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ABSTRACT 

Hydrologic models often requirc accurate - estimates of ncan 
water equivalent and associatcd error, W t crror, for basin snow 
cover. Determining the mean water equivalent as the product of 
meail depth and mean density, that is, = p a + covariance, reduces 
sampling, increascs confidence, and yields additional information 
from the survey. Depth measurements of maximum winter snows 
covering Canadian Prairies often reveal non-normal, positively 
skewed areal frequency distributions, which demand care in cstinat- 
ing errors. A natural system of areal stratification, applicable 
to surveys of snows on agricultural prairie, appears capable of 
estimating K, a, and 5 with their associated errors, and features 
( I )  limited sampling for density, (2) confidence in areal extra- 
polation, (3) flexibility in application, and (4) service in 
calibrating index snow-courses or Niphcr-shielded precipitation 
gauges. 

1 Reseal-ch Ilyclrologist, D i v i s i o n  of Itydrology, University of 
Saskatclrcw31\, Saskatoon, Sask. 



ACCURACY IN ESTINATING SNOW COVER WATER EQUIVALEHTS 

SNOW WATER EQUIVALENTS 

S o l u t i o n s  t o  many hydro-meteorological  problems, e s p e c i a l l y  tl iose 
d e r i v e d  from models,  o f t e n  r e q u i r e  a c c u r a t e  e s t i m a t e s  of t h e  average l i q u i d  
wa tc r  e q u i v n l c n t  f o r  t h e  snow cove r ing  e x t c n s i v c  l and  a r e a s .  Area l  e s t i m a t e s  
of wa tc r  cqu ivn len t  are very  d i f f i c u l t  t o  o b t a i n .  Direct e x t r a p o l a t i o n  of 
s n o w f a l l  caught  Jn p r e c i p i t a t i o n  gauges Ignores  t h e  r e d i s t r i b u t i o n  e f f c . c t s  of 
wind, non-uni Corm mel t ,  etc. T r a d i t i o n a l  snow cover  measurement by weighing 
v c r t i c n l  c o r e s  at v a r i o u s  l o c a t i o n s  encounters  an  enormous sampling problem. 
I f  one  nlay assume t h a t  each  measurement a c c u r a t e l y  d e s c r i b e s  t h e  a b s o l u t e  
snow w a t c r  e q u i v a l e n t  cove r ing  t h e  immediate one  s q u a r e  meter  of land ,  a . 
sample of t e n  o b s e r v a t i o n s  over  1000 km2 r e s u l t s  i n  a sample d e n s i t y  of 

A e r i a l  measurement of snow cover  by sens ing  t h e  a t t e n u a t i o n  of t e r r e s t r i a l  
gamma r a d i a t i o n  may e a s e  sampling, bu t  w i l l  n o t  e l i m i n a t e  it. I f  f o r  t h e  same 
c o s t ,  a e r i a l  su rveys  i n c r e a s e d  sample coverage from 10 m2 t o  10  krn2, sampling 
d e n s i t y  w i l l  still e q u a l  on ly  1%. 

The snow water  e q u i v a l e n t ,  W, a t  a  p o i n t  is cormaonly computed as t h e  
product  of t h e  snow dep th ,  d ,  and t h e  v e r t i c a l l y  i n t e g r a t e d  snow d c n s i t y ,  p, 
ob ta ined  from a snow core .  If Aow water  is pure ,  w i t h  a s p e c i f i c  g r a v i t y  of 
one,  working u n i t s  f o r  W ,  d  and p a r e  cm( l iqu id ) ,  cm(snow), and cm(l iquid)/cm 
(snow), r c s p c c t i v c l y  p e r  u n i t  land  a r e a .  For a n  a r e a l  mean watcr  e q u i v a l e n t ,  
t h i s  product  bccon~es 

- - - - 
= p d + covar iance  = p d + rpd sp sd 

where r is t h e  c o r r e l a t i o n  c o e f f i c i e n t ,  i f  s i g n i f i c a n t ,  between dep th  and 
d e n s i t y t ? s  and sd are s t a n d a r d  d e v i a t i o n s  f o r  sample o b s e r v a t i o n s  of p  and d ,  s' or t h e i r  l i n e a r  t ransforms,  and symbols wi th  b a r s ,  -, d e n o t e  a r e a l  means. 
With t h i s  equa t ion  and each component nay be determined s e p a r a t e l y  by 
independent  sampling schemes. 

ERROR 

Mean-value e s t i m a t e s  of any. a b s o l u t e  q u a n t i t y  should  i n c l u d e  a measure 
of t h e  most l i k e l y  conf idence  a s s o c i a t e d  wi th  t h e  estimate. Co~lsequent ly ,  an 
e s t i m a t e  of mean a r e a l  water  cqu ivn lcn t  should be expressed  by ij 5 sw D , where 
Dw is t h e  a r e a l  f rrquency distribution of W (frequency d e n s i t y  f u n c t l o n r ,  and 

! ~ c s e a r c h  Hydrologist . ,  D iv i s ion  of Hydrology, U n i v e r s i t y  of Saskatchewan, 
S i ~ s k < ~  toon,  Saskatchewan. 



s is  t h e  s tandard  e r r o r  of W. Likewise, v a l i d  es t ima tes  of depth and d e n s i t y  
W 

should a l s o  inc ludc  bands of: confidence, t h a t  is, 2 + s D and ^p !. s D 
d d P 0- Tile stanrla~-rl e r r o r ,  s ,  cnconil~:isscs p r i n ~ n r i l  y n a t u r a l  a r c a l  va t l  ability and R ; I ~ -  

1 1  r .  I)cxca~~:;c s l t m l > l c s  nrc  small. old covcr l . j m i t c d  n r c o s ,  t t~cr ,c  crrorri 
cnn rutlgt! g i i i ~ c  Inrge. I11 co~upnri  sol\, errors irorn instrumcnta tion (Work, 
n l  1965) and rncnsurcnlent (Turcan and Loijcns, 1975) a r c  ~ninor and can of ten -9 

b c  ameliorated by va r ious  cor rec t ions .  

While s tandard  e r r o r s  can bc evaluated by s t a t i s t i c a l  ana lyses  of t h e  
samples, a r e a l  frequency d i s t r i b u t i o n s  must be  assessed p r i o r  t o  the  snow 
survey.  Figurc  1 p r e s e n t s  a set of d i s t r i b u t i o n s  f o r  po in t  obse rva t ions  of  d ,  
p, and W from a March 1972 snow cover over p r a i r i e  pas tu res  i n  Saskatchewan. 
The s i m i l a r i t y  between water  equivalent  and depth d i s t r i b u t i o n s  sugges t s  a  
dominance of depth  over d e n s i t y  i n  in f luenc ing  r e s u l t a n t  water  \equivalent .  
The F igure  a l s o  i n d i c a t e s  t h a t  which repeated symmetry tests have confirmed, 
namely, t h a t  over  s i m i l a r  landscapes d e n s i t y  d i s t r i b u t i o n s  tend t o  be  normal, 
whi le  those  f o r  depth  a r e  commonly non-normal. An i n t e n s i v e  snow survey i n  
March 1974 involving 20 d i f f e r e n t  landscapes over a P r a i r i e  a g r i c u l t u r a l  
watershed showed normal d i s t r i b u t i o n s  f o r  d e n s i t y  i n  85% and f o r  depth  i n  15% 
of t h e  survey. Coeff ic ients-of-var ia t ion  from a 1972 P r a i r i e  snow survey, 
compared i n  Table 1, averaged twice a s  g r e a t  f o r  depth as f o r  d e n s i t y .  

Table 1. Summary of Snow Cover S t a t i s t i c s  by Landscape Class ,  1972, Bad Lake, 
Saskatchewan. 

Lower va r iances  combined wi th  normal frequency d i s t r i b u t i o n s  j u s t i f y  a reduc- 
t i o n  i n  sample numbers f o r  d e n s i t y ,  a welcome p r a c t i c e ,  consider ing t h e  
comparative d i f f i c u l t y  assoc ia ted  with d e n s i t y  measurement. 

Landscape C l a s s  

Upland Stubble  
Lowland Stubble  
P l a i n  S tubb le  
Upland P a s t u r e  
Lowland P a s t u r e  
P l a i n  P a s t u r e  

Classes  Combined 

Actual a r c a l  frequency d i s t r i b u t i o n s  f o r  snow depth need no t  be de f ined  
i f  sampling is plOlnned wisely.  The c e n t r a l  l i m i t  theorem a s s u r e s  t h e  e x i s t -  
ence of a normal d i s t r i b u t i o n  f o r  means der ived from a group of samples taken 
randomly from a populat ion whose d i s t r i b u t i o n  i s  unknown. Thus, a set of mean 
depths  r e s u l t i n g  from a s e r i e s  of snow-course samples w i l l  be normally d i s t r i b -  
u ted  i r r e s p e c t i v e  of within-course d i s t r i b u t i o n .  

N o .  of 
Snow 

Courses 

2 
1 
3 
9 
9 
7 

Depth (cm) Density (cm/cm) 

Mean 

3 4 
5 3 
2 1 
1 4  
62 
27 

34 

Mean 

.14 

.16 

.22 

.16 

.27 
,19 

* 20 

C o e f f . o f  
Var ia t ion  

-291 
.282 
.320 
.703 
.634 
.608 

.935 

C o e £ f . o i  
V a r i a t i o n  

. I63  

.215 

.I54 
,370 
.339 
.363 

.440 
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'Figure 1. , Frequency Distributions of 312 Snowcover Measurements' 
over Upland-l'ils turc, Ead Like  Basin, Saskatchewan 



UNITIZED SNOW SURVEYING 

Unitized snow surveying combines thc i nhc ren t  advantages of the cen t ra l  
1 i ~ n i  r t h c ~ r c ~ n  w I t h  tllos(* ~ s s ~ c l : ~ t c c l  w1L11 stratified ~ n r n l ~ l  j,np,. Each srlrvcy 
~rr~dcr t l ~ i s  mclthocl is linrltcvl Lo a clla~;iLc zcbt~c whcre are;!] vnr inLion  J n  nnow- 
f n l l  i~ ciLtrc:r small o r  r c s u l r s  i n  u ~ ~ i f o r r n l t y  after a pcrjod of accu~rrulatlor~. 
Procedures b a s i c  t o  t h e  method a r e  ou t l ined  a s  fol lows:  

5 .  

1. A e r i a l  photographs, f i e l d  inspec t ions ,  s a t e l l i t e  tinagery, e t c .  a r e  
used t o  u n i t i z e  a base  map of  t h e  a r e a  under survey. Uni t s  a r e  def ined accord- 
fng  t o  landscape  c l a s s e s  f o r  v e g e t a t i o n  and t e r r a i n  which w i l l  most l i k e l y  
i n f l u e n c e  snow cover. Classes l i s t e d  i n  Table 2 have proven a p p l i c a b l e  t o  
p r a i r i e  snow. Comparisons of v a r i a t i o n  d a t a  i n  Tables 1 and 2 a l s o  show, as 
expected ,  t h a t  snow depth  v a r i e s  s i g n i f i c a n t l y  more between landscape  c l a s s e s  
than w i t h i n  them, 1 

Table  2, Snow Cover Depth S t a t i s t i c s  by Landscape Class ,  1974, Bad Lake, 
Saskatchewan 

- 5 .  

1 

Landscape Mean Coeff.  of f Landscape Mean Coeff.  of 
Class n Depth V a r i a t i o n  Class  n Depth Var ia t ion  

I 

(em) 
1 
I 
I 

(cm) 

P l a i n  - 
F a l l o v  
S tubb le  

1 Sharp 
'I Sac 
I - - .  

f Pas tu re  
I Scrub 
I 
f Broad 

Lowland 
I 

R o l l i n g  
P l a i n  

Fallow 
S tubb le  
P a s t u r e  

I 
I Fallow 

Stubble  
I P a s t u r e  
I 
I Scrub 
I 
I Togland 

Gradual 
S lope  

Fallotr  
S tubb le  
Scrub . 

i 
I Fallow 
I 
I Stubble 
1 p a s t u r e  5 21.2 

Slough I 
.434 

5 46.1 
! Farm Yard 2 

.I10 ( 129.1 ,182 
Fa 1 lou 
Stubb le  3 46 .6  .I39 I j Classes  

Conbined 
68.1 .SO2 

! 

2. ' The number, n, of land p a r c e l s  wi th in  each c l a s s  r e q u i r e d  f o r  t h e  depeh 
survey can be  determined f o r  a s p e c i f i e d  accuracy; more o f t e n ,  however, n w i l l  
be d i c t a t e d  by t h e  t i m e  and money ava i l ab le .  Random s e l e c t i o n  of t h e  pa rce l s ,  
t o  'be sampled is d e s i r a b l e ,  bu t  no t  e s s e n t i a l .  Ext rapola t ion  w f t h i n  a land- 
scapr  class is v a l i d .  

3. Durlng t h e  survey,  depth  is observed along a randomly-placed snow 



coirrsc within each p a r c e l  selected fo r  sampling and cl.asi;cd by l .andccnpc ,  whi1 .c  
rlcns.i.ty o h s e r v n t  i o n s  arcn cakc?n n r  tandoa throughotrt each c l a ~ : ~ .  'I'hc! ni~rnhr:r of 
dcn:;i t y  obscrvnti.ons per clrtss sltotlld r~ppro:~clt 30 to a ~ s i l r c  goocl sent:l .dticnl.  
c . 'I't~c n~~ml)cr of dc!pt 11 obsc!rvat i o n s  pc!r snow courcrt r;hc;uld I)c! suf f f cl cnt 
to insure  ndeqitiitc arcill  covcrilgc over the parcel nrtd dcf i n e  nnt:ur;rl. areal .  
variability. Kepentcd saruples of snow dcptl~, taken i n  Saskatchewan uuggcst 
about 32 - 3 G  observat ions '  per  land parcel .  ;' 

4. Once ob ta ined ,  t h e  snow survey d a t a  can be t e s t e d  f o r  homogenity of 
va r iance ,  equivalence  of means, and p o s s i b l e  c l a s s  combination. 

- 
5 .  Data c a l c u l a t i o n s  y ie ld :  (1) mean depth,  di, for each snow course  pa rce l ,  - 
i; (2) mean depth ,  zh, d e n s i t y ,  p~ water eqc iva len t ,  k a ~ d  agsocia ted  cos- h ' 
f i d e n c e s  f o r  each class, h. For t h e  1972 Bad Lake, ~ a s k a ~ c h e w a &  survsy these  
were: - - - 

Landscape Class  'h (em) dh (cmj 'h (cm!cin} 

" Uplacd StuSole  5.1 2 0.9 34 k 2;7 .14 + .02 
Lowland S tubb le  9.3 f 2.5 - 53 f 5.9 .16 + .06 
P l a i n  S tubb le  4.5 + 0.6 21 + 2.0 .22 2 .OS 

' Upland P a s t u r e  2.4 5 0.2 14 + 0.9 .16 + - 0 1  
Lowland P a s t u r e  18.6 + 1.6 62 5 4.0 .27 5 .02 
P l a i n  P a s t u r e  6.1 + 0.5 27 + 2 . 2  .19 + .02 

(confidences a t  t h e  0.1 a lpha  e r r o r  p r o b a b i l i t y )  

6 .  Est imates  of mean depth,,  dens i ty ,  and water equ iva len t  which represen t  
t h e  e n t i r e  a r e a  under survey a r e - c a l c u l a t e d  by s u m i n g  v a l u e s  for  landscape . - 

c l a s s e s  weighed by t h e i r  r e s p e c t i v e  s u r f a c e  a r e a s .  

SUMMARY 

Uni t i zed  surveying f e a t u r e s  f l e x i b i l i t y  i n  t h a t  only  p r e f e r r z d  landscape 
classes need be surveyed. Extrapola t ion of the  r e s u l t s  are p o s s i b l e  (1) a r e a l l y  
by t h e  n a t u r a l  r e l a t i o n s h i p  of snow t o  landscape,  and (2) temporally by c a l i b r a -  
t i n g  in<ex snow-courses of Nipher-shielded p r e c i p i t a t i o n  gauges. The method 
a l s o  p rov ides  a procedure f o r  determining "ground t ru th '*  i n  e v a l u a t i n g  new 
techniques  and instruments.  I f  f o r  s p e c f f i c  storms, o r  s p e c i f i c  t i m e s  dur ing 
win te r  accumulation,  snow cover were a r e a l l y  uniform, landscape s t r a t i f i c a t i o n  
would be superf lnous ,  u n i t i z e d  sampling unnecessary. The method remains t o  b2 
tested i n  c l i m a t e s  where s i g n i f i c a n t  winter  p r e c i p i t a t i o n  i n c l u d e s  r a i n f a l l  o r  
i n  areas w i t h  wide ranges i n  e leva t ion .  
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