Proc.
of Interdisciplinary Symposium on Advanced Concepts and Technigues in the Study of
Snow and lce Resources, U.S. - I.H.D. Monterey, California, December.

Young, G. J., 1970. Mass balance measurements related to surface. geometry on Peyto Glacier,
Alberta. Proc. of Workshop. Seminar on Glaciers. Canadian National Committee for
1.H.D., pp. 11-20.

Young, G. J., 1971. Accumulation and ablation patterns as functions of the surface geometry of
a glacier. I1_.A_S_H. General Assembly of Moscow, August.

Young, G. J., (1973, in press). A data collection and reduction system for snow accumulation
studies. Proceedings of Interdisciplinary Symposium on Advanced Concepts and
Techniques in the Study of Snow and Ice Resources, U. S. - I.H.D. Monterey, Calif.
December .

Young, G. J., 1973b. A computer program using the grid square technique to describe
terrain characteristics within a drainage basin. Department of the Environment,
Inland Waters Directorate, Technical Bulletin No. 76.




