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Abstract
Thi\ studi conlributes to a gorl ol lhc \hckenzie GE\\ EX (Global Energy and \Vdcr Cycle Experinreno StLrd) to odcl the
rrler and energ,,''. balanccs ol lhc Canadiar Arctic B.rsin on spaiial scale! o1 100 kilonetres rud time scales ofonc nronrh.
Accufrte estimates ofthc spalial di\tibutior ofpfecipit.rti(D at the\e scales arc crilicrll] impotrnt inputs inro h) drologic models
Lrsed to s imulalc lhc\c proccsses o\  ef  comple\  te| r r in.  The de\elopmcnl  oIr  sui lable precip i tut ion Jnodel lbr  thc Mack.nzie b s in
r \ sccn a\ an ir]1porl ant step in our u ndersr.Lnd ing of c liinarc lariabilir) and clinate charge u nder condition \ ol increasing conce n-
lralion\ ol atmosphefic lfeenhou\e gases. In $is slud_v. lni\ariatc lirear regre\sion i\ employed to dclcmline lhe relrtionships
bcl$ccn nonthl) precipit.rtion and orographic paranrctcrs including elevatrcn. .r\pect rnd slopc in thc nountuiDous terfain of
Willinon Briin located in nofth cenrral Bfitish Col nbia. Slopc!. rspccrs and ele\rtions afe ca]culalcd using r 5 minute digital
c l ! ' !at ion rnodcl  (D[NI) .  The s iucl ]  f inds \e lefr l  s tat is t ic i l l !  \ igni l icrnt  {p<.05) cof fe latrcns betree.  c lc!at ion and monthl l
precip i tat ionior lc l ru inhN\ ingei thernol thoreast . rspectbasedonindj f idualJulysbet i 'eenl986andl990. l t r ra inha! ingsouth
or !lest aspccl display\ !t lo$ con€l ti(ms fbr rhose sxme m oll !hs. For $ intcr condilions. dre relation s h ip berql'cn prccipirat ion
and c lc\a l ion is  gcncf t l l , , '$e.*  fbf . r11 r \pects for  indi l idual  Jrnuar,"-s bcl reen 1986 and 1990. lhe lnck ol  coi rc lur iL in rv i th
$ inlcrlimc prccLpitriiN nlr] \'eL_ \i'ell he due io the poor qualir,"- drltr rlared to snow undercatch rhjch i\ cstimded lo be roughl!
50 pcrccnl. The qurLlit) nnd qu.rntlt) ol the data gcncrally is also suspect (xling io the !olume of rnis\ing records rnd the shon
pcriod oi record. Strtion ele\.rtions and DIiM clcvalions corrcltrle equally $ell !vith monthl\ prccipil.rrion. contr.ry to the find
ing!o1 se\eral recent  studie\  \ rh ich \how berter  con c la l  ions usin!  corrser resolu l ion.  Ihe study loundno c|) l rs is tent  re lat ionship
h ( r ^ . (  | r r J  l h l \  D r ( . i p i  . . . ' , ' n . I J  " t i i r  ' L L ' l e r o r $ . , r . 1

Introduction

This stndy was undertakcn uncler the umbrella of
the Global EDergy and Watcr Cycle Experiment
(GEWEX) proiect, the Canadian portion of which
is reterred 1() as thc Mackenzie GEWEX Study
(MACS). A goal of GEWEX is to model the watcr
and enelgy balances of thc Canadian Arctic Ba-
sin on spttir l scrles of 100 kilonetles and time
scales ofonc month. The overall aim ofthis study
rvas to nodel the effects of orographic enhance-
r rcn l  , , I  rhe  'p i r t i r l  d i . t l i bu t ion  u i  p |e i rp i t .L t i , ' n
iD mountainous terrain. The Will iston basin was
chosen because of the existence of a rclatively
dense hydronctcorological netu,ork operated by
Brit ish Cdumbia Hydlo. The approach was to
dclcrmine strtistical relationships in an area of
rugged terrain which was well represented by cli
nrate data. The ultimate goal is b applv these re-
lationships to more data-sparse regions of the
Mackenzie basin. The devcloprncnt of a suitable
precipitation nrodel firr the Mackenzie basin is
seen as an inpofiant step in our undcrstandin-q of
clinate variabil itv and clinri ite chlrnge under con-
ditions of increasing concentrations of atmospheric
greenhouse gases.
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The objectives of this study were to deter-
minc the elevation, slope. aspect and cxposurc to
southwcstcrly rvinds tirr 28 B.C. Hydro clinrate
stations in the watcrshed; to develop and test sta-
tisticrl relatiolships between these orographic
paliunel(r. irnLl nrl lnlhl1 r'r.q1.o1111 tta.1t1tr,1,', '
and use these relatioDships to dcternrine the av
erage variance in prccipitation that can be attrib-
utcd to each of the orographic parameters.

A previous study of the Will iston basin by
Environnrent Canada (8. F. Findlay pcrsonal com-
munication) showed only a u'eak relationship
between monthly precipitation and elevation. The
study cited gaugc sit ing in nanow valleys ori-
cnted obliquely to the prevail ing winds as a ma
jor reason lbr the weak statistical relalionship.
The study also adviscd caution in the use of ts.C.
Hydro data based on comparisons with Environ
menl Canada principal ltation data within the same
geographic region.

The first phase of the plesent study was to
lbcus on statistical rclationships between nonthly
J | rL l  \e . r .un i l l  p rec ip i l i t t ion  i ]nd  Ih .  \ i r r i  u \  o ro
graphic parameters. The second phasc wil l be to
develop a modcl based on these statistical



relationships and to apply the model to a nesos-
cale grid of the Will iston Basin. The thild and
final phasc of thc project wil l apply the model to
the nore data sparsc rcgions of the Mackenzie
hr . in .  The purpo.c  u f  lh i \  p rpcr  i .  l r , . r11n ln , , r ; r .
t l re  l ind ing .  o f  thc  f i r . t  phr rc  t ' i  th (  f r , , j c (  t .

Background
The Will iston Basin, including the region inme
diatel)' to the easl of thc Rockies covers an ar-ea
of more than six million hectarcs. Thc stucly area
shown jn Figure I is centered al roughl)' 56 de-
grees North and 124 degrees West in north-cen-
tral British Columbia. The nain body of Williston
Lake is a proninent lcature ofthe basin having a
norlhwesl-soulhcast orientation and lying in the
Rocky Mountain Trench. The elevation of the lake
is roughly 680 mctrcs, and it is bordered on ei
ther side by nountain rangcs risin-q to more than
2000 metres. Another arrr of Will iston Lake

branches eastward from the trench to the Benlett
Dan rvhich emptics into the Peace River.

The rcgion has a continental rype of climate
which is characterized by cold, dry winters and
wum. somewhat wetler sunrmers (Envirolment
Canada. 1990). The Coast Mountains wcll to the
west remove mLlch of thc moisture fiom the mad-
lime air masses which eventually move across
the province into |he Will iston Basin. The wer
test season is the summer during which convcc-
tivc rvcather predominates. The winter and spring
months become progressivclv drier with the dri
est nonths being February, March andApril. Thc
winter is characterized by frcquent cold spells as
dry. Arctic air tbrces its way southward and west-
rvard through the nountain passes fiom Alberta
and the Nonhwcst Territories. The prevailing 11ow
at mid-atmospheric Ievels is generally iiom the
west or south\\"est.

f - igure L N{ap of  Wi l l is lon Brsin.  lnsel :  NIap of  Bf i t ish Columbia sho$' ing thc stud} . r rea.
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Approaches to Estimating Precipitation
in Mountainous Regions

The precipitation lall ing on a mountainous r.egioD
may bc thought of as having two components: an
ar]lount due to convergencc which would 0ccur
in the absence ofthe mountains. and an orographic
componcnt which nrodities these plocesses (Barr\,
l98l ). The physical basis tirr orosraphic enhance
ment is that nrountain baniers acl on thc tlow of
noist upper air in such a $ay as to deflect the
r  i r tn r  s .  t  t lu  r r t r l  u .  i t  i l ou  .  o r  e r '  thc  l c r r i r in .  t \ r  I r \
cause upward nolion duc to convergence in val
levs. As this moist airnass l ises it expands and
cools thus enhancing condensation and the for-
lr)atiol] ofprecipilation. As a result. both the amount
and the rute of precipitation arc incrcased. Con-
rersely. air subsicling down mountain slopes com
presses and warms producing a drying cfl'ect in
the  lce  o l - lhe  mor rnr r r in : .  \dJ i l i , ' nJ l l ) .  n tount t in
barriers tend to retard the tlow of air resulting in
the mociif ication of f iontal systems in complex
tenain. Mountains also promote local convection
u"hich produces showery summer weather
(Bonacina. I 9.+5 ).

The requirenrcrlt f in estimates of spatially
distributed precipitation fuequently arises in hy-
drologic nodell ing and in a varietl of agricul
tulal and natural resource applicalions. Generat-
ing these spatial distribution pattems usually
involves interpolating tiom point st t ion data to
points on a grid lbr use in computcr modcls. How-
ever. simplc intcrpolation techniques fail to ac
colrnt 1or the effects of topography, rvhich are a
significant factor in thc distribution and iltensity
of precipitation in mounlainous tenain (Phil l ips
ct al., 1992). For exanple. it is well known that
prccipitation generally increases with elevation.
and that the windrvarcl slopes of mountains typi
cally receive much nrore precipitation than thc
leeward slopes. Thus. physical processes attr. ib-
ulcd to clevation. slope and aspect need to be in-
cluded in any moclcl if accurate estiorates of the
distribution of precipitation arc to be obtained.
To complicate mattels. mountainous rc-qions tend
to be sparsel-"" nronitored by climate stations, and
those stations that do exist lend to bc sited at low
elevations in vallcvs l ielding l inle infotnation
about the relationship between topographl and
precipitation at highcr terrain.

Tire ncccl l i)r interpolation techliques thaL
accouDt 1br the efltcls of k)po-sraphy on the dis
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tribution of precipitation in data-spitrse mountain
ous regions has been the subiect ofmuch investi-
gation. Daly et al. (1994) catcgorize approaches
for estimating thc spatirl distribution of precipi-
tation into three groups: graphical, topographi
cal, and numerical. Graphical methods include
i ruh)c t  nnpp ing  and Thrc . ren  p . r l5 ;on  e . t i rnc -
tion. The latter method uti l izes the ratio of the
zone of intluence corresponding to each strtion
b the total area of inlerest as a means of assign
ing weights to individual data points (Thicssen.
1 9 1 1 ) .

Topographical nethods involvc correlating
point prccipitation data \\"ith various topographi-
cal and meteorological parameters such as slope,
elevation, aspect, orientation. and $,ind speed atd
direction. ln a stud), conducted in western Colo-
rado. Spreen (1947) found that about 85o/. ofthe
variation in precipitation u'as accounted for by
elevation, ise. exposure and oricntation. while
only 30% was attributable to elevation alonc.

Numerical methods involve spalial interpo-
Iation techniqucs in which the data are weightcd
accorcling to sone function. For exanrple. inverse
distarce weighting assigns *eights to data in-
\ cr\cl) lr(,n,,ninnJl to thc di. lanc( bcl\\ccn l inl\.
However, these distancc weights are not neces-
sarilv optinal in producing the bcst estimate of
prccipitation. A class of methods for choosing
irterpolation weights so as to optimize the intcr-
polation tunction is called optimal interpolation.
Kriging is onc type of optimal interpolation schcnre
whereby interpolation weights are obtained bv
litting a semivariogranr to the data (Bu[oughs.
19E6). Tabios et al. (1985) systematically com
parcd a variety of spatial iDtelpolalion techniques
and found thcse so-called geostatistical mcthocls
such as kiging to be supcrior to other inter?ola-
tion schemes including inverse diskncc weight-
ing and Thiessen polygons.

As Daly et al. (1994) point out, the applica
tion of geostatistical techniques is l imitcd to ar-
eas characterizcd by a single orographic regimc
u h i c h  m a i n t a i n s  a  \ t r t \ n F . ' \ e r J l l  e l e \ t l i o n  p r e -
( ip i l . r l i , ' n  re l . r l i ,n r .h ip .  Such hornogcnr i l )  i :  I )  p i -
cally limited to relativcly small rreas ofcon.rplex
lerrain. The relationship between elevation and
precipitation. for example, ovcr large, non-homo
gencous regions may in tact be inyerse. Such is
the case whcn considering the rcgion between the
wet. coastal areas of Brit ish Colurnbia and the



higher. but drier. interior plateau rcgions (Basist
et aJ.. 199'1).

A rclativcJy neu model known as PRISM,
an acron)m fbr Precipitation elevation Regres-
sions on lndependcnt Slopes Model (DrJy et al..
199.1). combines physical and statistical approaches
b thc rnalysis of orographically enhanced pre
cipitation. The PRISM model is based on the
observatio11 that relatively coarse scalc'1)ro-
graphic' '  clcvations are more highly conelated
to precipitation than ale point station elevations
(Chuan and Lockwood, 197:1). Accordingly, the
model substitutes station elevations with digital
clcvation model (DEM) elevations using 5 minute
latitude/longitudc -ericl spacing. Each grid cell has
an elevation and slope orientation (aspcct) com-
putcd tiom the elevation grrdients. Grid cells
are then grouped iDto topographic laccts accord-
ing 1o thc dircction of their slope ol-ientation (i.e.
nofih, east. south. west).

In al evaluation of the model, PRISM was
rpplied to the Willamette River basin in Oregon.
allorving a dircct conrparison of rnodeJ perfbr
mance to the results obtained by Phil l ips ct al.
(1992) who used kri-qing, elevation-detrended
kiging. and cokigiDg. In that region, PRISM
performecl bettcr than any of the other methods
as measured in terns of cross validation crrors.
The PRISM model rvas also successfullSr applied
10 largcr gcogrrphic areas including northerl
Oregon as well as the entirc westem Unilcd States
with only slight deteriorrtion in statistical per
lbrmance. The superiority of PRISM lies in i*
abil ity to continuously acljust its t iame of refer-
ence by using local precipitation-DEM clcvation
relati i lnships.

The PRISM model may be conpaled to the
"squarc grid technique" (Solomon et al., 1968)
u'hich was rcceDtly applied to the Mackenzic basin
as part of thc Mackcnzic Brsin Impact Study to
nrodel changes to lunoff under dil'ferent climate
changc sccnarios (Soulis et aJ.. 199.1.). Like PRISM.
this technique also uti l izcs a 5-rninute DEM and
derir,es otherphysical characteristics such as slopc
and aspect f irr each grid cell t iom the elevatlon
data. Multiple regression is thcn pcfirrnred us-
in-q these drtr on temperature, precipitation and
e\ f ,por l l ion  uh ieh  arc  lhen u .cJ  c :  i r tpu t .  t , ,  J
runofT moclcl.

ln thc original study in 1!.)68. the square grid
technique was applied Lo Newlbundland. and its

accuracv was veril ied aglinst measured precipi-
tation. The island of Neutbundland has an arca
of 110 thousand square kilomeffes. and the in-
\cs l r l l l u t . ' . l r r i JcJ  t l rc  i : l rn t l  in to  l \ \o  I ( ! io r ) . .
an Eastem Region and a Western Region. each
with its own ulique precipitation regirne. A unique
multiple regression cquation was lbund lbr each
region. This procedure is also consistent with thc
prcmise of PRISM which considers only slopes
rvhich l ie on bpographic thcets represenLin-u ho-
nrog !  | l ! , ,u \ , , r ' . ' ! r i rnh i i  p rec ip i t . r t ion  rcg  i r le r .

The main dil lerence between PRISM and thc
square grid technique is that PRISM is based solcly
on the relationship between elevation and pre-
cipitation within defined orographic regimes. The
square gdd technique. on thc other hrnd. includes
several independent !iriables such as distuce lion
the sea. barier heights, a l i l t i tude index, and the
average slope of the grid squarc. t iom which
multiple regression equations are dcrivcd with
fespect to precipitation.

Methodology

Prccipitrt ion datatrom B.C. Hydro's hydrom-
eleorological network $,ere obtained organized
and verified. A tcrrain analysis rvas then perfon'ned
using gridded DEM elcvation data to obtain el
evatioD. slope and aspect for each grid cell. Fi
nllly. a statistical aniilysis \\'as uldertaken to look
for significant correlations bet$'een monfily and
seasonal precipitation data and the orographic
parrmeters. Elrch ofthese procedures wil l bc dis-
cussed ln turn.

Precipitat on Data

The climate data lbr the study were provided b)
B.C. Hydro which operates a hydrometeorologi-
cal network of 28 stations consisting of lE sta
tions upstrcam of the Bennett Dam in the Williston
Basin and another 10 to thc cast of the Rockl
Mountains (Figure 2: Tilble L ).

Thc nctwuk was created i l] 1980 wilh thc
installation of ninc stations. Several more wenl
into service between l98l and 1983.andby 198.1.
25 stations $'ere operational. The last threc wcr(j
added between 1985 and 1981J. The netu'ork was
sti l l  in opcration as of October'. 1995. although
data 1br this study were oblaincd tin only up to
1992.

The precipitation data consist of hourly ob-
seNations using Belti)fi automatic weighing type

Sl i r l  i . l  i c r l  Rc l r l  i r ' r \h i f  .  her \ \  een Topogr rph)  rnJ  Prc .  rp i l i r r  i , ' n  |  6 -
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Figure 2.  T( In)gmphic map ol  Wi l l i \ Ion Bar in indic.1r ing rhc lo!a l ions of  BC Hydru h)d|omereorological  srar ions.  Thc Rock)
Nlountrin Trench. oriented soulheast north$c\r. scparatc! thc Omirecr trnd Rock) Nlountain ranses. O!crlay shows
clc\ i t l ron conlours.
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precipitation gauges, ancl clata arc trtrnsnil lcd via
satcll i tc by mcans of data collection plattirrms.
The contents ofthe gauge are rveighed by means
, ' l  J .p r in !  f , , len l iu lnc tc r .  Thc .c  ! r ru !e .  i r te  tc -
ported to be accur-ate to 0.6 mm ond the rccuracy
is temperature depenclent (B.Ci. Hvdnr. 199.1). A
thin fi lm of oil t loats on thc surf'ace of the water
in thc containcr to prcvcnt cvaporation- During
the winter. propylene g11-cnl is added to the con-
tainer to inhibit treezing. Some of the precipita-
tion gauges at the 2E stations are shielded b,v neans
of an Alter shield which consists of a circular al
ray of pickets sunoundiug the gauge to deflect
the wind. A very l imited amount of sno*'pack
clata is also available: three stations (Aiken Lake.
Kwadacha River North. and Parsnip River Up-
per) are equipped $'ith snow pillorvs which pro
vidc daily snow walcr cquivalcnt nreasurements

during the winter. Temperaturc dala are also col-
lected at each station. Servicing. which was per-
folmed four tines per year in thc past. hrs been
recently reduced to three times pcr ycar. Begin-
ning in 1991. B.C. Hydro began changing its cn-
tirc nctwork to standpipe gauges., 'rhich are lalger
in dianeter and havc a grcatcr holding capi,tcity.
However, most ofthe dala uscd in this study $'ere
obtained from Belfort gau-tcs.

Data liom the hydroneteorological nctwork
are routinely quality contlolled b"v B.C. Hydnr
and codes ue manually assigned to each hourly
observation as "good", "accumulated '. or "nriss-

ing '. Accumulated precipitation amounts arc ob-
tained bv recording the cortents ofthe gaugc l i) l-
l ,  ' u  in ;  r  per iod  o l  t i tnc  u  hcn  c i ther  thu  in ' t lu r r ren t
tailed or when there were data transmission prob-
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lems. Missing data arc coded as such when no
accumulated rmount is obtainable. For example,
when thc gauge is fillcd to capacitv. subsequent
precipitatioD is coded as missing unti l the station
is selvlced.

Daily totals are obtained sinply by aggregat
ing hourl) ' data. and the quality of the daily data
rs codcd according to the poorest hourly obscr-
vation during that day. For instance, if one hour
of data is missing on a given day, then the dailv
k)tal is codcd as missing even though the other
23 hours may consist ofgood data. Approximately
20 percent of all daily hyclrometeorological data
arc coded as ei[her missing or ilccunLrlated_

The accur lc r  , r l  .nou lu l l  Ine  su le rnan l \  i \
p rob lcmr l i c  gener r l l l .  The \ \  MO.  l i , r  in . r rnee,
conducted an extensive study which concluded
that snow in Scandinavia is undcrreported by
auk)matic stations by aboul 50./o (Georgc Tay-
lor, pcrsonal comntunication). A significant
undercatch may result from biowing snou' which
is not detected by the gauge during windy condi-
tlons. The use of tn Alter shield at some B.C.
Hydro sites rcduces the el'flcts of wind but does
l]ot con]pletely eliminate them. Also, only thosc
sites u'hich arc highly erposed ale shielded, so
many of B.C. Hydro's gauges do not have shields.

Another problem that leads to underestima-
tion of snowtull at B.C. Hvdro sites is snow cap-
ping (Eric Weiss. personal communication). This
occurs when the instrument is conlpletely capped
ovcr $'ith thick wet snou, such that subscquent
snou'accumulations do not fall inb the buckel
and iue not lecorded by the gauge. This condi-
l ion  i :  n r ,  ' \ r  l r cqucnt  u  hen lhe  tcmfcr i r lu  r (  i \  nc i l r
fieezing and the snow is heavy and wct. Freez
ing can occurat sufficiently k)w temperatrncs when
the glycol mixture bccomes dilutcd as a result ol
the bucket being neal capacity. Additional accu
mulations are not lecorded once thc mixture be-
comes lrozeD.

To assess the extent of the problem of
undercporting of snow at B.C. Hydro stations.
use was made of snorv pillow data tiorn one of
thc three stations. Aiken Lake, wher.e such data
is collectcd. An examination of the daLa soorvs a
steady increase in the snow pack fl.om about
November through March each year. afier which
wann spring tempcratures begin to melt the snow
pack and values then decline. Usin-q this tall winter
period of rising stlow pack values. monthly ag-
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gregatcs of daily precipitation were compared to
the corresponding monthly increase in the snow
pack. Assuming ncgligible snowrnelt during this
period of low temperatures. it was fbund that only
about ,107r of the snow talling on the pillorv is
he ing  d( tc i led  b)  th r  Be l  lbn  prcc ip i t i r l i on  ! ruge.

As a l irrthcr assessment ofthe qualitv of B.C.
Hydro data, monthly precipitation antounts rvere
conpared to those obtained lbr thc srme periocl
fiom flve Environment Crnada (AES) stations
located within the basin. Since AES climate ob-
servations are laken bv human obsen'ers and the
data ue rigorously quality controlled. these sta
tions selve as ideal benchmarks fbr dctermining
the accuracy of the B.C. Hydro dara. Only B.C.
Hydro data coded as good quality were used. Ol
the 28 B.C. Hydro stations. 2:1 werc fi)und to have
conelation coefficienls ol D0.7 with at least one
AES station. indicating gu)d agreenrcnt. How-
evct a comparison of snowtil l l  betwecn pairs of
nc ighbour ing  AES and B.C.  Hrdro : ra r i , ,ns  cor -
roborated previous evidence of undcrrepot1ing of
snow at the automatic stations.

An underlving assumption ofthis study is that
r spatial analysis can only be valid if the same
set of precipitation evcnts are observed from a
number dil lcrent points. For example. it would
not be valid k) compare monthly avcrages at two
statlons using dilierent years of data to compute
these avcriiges. This requires that all stations have
identical periods of record. However. because of
the volume of nlissing data and the unequal peri-
. 'd \  o l - rc . , , rJ  t l  the :c  s r r t ion . .  Ihc re  i .  necc . : , r r -
ily a ffade-oll betteen thc nunlber of srations which
can be included and thc length of record needed
to obtain overlappin-s data.

The problem of J;uge gaps in the records of
somc stlitions combined with the gradual intro
duction ofnew stations are l imiting factors in the
amount of data available for use. Confidcnce in
mon lh l \  i t \e r rge .  i r  improved hr  inc rer . ing  e i
thel thc number of cvents or the number of ob
\c r \J I i , ,n  po in l \ .  When dat r  l re  n r i . . ing  r r r  I  par
ticular station for a giYen pcriod. a choice must
bc made to eiLherdrop the station lrorr the analysis
or reduce the period ofrecord to be included. Thc
trade-offis tltat the longer the comnon period of
record desired 1o compute monthly averages, the
fewer stations therc are 1br which an unintcrrupted
perioci ofrecord cxists. Contcrsely, the more sta-
tions one mav want to include. the shorter thc
pcr iod  o l ' record  thcre  s t r t ion :  h r re  j1s911n 'un .



To maximize both thc lcnglh of record rnd
thc number of slalior'rs \\'ith exactl), overlapping
periods of record on a nronthlv or scasonal basis.
the year with the largest nunber of statioos \{ith
goocl drtr wrs ti)und. Thcn, subscqucnl years were
rdded while dropping stations along the way whose
pedod of record ro longer overlaps that ol the
remaining stations. For cxanrplc. 10 oblain l ive
ycals of commol] record tbr a given nonth by
this process, the number of stations was reduced
t'rom thc original 28 to betrveen nine and l-5 de
pending on the month. To obtain a scasonal alcr-
agc lbr the combined sur].rmer nonths of June,
Jull' and August. the rumber of stations \\'ith flve
years ofcommon period of record was tcn.

T l te  r tc t l r , ' J  u t  \ i lm l l in r  i .  \ r r \  imp, '111n1 1n
the study oforr)graphic precipitation because pre
cipitatiol varies substantiall) both sprtially ancl
tcmporally. Using only ten stations in older to
get l lve vears of overlapping summer.dilt! h!\
the eff'eci ofsubstantitlly rcducing the sarrple size
such that d]c topography precipitatior relatlon
ship may be inadequately sampled. On the other
hand. while usin-e a singlc nronth or scason of
, - lu tu  r r r - ' r i rn ize .  th<  .J rU le  \ i re .  lhe  nrec in i r  J t  i , ' n
data could harclly be considcrcd rcprcsentative
of longer term averages due to the high temporal
variabil ity in precipitation.

The teml ,  ' r ; r l  ' i . r l c  ,  ' r  t  r  l r  h  i ch  thc  p rce ip i t l
t ion-clcvalion relationship is valid. as well as the
lrrinilnum averaging period required. remains
unccrtdin (Daly. 199.1). For this study, shofi peli
ods such as monthl)' totals and live-1ear monthly
avcrages \rere chosen in order to naximize the
sanple size. However. n0 attempt wlls made to
optim jze the precipitation-elevation rclalionship
b1, usin-u dilfcrcnt t ime scales.

Terrain Analysis

A nunrbcr ol lopographic paraneters have been
used in a variet;- of studies to explote the rela-
tioDship between topography and monthly, sca-
solrl l  and rnnual prccipit i l t ion. Mosl were men
lioned in the previous section. For the purpose of
this study. relationships betu'cen clcration. slopc
and irspccl and n'ronthl)' precipitatior were ex-
rmined. A cii-eital clcration modcl (DEM) Nas
used tbr ease ofcomputatior ofvarious orogruphic
plrrluneters. and to explore the dift'crcncc bct\\,ccn
orographic (DEM) clc\ations and station eleva
lions in terms of the ele\,lfion precipitation rela-

tionship. In addition, an analysis ol upper 1evel
winds was included as a basis for erplaiDing the
physical processes behind rpparent stutisticrl re-
l r t ion .h ip .  hc tu  ecn  orncr : lph)  rnd  pr (c ip i t l i nn .

A l lve minute DEM called TerainBase (Nr-
tional Gcophy sical Data Ccntrc. 1 9951 was u scd.
and the sane procedure employed by PRISM to
calculate orographic elevations ald slope oden
trit ions was applied to this analysis (Daly. 199;l).
According to this procedure, the orograplic el
evation of a station was calculatcd bascd on the
elevations ofthe cell within rvhich the station lies
as well as the four adjaccnt cc1ls. Cell elevations
$crc \\,ci-qhtcd according to the inverse distancc
of the station fiolr) the certre of each of the flve
cells. In addition. station ele\'rt ions rvere als0
obtaincd ftoDl the B.C. Hydro records lbr inclu-
sion in the analysis. All elevations are expressed
in metres.

Determining the aspect. or slope orientatior'l
as it is relered to b) PRISM. of a grid cell en-
tailed calculating north-south and erst-west el-
cvalion gradienls liom pairs ofadjacent cells. Each
cell was categorized as eitherllat, nor1h. east. south
or west according to the odentation of the maxi-
mum gradient. A cell *ns considered tlat if i ts
east-rvest and north south gradients was less than
l5 netres.

Slope rvas defined as rise over run where the
rise tbr each grid cell was clefined by the maxi-
mum of the east-west and north-south gradicnLs.
The run was detlned as the centre to centre dis-
tance between adiacent glid cells, ie.I0 minutes
oflrt itude lbr north-south gradients and l0 min-
utes ollongitudc for cast-wcsL -tradicnts. Thc units
of slope are expressed in netres per kilonetre.

Since terrain features such as aspect and on-
entation have meaning only in relation to the wind
direction, an aralysis of 700 mill ibar wintls uas
undertaken to establish the prevail ing wind di-
reclion during precipitation eveDts. The nearesl
upper air station, operated bl'' En\,ironnent Canada.
is Prince George, located about 100 kilometres
south ol thc stud) rc-qion. Thc 700 mill ibar wincl
Iecold was obtained ibr the pedod of 1980 to 1990
and catcgorizcd according to cight calclina) di-
rections. Prccipitation data were then obtained lbr
t l ru  \ : rn t r :  pcnr \ l  fo r  Mrekenz ic .  Ju  En\  ronrncn l
Canada station within the basin lbr rvhich the cli
mate record is continuous tbr the same period as
the upper air station. Nonc of thc B.C. Hldro
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statlons hils an unbroken dail"- rccord tbr that
penod.

According to this analysis. roughll '3-5 per-
cent of the annual prccipitation at Mackcnzie falls
uhcn the upper u'inds at Prince Ceorge are less
than l0 knots which is tvpical ofspring and sun
mer. Roughlt, 55 pcrcent ef the annual prccipita-
lion occnrs when thc rvinds are stronger. lbovc
l0 knoLs, and when the upper rvind direction is
t 'r 'om the west (2.1 pcrcentl. \outhwest (21 pcr-
cent). or south (l l percent). Such $inds tend to
h(  m, , fe  t \  l i c i l l  o i  f c l l  Jn( l  \ \  in le f  The r '<n t r in rng
l0 perccnt of precipitation is accounted fbr bv
rvinds ranging from nofthwest clockwise through
southeast.

Results

Sinple l incar rcgression of ele\alion and slope
on precipitlltioo was pcrlirrmed tix atlpical wintcr
month, Janurrv. itnd a typical summer month. July.
Five individual ycals between 1986 and 1990. as
well as the a\,erage ofthese five years. *ere uscd
in thc stud),. By choosing individual years. rhe
laryest san.rple is obtained since the nunbcr of
strt ions is maximized. Converscll. bv choosing
a five year ar,erage, thc variabil ity is reduced. but
the sample is nruch smaller bccause onll 'a lew
stations ha!c a l i!e-yeat period ofrccord in com-
mon. The a|rallsis was then extelded ftom monthlv
lo  \ . ' i r \ , ' n r l  J . r l J  h )  i rg l rs ! r t rnp  f re .  ip i t  ion  Io
t i r l .  lo r  J  u  nc .  .Ju  l1  r  nd  A r rg  u  s t .  in lo  I r r .  r  e r  r r  : ' r  -
cragcs. Regression analvsis was pertbrmed on the
entire set ofavailable dttt. then on subsels of data
according to aspect. In analvzing the relationship
between prccipitation and slope. onlv slopes greater
lh r rn  o r  equr l  I , '  5  n rer f ( .  per  k i lomer r ' . .  r r re  in -
clucled to elininate i laltcr telrain.

The t$,o acconpanying tables are divitled intir
three sectioI,Is: station elevations. DEM c]cvations
and slope. Under each seclion, the results are firsl
shown for all data tir l lowed b1'the rcsults of par
tit ioning the data according to aspect. A nuntber
of sclected scatterplols rrc included 1br i l lustra-
tive purposes. Data points arc labeled tbr nap
reterence.

Januury: itrtlit'idua I tetu's .fi'ont I986through
199(.). Table 2 shows corelation coefllcients fbr
fir c individual Januarys from 191i6 through 1990
as well as the five-1ear averagc. The number of
statiors varics f 'rom l8 to :.1.
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With the exceptiol 't of thc vear 1989. therc
J  e-  l lo l  spnecr  I i ,  he  i r  . l rnDg anL l  ( l ln . i \ ten t  re
lationship between January precipitation and ci-
ther statioD elevalion or DEM elevation tirr the
unpaflilioncd data. When aspcct wi,ts taken tnto
luccount, corelations remained generally 1ow, and
thc precipitation elevation relationship was cvi-
dent in only a t 'ew cases. ln i989 the conelation
het\\ e(n pre(iprlJIr, 'n JnJ DEM ele\ rrl, 'n i. !reil ler
than 0.7 ti)r north. east. and west aspects. but not
south. Despile thc high values. only erst aspect
ls statistically signil lcant al rhc 95 percent confi-
dence level lbr 1989 because ofthe small sampie
\ i , / ( . I r .un te  c . r .e . .  Ih ( .  e le \  u t ion  prc ( in t l i r l i  n
relalionship is inverse as indicated by the nega-
tive conelations fbr north aspect in 1988 u'ith both
station eler,ation and DEM elevation. Overall.
DEN{ elcvation does not appear to be more strongl,-
correlated with precipitatiorr than does station
elevation with respect to individurl Januarys.

The rcJationship between slope and precipi-
tatioo is cluile incilrrsistelt across all years u'ith
i r l m , , . l  J .  n t a n )  n e ; ' l t i r e . , ' n c l a t i o n .  x r  p , r . i 1 1 r q
irespective of aspect. Only lwo statistically sig-
nil lcant correlations bctween slope and precipi-
tation wcrc obtained: a positivc correlation lbr
north aspect in l989 and rn inverse relationship
1or west aspect in 1990.

.lttnttort lite yettr t|,erdge, 1986 to 1990: Six
stations werc lirund with good January data for
191i6 to 1990. Of rhcsc six. lbur had east aspects.
An analysis of these four indicates strong. bur
not significalt (p<.05 ) correlations betwccn sta-
tioD elevrtion rnd DEM elevation and precipita-
l i i rn .  l l \  ue l l t r  b ( t$ucn. l , rpe  and pr . . i rp i r .L t ion .
Thc relationship bet\\ 'ccn DEM elevation and
precipil i l t ion is strotger than thiit of statior] cl-
evrtion based on this rather sntall sample.
Scxltcrplots of these data using l ive year aver-
rges are shown as Figures 3 and .1.

Juh: itttli ilwlvarsJiont 19E6rlmtu,qh I990:
As shown in Table 3, a rnuch stronger relation-
ship betwecn elevation and precipitation was found
using Julv data than with the January case. The
sampie size is slightly largcr rangintr from 2I to
26 stations. Both DEM elevation and station el
e\ ation appear to be about cqually corelated with
precipitation. Of the five individual years. onlv
1987 stands out as a poor cxampJe. The other l irur
years show either station clcvation or DEM cl-
evrtiou to bc significantly corrclated with



TABI l.- 2. .lr\NIIARY (191t6 90). ClorrcLalron cocfiicients of monthll precipitalion vs. sl.rlion clclaljon. 1)FlNi elevadon. and
slope.  indiv idur l  te lA .nxi  !  l i \c  , " -crr  r \cr igc,  $ i th stxt idrs r .Lker as r  $hole rnd part i l ioncd . rccording (o a\pccl .
St i t is t ic : r l l !  \ igni f ic . rnt  (p<.05)corrc la( ions are i l ld icr ted b]  bold i l  l ics.

t 986 1987 1988 1990t98c)

Noih aspccr

Sourh a\ fecI

l - l

. 26

. )2

p=.68
.50
N=+

.01

2lt

.16

.)1
N= l l J

,.90

- .31

.81

.,ll)

t 5

.21

.99

P= 0{)

.-r5

.-r2

. 5 1

p=..19

I ) l iN4 elevr t rcn\

North rspccl

LLr!1 a\pc. l

.0f

. t5

. ) )

.06

. l - l

. t 6

.92

N=  18

.95

tr=.10
.2.1
r . ' =7

.81

.30

.18

.11

p=.09
.79

.t1

.xl)

.03

.21

..1i

. 1 1

.69

N=tl)

. 8 7

Slope

Sourh rspcct

. 1 7
N = 1 6

\=l

.66

.01

- 5,t

p=..16

.u.l

. 9 1
N = i
p=.18

. t 6
N=6

.50

.10

02

.35

.96

41

.19

.22

. : l

. t 2

.18

-.9.t
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DEM elevalion (m)

Figufe L l lF- \ {  c lc ! r t i t )n \s.  JA\L AI IY l j \c  )cxr . r \erage
a 1986 trir 1990) precipit.rton folsralio.\ sith E,{ST

JANUARY 5 Yea. Average (1986-90) - EAST aspecl

Pr4lP : 3 32 + .059 ' OEM elevalion
Corelationr r = .S7

JANUARY 5-Year Average (1986 90)- EAST aspect

PHiP =  34 .87  + .559 's  ope
Core  a l  on : f  =  81

cases negative. Regarding slope, t lterc does not
rpper r  l l '  he  r rn r  re l l t ion .hrp  u  i rh  p ree ip i t : r r r , ,n .
and there are nearly as nranv negativc as positive
correlations rc-qarclless of aspcct.

July. 1989 was examined in delail. Scrlterylots
arc included as Figurcs 5(a) to 5(d) and show the
relationship between DEM eler,ation and prccipi-
tation bv aspcct. Of the 26 stations. five have nonh
aspects, elght arc cast. eight are south rnd five
are \\'esl. The best correlations are uith lorth and
casl aspects.

To attempt to explilin a physical basis lorthese
results, 700 rnil l ibar rvincl data were examincd
fbrJuly. 1989. N'lornins td afternoon souldings
show the winds to be 1ight, less than 10 knots.
ard rariable arost days of t lat month. This is a
typical sumner wind pitttern for Will iston Ba
siD, and precipitation is usuallv the r-esult ofcon-
vective activit) 'at this time ofvear. Accordingly.
the concept of orographic cnhancetrent occurring
as a result of large scale ascent by topographic
tirrcing may tot be valid in this casc. In the ab
sencc ol wind. a more l ikely mechanisn for the
occunence ol precipitation na) bc the tbrlr)ation
of convecti le clouds on sunny ntountain slopes.
Horvever. it is not known why a stronger precipi
tation-clevation relationship \\ 'ould be found on
nofih aDd east trcing slopes.

Jult.f i te tear utaruge, 1986 to /990: SixLccn
statio11s with July data tbr the period were lbund.
Stations u'ith either eilst or south aspecls demon-
strated moderatclv strong correlations between
stalion clevation aDd precipitation although onl)'
one rvas signil icant rt the 95 perccnt cenlldence
lcvcl. DEM elevations appear to be sonrewhat
better correlated with prccipitatiol than arc stl i-
t lon ele!alions. Stations $'ith wcst aspect sho$'cd
high negative couclations. Ito\\"ever. the sample
includes only three stations. Slope and precipitn-
tion are all negativcly coffelated according to this
rather small sample. Scatterplots of the five ycar
n'erage fbr J ulr, are included as Figures 6(a1. 6(b)
and 7.

Stuturrer, f ite tear o\,erqge, l986to l99OThe
resulls of a tive year ar eragc of total precipita-
tion tbr the combined months of June. July and
Augusl arc shown in Figure 8. Only l0 stations
hrve data 1br this firc verr pedod. Of rhese ten.
one has a no.th aspect. six are east. two are south.
and one is rvest. Onlv stations with east aspcct
rre sho$n in tl'rc ligure. The scatlcrylot obtained

€
E s s
.9

45

5 1 5 2 5 3 5 4 5 5 5 6 5

srope (nvkm)

Figure .1.  Slopc \ \  J , {NLARY f ive- \ear a\cr ! !c  (1()86 to
lc l90) prccipr l . r t ion l in \ t r r ions s i l l r  EAST aspect .

precipitatioir \\,ithout funhersegmenlitrion of data
accordrng to aspecl.

When the data arc partit ioned accordii ' tg 1o
aspect. thc most noticeable efltcl is rhat. in get
cral. precipitation al slations $ ith ejther Dorlh or
eirst aspecls lcnds to be highly corrclated uith
h , ' lh  C i r le !o r ie .  o l  e lc r r t i , ' n .  The e le r . r t i , ' r r - fn . -
cipittt ion relationship invoir.ing south and wcst
aspects lends to be unilblml)'poor ancl in sone

17,1 Tavlor



l , \UI-E L JLTLY ( l986 90l .  Clr rcht ion coci l ic ients o lmonthlr -  f recip i t r t ion \s.  srr r ion c lc\ rdor.  l )F lN{ e lc lat lon.  and \ lope.
individurl ferLl\ and I five year.r\ cragc. $ith stations txken as.r $ hole rnd pditioned rccording to aspcct. Slatjsti
cal l \  s igni f icrnt  (p<.05) corrc la l ior ls  arc indicated by hold i t . r l ics.

l98a) 1987 r989 1990l98E
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.55

N=l
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.01

, . 15
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.88
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.61
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DEtl elevalion (m)

Figufe 5(r l .  DE\1 c lc\ . r r ion \ \  JULY 1989 precipr ta l i | )n lor
rrar io l l \  \ ! r rh North Lrspect .

JULY 1939 NORTT-] aspect
precp =  17  01  +  075 'DEM e leva l ion

Corelation: r = 74

JULY 1989 EAST aspecl
precip = 13 39 + .049'DEM elevalion

Cor re  a lonr r  =  73
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f- igurc 5(c) .  DENI elcvrLr ior  \s . . lL i l -Y l9E9 precip i t r i t ion ibr
sr l r t i0n\  $ i th SOU I  H ispcct .

JULY 1989-- SOUTH aspet
precip= 8 36 + 035'DEM elevation

Cotre aton r= 40

JULY 1939 .. WEST aspecl
PEP = 12s !32'oEM e duli-
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Figure 5(b) .  DEN{cle\r t ion ! \ .  J I - 'LY 1989 prccip i ta l ion lar
\ t l r l ioDs $i th EAST a\pecl

usiDg Junc/July/August data is velv similar ro rhat
obtained when onlv July data arc used tbr the same
tir,e year pcriod.

Conclusion
The aim of this stud"- u:rs to determine statistical
reialionships bet$een precipitation trnd orographic
parameters slrch as clcvations slope and aspect
in the Will iston Basin. At the present t imc, ho$-
e!er'. the developnelt ofa suitable statistical model
is l imitcd by the lack of goocl quality datx. The
most cncounging result of this study rvas a crude
reli lt ionship bet$een summer precipitation and
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Figufe5(dl .  I )E\ lc lc \ . r r ion vs.  J l - rLY l9E9 prccip i r  t ion l in
slrli|)lrs \\ ith \VEST aspccl.

ele!aLion tirr terrain having north or east aspects.
lndiviclual months appear lo provide a better ba-
sis fi)r strtistical modelling than five-vear monthly
averages. mainly duc to the reduced sampic size
arising from missing data as the period of record
is incrcasecl. Because of high interannual vari-
ability. a statistical model bascd on individual years
of data u'ould be l imited in its applicabil iry ro
other vears. In order to havc more universal ap-
plication. perhaps l0 b 20 more years of datr
rvould need to be collected in order kl mitigate
the trade off betwccn sample size and lcngth of
rccord. This is especially true when partit ioning



JULY s-Year Average (1936 90) EAST aspecl
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FigLre 6(b). DL\{ ele\ rtiur \ s. JLILY 5 ) car r\ cragc ( I 9E6
90) pfecipiirLtion lirf \t.rtions $ith SOUTH r\

thc dala accordiDg to aspect into still smaller sub-
sets.

Givcn thc cxtcnl of undenepofting of snow
rn  Wi l l i r ron  Br . in ,  r .  in  o rher  Inoun l  inL ,u \  re -
gioos, the oppoftunities to statistically rnoclel oro-
graphic ef't lcts cluring thc wintcr period are se
!erel) l imited. This problen is being addressed
b1'B.C. Hydro through the conversion ofits ncl-
work to the larger standpipe type ofgauge. How-
ever. seveftrl years of data using ne\\ ' lnstrumen-
lation would be needed to reach any c0r'rclusions
about the orographic enhancement of snow in this
basin. For GEWEX purposes. statistical modcl-

l ing * ould ncccssarily bc l imitcd to summcr prc-
cipitatior due to the questionable clualit) of the
rvintcr prccipitatiol datir.

According to this sLudy, thc prccipilalion-cl-
evation relationship appean to be just as \,alid
fbr station elevrtions as tbr DEM elevations. This
is in contrast to othcr studics which showcd coarscr
scale elevations to be better corelated with pre
cipitation than point ele\,ations. No consislcnt
relationship between precipitation and slope u'as
lirund.

Within these limitations. it rvould appear that
any of thc intcrpolation techniques discusscd
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carlier. including kriging and PRISM. na1' be ap-
propriatel) uscd \"-ith summer plecipitution data.
The study did not attempt to geographically stratity
th<  d ln : t . io rJ rng  l l  r l r l ' [ r cn l  . l i rn r te  re1 imc. .
and if the Wiil iston basin is not characterized by
a single orographic rcgime. then some neans of
dir, iding the region into sub-rcgions would have
to be done prior to pedbrning kiging. Onc of
thc strcn-sths ofthe PRISM model l ies in its abil-
i1) to continuously adjusl its l'rirnlc of ref'erence
to local prccipitrt ion-ele!ation relationships.
thereby enabling it to maintain i ls accuracy over
large non-honrogcneous regions. Regardless of
the tecluique chosen. thc quality of the plecipi-
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tation data wil l continuc k) be a l ir ir it i lrg lactor in
the accuracy of the model results.
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