
Snow Depth Measurement with 
~errest r ia l  Photos 
Results indicated that the mean snow depth was estimated to 
within 10 percent of the actual value, and that conventional 
methods would probably have larger error. 

INTA~II I IC~. IOX 
Y I I H O L ~ G Y  is the s t l~dy of the occurrence H; ind movement of water in all its forms, 

over and within the Earth's surhce.  In the 
United Kingdom consideral~le knowledge 
exists on the natural processes of water in its 
liquid form, but relatively little is known 
about the most important solid fonn, snow. 
This deficiency is largely IIecause the snow 
season is rarely spectacular, and hence the 
hydrological sigliifica~lce of s~lowfall is easily 

adequate as large spatial variations in snow 
depth cannot l ~ e  adequately detected, due  to 
limitations on time, manpower, and accessi- 
bility. Conventional rain gauges, even if 
heated, are also unsr~itable due  both to the 
sampling problem and to gross errors due  to 
drifting induced by air turl~ulence.  

These measurement prol~lems have been 
encountered in the I~lst i tute of Hydrology's 
investigation of the  hydrological conse- 
clueaces of n land use change from grass to 
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underestimated. However, many of the most 
t l a ~ n ; ~ g i ~ l g  floods in the IJn i ted  K i n g d o ~ n  
result from heavy rainfall on snow lying on 
fi-ozen ground (Wolf, 1965), and nleltwater 
from snow may be an inlportant fkctor in the 
recharge of acluifiers for water supply. 

To gain a better understandi~ig of the oc- 
currence and n~el t ing  of' snow, the first re- 
quirement is to est i~nate its water equivalent. 
Traditionally this is estimated fro111 a series of 
~nanua l  depth and density measl~rements 
taken at set intervals along snolv courses 
-lines laid out within an area s l ~ c h  that dif- 
ferent topographical features are sampled. 
This procedure, however, often proves in- 
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coniferous fi~rest in two s111;ill catchments at 
Ply~rl inion i n  central Wales. Here ,  snow 
tencis to h l l  and ablate completely many 
times during a winter, and daily measure- 
ments are necessary. An additional require- 
ment fi)r frequent spatial measurement ruled 
out the sole use of either snow pressure 
pillows (Tolla~l ,  1970) or nuclear counting 
tlevices \vhich measrlre the attenuation by 
snow of the  radiation emitted by l~ur i ed  arti- 
ficial radioactive sources (Warnick and Pen- 
ton, 1971). Both methods provide accurate 
records of the water equivalent of the snow 
covering the instruments but are too costly to 
use in  large nl~mbers.  

Only  aerial  monitoring of t he  natural  
radioactivity of the earth, or the use of photo- 
gra~nmetry fro111 either an airborne or ground 
based platform, seemed to provide suffi- 
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ciently frequent spatial measurements. 
Monitoring the natural radioactivity of the 
earth offers substantial advantages (Bissell 
and Peck, 1973), but would be costly and was 
not considered sufficiently precise to deal 
with snow depths typically in the range 
10-1000 mm. Similar reasons precluded the 
use of aerial photogrammetry (Cooper, 1965, 
and Smith, Cooper and Chapman, 1967). 
Photogra~nn~etry, using either a tethered 
balloon platform or a ground-based system, 
was discussed by Painter (1973), and subse- 
quently terrestrial photogrammetry was cho- 
sen as the most likely method for measuring 
snow depth at Plynlimon. Blyth & Painter 
(1973) describe the initial snow measure- 
ment tests, and the hydrological implications 
of their success. The tests also enabled defi- 
nite operational procedures to be established 
for the day-to-day measurement of snow 
depth and this paper describes these proce- 
dures, with particular reference to the choice 
of sites, ground control, photography, and 
photointerpretation. 

Measurements of snow depth are to be 
made in an upland area having a valley- 
hilltop relief of some 100-150 meters. To ob- 
tain the greatest incident viewing angle to 
the ground surface, hillslope sites were gen- 
erally chosen in preference to the relatively 
flat valley floors and hilltops, which in any 
case tend to be unsuitable for photogram- 
metry due to the presence of long grass and 
reeds. As most of the valleys are fairly sym- 
metrical in cross section, it was usually pos- 
sible to establish the camera positions on one 
side of a valley and photograph the opposite 
valley slope onto which ground control 
markers are set. 

Photographs are to be taken of each site in 
late autumn or early spring when vegetation 
is at its lowest, to enable the ground surface to 
be accurately heighted; further photographs 
are taken from the same positions each day 
that snow remains. The procedure for taking 
the stereo-paired photographs is relatively 
simple, as normal photography with a metric 
camera, mounted on an orientation base, is 
used.  The  camera base l ine is se t  ap- 
proximately perpendicular to the opposite 
valley slope, with vertical camera separa- 
tion limited by the type of restitution in- 
strument used. Horizontal camera separa- 
tion is chosen such that the ratio of camera 
base line to viewing distance does not ex- 
ceed 1:7 for the  sake of accuracy. The  
orientation base is centered and levelled at 
one camera position, and a target is centered 

at the other. Using the orientation facility, a 
bearing is taken on the target, and the camera 
is then swung through 90 degrees to face the 
opposite slope (Figure 1). After taking the 
photograph, the camera and target are inter- 
changed, and the procedure repeated. Be- 
cause only one camera is used, the time lag 
between taking the stereopairs should be 
kept as shoit as possible to minimise the pos- 
sibility of pseudo-parallax; this can occur in 
the reconstructed image due to changing 
light conditions or wind induced movement 
of the vegetation during photography. Ideal- 
ly either a pair of sinlultaneously triggered 
cameras should be used, or photography 
should be conducted on a calm day with fairly 
constant lighting conditions in order to 
minimise this effect. 

As measurements are to be taken over 
several years, it is essential that both camera 
positions and ground control markers are 
constructed in such a way that no movement 
occurs. To keep the operational procedure as 
quick as possible during snow photography, 
permanent camera plinths bearing simple 
and precise centering facilities are essential. 
The plinths used comprise an upper and 
lower steel triangular plate, joined by three 
rigidly welded scaffolding poles, suitably 
treated to prevent corrosion. Each plinth is 
set in concrete with its lower plate at least 
300 inin below ground level and with the 
upper plate level. 

A Wild P32 Terrestrial Camera mounted on 
a Wild T1A theodolite is used for the snow 
survey, and several methods of centering this 
system on the plinths were investigated. 
After considering the precision, cost, and 
ease of setting up and transporting the vari- 
ous centering systems, the Wild ball center- 
ing method was chosen. This utilizes a steel 
ball screwed into the  base of a G D F 4  
Tribrach, which fits into a precision I~ored 
brass socket, normally set in concrete. For the 
snow survey work, the sockets were replaced 
by a similarly bored stainless steel insert, set 
into the upper plate of the camera plinth 
(Figures 2 and 3). Repeated centering of the 
theodolite and camera are possible to within 

0.02 mm, and an attachnlent on the ball 
allows repeated height fixing. An accl~rately 
centered target which locates in the same 
bore allows complete interchangeability 
with the theodolite. 

The ground control markers are robustly 
constructed in noncorrosive materials and 
are varied in size according to their distance 
from the camera. The pattern on the markers 
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FIG. 1. Generalised plan of typical snow measurement site. 

(Figure 3)  consists of a central white cross to 
which black cross hairs are added to aid the 
accurate location of the ground survey ineas- 
ureinents. A black background is used to pro- 
vide ~naxirnutn contrast and white squares 
are  inse t  at  each corner  away 

Frc: 2. Wild theodolite and P32 camera accu- 
I-ately centered on camera plinth. 

from the  edge  of the  marker. Using this 
configuration, three squares of different sizes 
are defined into which the floating mark of 
the restitution instrument can be  accurately 
fixed, thus reducing the need for a great vari- 
ety of marker sizes. At the Plynlimon sites, 
only two sizes of marker, with outside dimen- 
sions of 1000 min square and 500 mm square, 
were required. Ideally, one of the squares on 
the marker should appear slightly larger than 
the floating mark ifviewed through the stereo 
plotting instrument. This size is determined 
by the fbrmula, 

A = C DIF 
where A is the side dimension of the square, 
C is the distance from the camera to the 
target, D is the actual diameter of the floating 
mark and F is the focal length of the camera 
lens. The marker pattern is applied by a silk 
screen process to alloy sheets. To reduce the 
effect of wind, the sheets are cut vertically 
into 100 inm strips which are offset alter- 
nately thus allowing the wind to pass through 
the marker. 50 m n ~  alloy channeling set in 
concrete is used to locate the targets above 
the expected snow level (Figure 3). 

Measurements are taken on the hill slope 
sites up to a maximum distance of 7 x  the 
camera ]lase length, for accuracy, and a 
minimum working distance of3x the camera 
base length is imposed both for accuracy and 
for operator comfort, as working at closer dis- 
tances than this was found to be strenuous. 

To enable the stereo model to be accu- 
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FIG. 3. The Wild ball centering system 

rately scaled and levelled in the plotting 
machine, at least five ground control markers 
should be set up within the stereo area of 
each pair of photographs. Although scaling 
and levelling could be achieved with only 
four suitably spaced markers (using one as a 
check) it is considered desirable to have more 
to guard against the possibility of a target 
moving or being covered in a snow drift. In 
general, one marker should be kept in the 
center of the stereo model, with the others 
sited towards each corner, though the posi- 
tion of both camera stations and markers 
should be arranged to suit each site. In some 

instances, for example, a third camera station 
is used to increase the depth of the workable 
area. 

The relative orientation of the camera sta- 
tions and niarkers was determined by theodo- 
lite and an MA 100 tellurometer. In the origi- 
nal feasibility test, the camera stations at A 
and B in Figure 1, were used to define a 
three-dimensional, rectangular coordinate 
system, in which heights were vertical and 
the eastings and northings planes were hori- 
zontal. The origin of the system was assumed 
to lie 1000 m west, 1000 m south, and 100 nl 
below point B, and the coordinates of each 

K- loocm -4 
FIG. 4. Marker design and construction of supporting framework. 
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marker were determined relative to this 
origin. Si~nilar  coordinate systems are being 
used on all sites and the standard error of all 
three coordinates of any point is considered 
to b e  * 3 mm. I t  is important to recognize that 
the errors of the final values horn the photo- 
grammetric process cannot Ile sm:~ller than 
the errors prese~l t  in the control. To check 
that no significant mo\re~neut of the ground 
colltrol has taken place, further surveys 
should  b e  made shortly Ilefore and im-  
mediately after the snow season. 

Althor~gh more precise cameras are availit- 
ble, the Wild P32 camera was chosen both for 
its 1o\v weight ;lntl vers;itilit>., ant1 tilr its good 
precision:cost ratio. The  usefill fbrmat of'the 
can1el-a is 60 x 80 mm 11ut the principal point 
of the picture is offset 10 nlm relative to the 
principal parallel to give optinru~n utilization 
of t h e  p ic ture  f o r n ~ a t  du r ing  s tereo-  
photography. Either cut film, roll film, or 
glass plates can be  ~ t s e d  in the camera, and 
are pressed against a glass plate Ilearing fidu- 
cia1 marks to ensure flatness. The  65 nlm 
focal length lens has a resolution greater than 
100 lines per mm at its center. and some 70 
lines per tnln at the edges; the actr~al camera 
used in the current work has a very low ratlial 
distortion of o~il!. 2 1p1n. Tlrt c;tlneril is at- 
tachetl to the theotlolite tc.lc~\col~cl)v a cl~licli 
releiise It\\.cr, and is precisely colli~natetl 
with the telescope so that its iil~solute orienta- 
tion can b e  accomplislletl using the theodo- 
lite facilities. 

One of the  main prol~lems envisaged in 
snow photogramn~etry was to 1,lnce the float- 
ing mark o f t h e  restitution instrument accu- 
rately 1111on a w l l i t ~  s~trflice oftering little con- 
trast. Exueriments conducted on a simulated 
snow surface, using :I range of films and fil- 
ters, indicated that there was no single conl- 
1,ination which nlarkedly improved the high- 
light and shadow details of the surface. Sub- 
sequent field tests showecl that although 
color film was most suitnl~le for interpreting 
detail in no-snow photographs, it offered lit- 
tle advantage over  non no chrome film in snow 
conditions. As color transparencies were  
readily available only in film fi~rnr, it fine- 
grain monochrome emulsion such as Ilfbrd 
FP4 on the more accurate glass plates was 
considered to I,e most suitable for this preci- 
sion work, ant1 so this was r~sed  for I)oth the 
snow and no-stlow photography. 

To give a soft gradation in the image tone of 
the snow photographs, the film was over- 
exposed 11y ;3 stops compared to the nortnal 
setting for the particular fi11n speed, and t l ~ e  

sul,secluent processing time was decreased 
11y 20 percent. This gave the snow a dirty gray 
appearance which was much easier to inter- 
pret, b11t the resolution was slightly de-  
creased due  to the resulting increased grain 
size.  ,4n emuls ion  wl~ ic l l  was not  
fully tested, I ~ u t  wlricli nray prove Ilene- 
ficial in this type of photography is Ilford 
R10, which is a soft panchromatic film with a 
fkirly high resolution; its slow speed may 
however prove to 1)e a major disadvantage. 

In  very bright conditions, a polarizing filter 
was found to reduce glare considerably from 
the snow surface, whereas an ultra violet fil- 
ter slightly increased penetration through 
nlist and haze. However, because filters in- 
troduce unknown distortions, snow photo- 
graphs sllot~ld I,e taken in cloudy but mist- 
free conditions, wherever possible. 

In analyses to date, the stereo model has been 
set up in a Zeiss (Jena) Topocart plotter, by 
orientating and scaling the model to give a 
I ~ e s t  mean fit on the ground control markers; 
the largest discrepancy in this operation was 
equivalent to 60 rnm on the ground. 

A grid of 5 meter squares was constructed 
in a horizontal plane within the stereo model, 
and the height of the ground and subse- 
quently that of the snow surface at each inter- 
section, together with a unique point number 
and a codi tlg digit, were recortlecl on punched 
paper tape. The  coding digit was used to de- 
scribe the nature of the surhce  at that particu- 
lar grid intersection, from the point of view of 
the plotter operator. Thus the surfi~ce was 
graded good, average, bad, or impossible to 
height pl~otogrammetrically. This assess- 
ment was made hy the operator, according to 
the ease with which the floating mark could 
be placetl on the ground or snow surface. 
Snrtaces rated typical of each of the three 
possible grades were chosen, and 20 con- 
secutive height readings were taken at a 
specific spot on each surface, and the stan- 
dard errors of the readings at the points were 
calculated for each group. 

The terms S 1  and S2 in the computer print- 
out (Table 1) are functions of these standard 
errors for snow and ground ~neasurements 
respectively, and ofthe square of the distance 
of'the point from the camera for any particular 
group. These standard errors do  not reflect 
randorn errors arising from the ground con- 
trol or horn orientation of the model, nor do 
they indicate systematic errors from lens dis- 
to~t ion ,  instrument maladjustments or film 
distortion, but the procedures and equip- 
men t  iitlopted have  r educed  these  to a 



Plynlimon Test Site 
Camera: P32 

Photography: 16/2/73 Plates A7 and B7. 112173 Plates A3 and B2 
Point Z1 22 S 1 S2 Depth Remarks Wt 

34 64.400 64.375 0.053 0.053 0.025 178.1 
35 65.138 65.088 0.053 0.053 0.050 178.1 
36 65.075 65.05 0.053 0.053 0.025 178.1 
37 65.075 64.963 0.025 0.053 0.112 289.5 
38 65.362 65.375 0.025 0.025 -0.013 Negative Depth 773.1 
39 66.213 66.162 0.025 0.025 0.050 773.1 
40 66.875 66.862 0.053 0.053 0.013 178.1 
4 1 66.038 68.162 0.053 0.053 -0.125 Negative Depth 178.1 
42 69.737 69.650 0.056 0.056 0.088 159.1 
43 61.587 61.312 0.027 0.056 0.275 258.7 
44 61.587 61.350 0.027 0.056 0.238 Impossible 0.0 
45 62.425 62.575 0.027 4.000 -0.150 0.0 

Z1 is elevation of snow surface 
22 is elevation of ground surface 
S1 is standard error of snow surface measurement 
S2 is standard error of ground surface measurement 
Wt is weighting given to point measurement. 

~niniinum. A weighting equal to l/(SI2 + Sz2) 
was then allocated to the readings at each 
interqection, and the  average areal snow 
depth was computed as the mean of the indi- 
vidual weighted depths. A value for S1 or S P  
equal to 4.000 or 5.000 in the printout was 
used to denote an impossible point due  to, for 
example, long grass in the no-snow photo- 
graphs, or  mist or glare in the snow photo- 
graphs. 

Where negative depths  have b e e n  ob- 
tained, a statistical criterion for rejection was 
used; only if the negative depth measured 
was numerically less than three times the 
standard error of the depth, was it accepted, 
otherwise it was given zero weight. Whether 
these large negative depths should b e  re- 
jected is arguable, as similar positive errors 
cannot b e  easily detected. Statistical analysis 
is therefore continuing to determine the op- 
timum criterion both for dealing with nega- 
tive depth measurements, and to establish 
the  minimum number  of point  readings 
necessary to give the required areal accuracy. 

Terrestrial photogrammetry offers a rapid 
method for gathering large quantities of 
snow-depth data without disturbing the snow 
surface, and the analysis of the data can b e  
left until after the snow season if necessary. 
Results to date indicate that the mean snow 
depth over an area of 3 hectares can be  esti- 
mated to within 10 percent of the actual, and 
that conventional snow courses would offer 
only a 1 in 4 chance of comparable accuracy. 
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