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Snowpack and Runoff Responses to Climatic Variability, Southern
Coast Mountains, Brit ish Columbia

Abstract
Climrtic \ariubility and change occur ar a ralgc oftime sc.rles aDd can inllucnce envircnmentd procc\lcs and human xctivity. For

exrnlpLe. irlcnnnual vrriarions in rintcr snow accunNlation cun control $atef avail.rbilit) lbr human consumption and hydro

electric gener.rtiol. qhile tfee-linrt n.r] respond io decadll or longcr ler'n shifts in clinalic rcgimes. lhis s cly exanined

variations ir lenpcrature. pfec ip itation. Apri I I sn owpac k rv.rter equi! alcnt, and annual nd sunmcr runoffin ihe southem Coust

Mountxins of British Columbia. f.Lrriculaflr- in rclation ro inlefannuul rnd dccadal \'arirti(ms in atmosphcric cjrculation o\er dre

\orih Pacitic. Tenperalurcs averaged over euch winlcr (Novembef 10 March) tllc correlated \\'ith lhe strengd of thc Pacific Nofth

Amcn ca ( PNA ) armosphcic circularidr prltem as r rcsul! of rhe wrrln. southerl) airfl o\\ during emh nced P\A \L inters. Wintef
prccipilarion is not clearly correlared $ith the streDgth of lhe PNA circulrtion prlrcm. Horvever, lvifiers wilh 3n cnhanced P\A
palrcrn tend to experiencc more rain .rnd le ss snlr$ I all. reslrlti ng in decreased Apri I I snowp.rck lvater eq uilalcn!. S treamllo\\'
response to variarion\ in rhc srrength of ihe PNA pattern depends on elelation and glacief cover. Follo$ing 1916. there wlls .r

srarisricall r- sisnilican t decrease in sno$ lirll. Apn l I snowpack and summcr runoff from rn unglacierircd. mountainous catchnent.

1he\e decre se\  arc consistent  $ i th the pon 1976 shi f t  towafd the suong phase of the PNA pat lem duing winler  $hich has been

documented in fie lircraturc.

lntroduction

Climatic variabil it) '  and change can inlluence
envir-onmental processes and human activity. For
er r rnp lc .  in te r lnnur l  r  u r t . r l ion .  in  u  in le r  : .n , 'u
accumulation can control water availabil ity tbr
human eon.umpt i , 'n  rnd  hydro  e le ( t r i (  Scnera
tion. while the altitudinal linit of tree growth nray
respond to decadal or longer tern shifts in cli-
matic regimes (Kul1man. 1986). An undcrstand
ing of the nature and causes of climatic variabil-
itl' at a range of time scales can therefore aid in
intcrpreting environrncntal change and planning
resource allocation.

In many areas in the U.S. and Canada, local
climatic and hydrologic conclitions are related to
the strcngth of the Pacitic North Ameica (PNA)
circulation pattern over the North Pacific Ocean,
especially in winter(e.g. Cayan and Pcterson, 1989:
Leathers ct al.. l99l). The PNA pattem is a natu-
ral, intemal mode ofvariability in which the strong
phase is characterised by southerly air flow along
the west coast with a ridge ol high pressure over'
the Rocky Nlountains; r'esterly zonal florl domi-
nates the wcak phase (Wallace and Gutzler, 1981 ).
The s t r , 'ng  phr .e  o t  the  PNA pat te rn  in  u in te r
appears to be iavoured $'hen sea sudace tempeta-
tures (SSTS) in the equatorial Pacillc are above
normal, and it is thercfore related to the El Niilo
Southem Oscil lation (ENSO.t phenomenon

(Trenbefih and Hurrcll. 199,1). An understandin-l
of the relrt ions between local climate alld circu
lation patterns can provide a basis for interpret-
ing past hydroclimatic variabil ity (Trenberth.
1995), fbr "down-scaling" output t iom Gencral
Circulation Models (GCMs) to gencrate predic
tions ofthe local consequences ofglobal clinatic
change (Matyasovszky and Bogardi, 1996), and
potentially tbr forecasting water supply with lead
times of one to t$o seasons ahead (Cayan and
Peterson. 1989).

Mrn)  p r ( \  iou .  \ tuJ ies  r ' l ' h l  J roc l imat ic  r  r r i -
ab i l i t l  h l re  e rar r r rnc , - l  re la t i ve l l  e \ ten \ i \e  J reJ . .
such as the wcstem U.S. (Redmond rnd Koch,
1991.) and Brit ish Columbia. Canada (Moore ard
McKendry. 1996). Thc present study documents
variations in local climate. sno$'pack watcrequiva
lent and streamt'low in a more restdcted region.
the southem Coast Mountains of Brit ish Colum
bia .  Th i .  . luL l )  rJd .  l , '  i rnd  bu i lds  on  prer i , ' u :
studies within the Pacific Northwest (c.9.
Greenland, 1995), and contributes to a more de
tailed regional picture of climatic variability and
its environmental consequences. This study ad-
dresses two questions: (1) are interannual varia-
tions in snowpack and streamflow rclated to the
s l rength  o l  lhe  $ in lc r  P l \A  ( i rcu l i r l i on  p i l t le rn .
and (2) is thcre evidence of the climatc-related
step change beginning in 1977 $'hich was docu
mcnted by Trenbenh (1990) and Ebbesmeyer et
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al. (1991). Winter is defined here as comprising
the months Novcmber to March, inclusive, as
opposed b at least one study thrt detiDed a win-
lcr half-vear as Oclobcr to March (Redmoncl and
Koch. l99l). The November March period is used
here because it better rcpresents the pedod of miljor
snow accumulilt ion. and it is the period whcn
''winter" circulation patterns are best expressed
(Trenberth. 1990).

The Study Area

This study tbcuses on the southem Coast Moun-
tains and adjacent pofiioDs ofthe Cascades nonh
of the Canada-U.S. border (Figurc I ). The Coast
Mountains dse to over 3000 n elevation. The
glaciation l imit varies from abour 1900 m in the

u'estem. nlaritime influenced areas to 2700 m in
thc eastern portions of the Coast Mountains
(O\ t rcm.  lq r r6 , .  Vcrn  lnnua l  p rce ip i t r r i , ' n  r r r
1es with elevatioD, but ranges from over 4000 innr
in the \\,est to lcss than l000 mm in the east. Over
609c of rnean annual precipitation falls between
November and March. Trceline occurs between
about 1500 and 2000 m.

The study arca includes the GreaterVancouver
Regional District (GVRD), which has a rapidly
growing population and demand for water. The
water supply forthe GVRD depends on the spring
snowpack to provide reservoir inflows through
thc spring and sunrmer. Water usc restrictions have
bcen applied in years in which a dry summer has
followed a winter with low snow accumulation
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Figure L N4ap of srud! are . sho$ing station locrtions. Letter codes idenrify ,itations rclened to in rhe tcxr an{l/u.figuresI A.
A bbotstirrd ,{irpolt: CR. Catilano River: G Gfou\e Mountain: H. Hotlyburl; KC. Kanaka Cfeek: L. LiShrning Lakcr
LR. Lilloocr Rivcr: N{, N,tc ci ivrav pass: p polvet1 Rive. (Uppcr and Lo\\,er;.1.. Tcnquile L.rker V vancouverAirporr.

322 Moorc



(c.g. 1992). The winter snowpack also provides
an important resource fi)r both rcsorl-based and
back-couDtry recreatlon.

Methods

Atmospher c Circulat ion

The valucs of the NP index described by Trenberth
and Hurell (199:l), averaged over each Novcm-
ber-March pcriod, were used as an index of the
strength of the PNA circulation pattem during
winter. The NP index is the area-weighted aver-
age sea level pressure over thc rcgion from 30 to
65'N and fronr 160'Eto 1,10'W. The NP index is
highly conelated with the PNA index of Wlrllace
and Gutzler ( 19131 ) (r = -0.91), ancl is bclicvcd to
be a morc robusl index of atmospheric circula-
tion over the North Pacilic (Trenbcnh and Hurell.
1994). Figure 2 shows the tiore series ofNP Low
values of NP correspond to wintcrs with an en
hanccd PNA pattem, high values to winters with
dominantly zonal airllow over the N-ofth Pacific.

Hydroc l imat  c  Data

Analysis of network hydroclimatic data always
involves compronrising betwccn spatial coverage
rnJ  length  o f  rccord .  Tn  lh  i .  . lud) .  \ l i r l i r ,n \  \  e re
chosen that had at least 9 years of record prior to
the 1977 step change, to provide sone represeD
tation of the earlier regime.

Monthly temperature and precipitation data
u erc obnined from the \l ln,,\nheri\ '  Fn\ ir irnmelll
Scrvice. Thrcc staLions met the cdterion that therc
had to be no station re-locations or othcr obvious
sources of discontinuity in the lecord. Station
locations are shown on Figurc 1. Station clcva-
tions are: Vancouver Airyo . 3 m: Abbotsford
Airyorr. 58 m: and Hollybum Ridge. 951 m. Mean
temperatures and total snorvt'a11, rainfall and pre-
cipitation were calculated for each November
Much rvinter period.

April I snow course data were obtained frolrr
the B.C. MiDistry of Environment. Each value
represents the average snowpack watcr cquiva-
lcnt (SWE) bascd on 5 to l0 snow cores.

Strcamflow data were obtained fron Water
SuNey of Canada. Stations were selected which
had natural flow conditions ol minimal regula
tion. Runoff rvas calculatcd for cach walcr ycar
(Octobcr to September), as well as lbr each sum
mer hallyear (April to September). The three
catchments meeting the sclcction cri lcria, shown
in Figure 1. represent a lange of hydlologic re
gimes tbund $ ithin the region. Kanaka Creek s
catchment has a peak elevation of 920 m and is
dominated by wintcr rainfall. Capilano Rivcr's
basin has a peak elevation of about 1750 m and
in nany years has a substantial scasonal snorvpack
rvhich lasts into springandearly sunurer The drain
age area for Lillooet River has l7% glaciel cover
and has peak elevations up to 3120 m. Most wintcr
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precipitation in the Lillooet catchment f'alls as snow
which melts ir dre spring and sumrncr.

The Greater Vancouver Water District regu-
lates Capilano River flows by draining a noun
tain lake to augnent late-summer low tlou's.
However. under normal operations thc volume
of wtrter relelsed would be at most equi.ralent to
56 mnr of runof}. or about 3.5 7. of the mean sunt-
merrunolfof 1575 mm (fbr the period 1961 1992.1.
The effects of this regulalion on interpretation of
thc analyses wil i be considered in the discussion.

Data Analysis

The relations between hydroclinlatic elements and
the NP index were assessed by exarrination of
scaltcrplots and calculation of Speamran's cocl'-
licient ofrank corrclation. The use ofrank corre
lation helps acconnodate possible nonJinearity
in the relations as $,ell as violation ofthe assump
tior of bivariate nonnality (Steele and Torrie. 1980,
p. 550). The existence of a stcp change begin-
ning in 1977 was tested by splitt ing thc drta into
lwo pcriods. one fion 196l to 1976 and the othcr
fuon 1977 to 1992 (u,hich is when rnany of the
data ser-ies end). Student's t stalistic was used tcr
test thc null hypothesis that there was no changc
in the mean value belwccn the earlier and later
periods. Onlv stations having rclativelv complete
records (tewer than l0% missing values) for the
pcriod 1961 to 1992 were included in this analy-
sis. This critcrion maximizes the sanple size and
provides approximatcly cqual sarnple sizes in the
two pcriods. thereby rnaximizing the power and
robustness ofthe t tcst in the firce ofpossible non
nororalitv and heteroscedaslicity of the parent
distributions (Zar. l98,1, p. 137.1.

It should be noted thtrL thc significance levels
indicated by the value of a test statistic are valid
in thc case of one conrparison. Where multiple
tests are coDducled, as in this study, the risk of
incoffectlv reiecting the null hvpolhcsis wil l ex-

cecd the calculated significance levcl t irr a single
test. Thercforc, in interpreting the analyscs. em-
phasis wil l be placed on consistency of trends
anrongst the variables as $'e11 as on thc apparent
statistical significance of the trends.

Results

Temperature and Prec p tat on

Sea. , 'n i r l  tenrpera l r r r ( r  cnr l  p re . i l i l r l i on  a t
VaDcouver Airport are generally cor-related with
those at the other two stations. especially
Abbotsford Airport. Time series of Vancouvcr
Aieoft data are shown in Fi-qure 3. Although therc
is no obvious trend in winter tempcratures. years
with low valucs of NP generally coincided with
*arnr winters (e.g. 1970.1911 . 19131 . 1983). This
coraelation is also apparent il Figure 4 and Table
l .  There  is  no  c lea l  l s .o . ia t ion  bc tueen u in le r
total precipitation and NP (Table I, Figue 5). Somc
years ofenhanced PNA circulation (1ow NP) had
low prccipitation (e.g. 1970, 1977) while others
had high plecipitation (e.g. 1981. 1983). Unlikc
k)tal wi nter precipitation. snowfall is signilicantly
corelated with NP (Ttrble 1, Figure 5. Figure 6).

Student's t tests revealcd no signiflcant differ-
ences in u inter lerrrperulure\ nr tolal precrpitJti, 'n
between the two pedods (Table 2). Suruners in the
1971-1992 period were significantly warmer by
aboul 0.5'C, at least at the lower ele!ation stations
(Hollybum Ridge had too many missing values for
this analysis). A surnmer waming fend appears to
have stafied in 1977 (Figure 3). Winter snowfall
rvas substantially lower in the 1977 1992 pcriod at
the tu'o lo$'er elevation slations. but the diflerence
is not quite signiflcant at the 95% confidence level
at Abbotsford Airryrrt. This marginal lack of sig-
niticance nay be caused by the lact that winler
rn , ru  l r r l l  i n  J  g i ren  ;gar  x1  lh r  lou  c lcv r l i , rn  \ t i l
tions can be doninated by one or two events. lead-
ing to great interannual vaiability.

TABLE L Spe.rnnrn scoefilcic.l ol rrnl conl:latur (f) ber$een climadc data and rhc NP inde\ (T,, = $interte pcraluij: P., =
$ inter  recip i tat ion;  S, ,  = $ in lcr  sno\a1.r l l ) .

_ Holhburn Ridge \hncou\er Airp!{l Abbolsib Airplrr

s T S s

p \ . r l ' rer <{).01

0.7-l
3.1

<0.01

-0.61
55

<0.01

0.01
5.1

o.11
50

<0.01

- 0 .61
,15

<0.01

0 .2 )
3.1l6

0.21 0.66

ns <0 01

'n \  indic. r te\  p > [ ) .05.
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All of the stations analysed 1br a step change ex
perienced lower average SWE following 1976
(Tablc 3). Decreases relativc 1(] the l96l-1976
nean averaged 3l *'. The smallest dccreases ( l67o
to 257c) occurred at stations located betwecn the
Lillooet and Frase| Rivers. wherc lhe mafltlme
inlluence is rveakerand station elevations arehigh-
est. At sc\,en ofthe stations the clccrease had sig-
nit ' icance levels of about p = 0.01 or less. rvhile
the shift at the eighth station. McGill ivray Pass.
$,as nol quite significant with p = 0.05.1. Figure 7
shows time scries for selected stations.

Rank corlclation coell lcients betwcen SWE
and NP ranged fionr 0.30 to 0.73. Conelation

2000

coefficients tendcd to be lower for stations be-
twcen the Fruser and Lillooet Rivcls (0.30 to 0.'+7).
Of the 17 stations included in thc analysis. only
one. McGillivray Pass, had a correlation which
was not quite significant (r = 0.30 and p = 0.06).
Figure 8 illustrates thi: SWE NP relation fbr se-
lected stati0ns.

R u notf

Annual runoff decreased fbr all three rivcrs by
6c/c t<t 117a relative to the 1961-1976 means.
However, these decreases are not signilicaDt at o(
= 0.05 (Table.1). The only stalistically signitl-
cant change was 1or summer runolf for Capilalo
River. rvhich decreased l8% fbllor'"'ing 1976 (Fig-
ure 9).
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TABLI ] .  Rcsul ts o l  t rnal) 'ses lor  sno\ ipack d.r la.  Sub-region\  afe def ined as fo l lows:  ( l )  Coa\t  l \ touniains $est  of  1- i l looci
Ri \ ,er :  ( : )  Colst  Nlountains east  ofL i l looet  Ri lefr  (3)  Cascade Range.

Resuhs of  r  test Resul ts of  coITelr t i ( )n anxlvsis

(ml
Sub Chrrge

region ("n)

Gfouse N{ountain

Dog \lountain

Polvell ltl\.'er L-o$er

Po\cll Ri!cr Upper

H0ll-L-burn

Loch Lonmnd

Nlount Se!mour

Str !c Lrke

Tenqui l le Lake

\1cGi l l i \ Iay Pass

Gfeen \Iourlain

Bralome

Nahat larch Ri !er

Lightning Lake

Klcsi lLsa

I  100

880

1080

9 r 0

10.10

I 100

900

l0lt)

l 2 l 0

1680

1800

r6 t0

1.150

t520

1,100

1220

l 1 l 0

3.90

3 .38

2.91

<0.00t

0.002

0.006

0 .010

0.05.1

0.009

0.001
0.021

0 .51

0..16

0.56

0.71

0.67

0.,10

0.5 |

0.65

0.56

0.l l

0.10

0.,15

0.,17

0.,12

0.12

0.5,1

0 . l l

<0.01

<0.01

<0.0 |

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

<0.05

<0.05

<0.01

<0.i)5

<0.t) l

<11.01

<0.(.) l

-12

37
-l,t

,29

,ll

) .16

2.01

1.80

3.30
2.39

57

:lli

35

l2
l3

l7

30

25

30

l0

25

25
,15

20
lf)

n s i n d i c . r t c s p > 0 . 0 5

Tablc 5 sunrmalizes the correlations between
annual and summer runoff and NP None of the
correlations tbr annual runof} is signiticant. For
summcr runoff. only Capilano River has a sig-
nificant conelation u,ith NP Figure l0 i l lustrates
runoff-NP relations fbr Capilano River.

Table 6 shows that, although sumner runolT
tirr Lil looet River is nrore highly correlated u,ith
variations in spdng snorv accumulation, summer
tempgratures at Vancouver Airyort also account
for a significant proportion of the variance of
summer runoff. The correlation bel\\,een Lillooct
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River's summer runoff and air temperature re-
sults ftoln contributions of glacier melt, which is
positively conelated with summcr air tempera-
tures (Coll ins, 1987).

Discussion
The wcak conclatit)ns between winter precipita
l ion  cnL l  NP lbunJ  in  Ih i . . lud \  a r (  n , ,1  . , ,n \ i \ len l
with those reported for adjacent arcas in the U.S.
Pacific Nonhwestby Rcdmond and Koch (1991).
who found highly significant negative corela
tions between October March precipitation and
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Figure ,1. Scrterplor ol !\irter temFrrrurc al \'ancouvef

Arryoft agxinsr lhc NP inde\. The smoothcd fil\
ln  rh is nd tb l lo$ing l igures \ iefe calcnlared us
i  g thc LOWESS algor j rhm (Clevel . rnd.  1979).

T.{BI-1-- :1 Rcsults of Studen( s I lcsts lbr strermflow dau

a PNA index for the period 19,17-:1ti through 1983-
8,1. The difference cannot be explained bv rhe use
of November-March as an intcgrating period in
this sludy: the coffelation between October-March
totrl precipitation at Vancouver Airport and Oc-
tober-March average NP is 0.141. which is not
statistically signiticurt at the 0.05 sigdficance level.
The weak conelation probably rct'lects the rela-
ti lely heavy precipilation during some cnhanced
PNA years. pafticularly 1981 and 1983. Moorc
and McKendry (l996) tirund weak corrclations
bctween winter prccipitation and Nq and the oc-
cunencc ofheavy precipitation in l98l and 19E3.
tbr several stations in southcrn Brit ish Colum-
bia. Stations in Washington such as Concrete. on
the other hand, receivcd relatively light precipi
tation in 1981 and 1983 (Harpcr, 1993). consis-
tent with the results ofRcdmond and Koch (1991).
Furtherrcsealch should investigatc the nature and
causes of precipitation variability in thc Pacitic
Northwest region.
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TABI-E 5. Spcarman's cocllicient ol rank corfelatioD bel\{een streamflon and thc NP index

K.rnak Crctk Clapi lano Ri \er

annual

Lr l ] t ,oct  Ri \e l

p \a lue

0.1.1

3 1

0.08

3 l

0.03 0.,17

65

<0.01

0.07 0.08

61

Fit red cquat ion Rr df  s c P

TABI-F- 6.  Regrcssion rn l ls is  of  L i l looct  River su 'n 'ncr

runoiT a\  a funcl ion olApr i l  I  SWE at  Tenqur l le

I-ake and Vancoulef Airpori sunlnler tcmpera-

periods of enhanced PNA circulation (Leathers

et al.. 1991.). During stolms. the wafiner tempera
tures would produce higher freezing levels and
thereforc more rain and less snow, even at higher
elevations. The gencrally lower snowpack water
equivalcnt associated with enhanced PNA circu
lation is caused by this fieezing level efTect iD
wet $inters such as 1980-81 and 1982-83, rather
than by lack of precipitation as was the case in
1969-70 and 1976-77. However, in the lee por-
tion of the Coast Mountains (i.e. betwccn the
Lillooet and Fraser Rivers), the weaker maritime
jnf' luence would have depressed tteezing levels
relative to areas nearer th() coast. These depressed
freezing lcvels. combined with thc higher station
elevations in thc lee side (Table 3), probably
account fbr the \\,eaker SWE NP correlatiotts ob-
served there.

Streamtlow vadations are consistent with the
temperalure, precipitation and snowpack data. At
Kanaka Creek and Capilano River. where annual
storage changes are minimal. the lack ofcorela-
tion between annual runoff and NP rellects the

Q = -180 + 119 T.

Q  =  l 0 l 7  +  0 .156  SWE

Q = 9,l l  + 0.372 SwE+
ll7.T.

0.20

0.i,1

l , l9 0.002

<0.001

<0.001r0837

{ = pretiicrcd sumner runo1l trnm)

R:= coclircient ol dctcrrninrtion adjusled lbr dcgrees ot

df = dcgrccs of fieedom
s.e.  = standafd eror  of the esl imale (n l ln)

Thc negative conelation between winter tem-
peraturcs and NP is consistent with previous stud-
ies, and results from the advection ofwann, south-
erly air along the NofihAmerican \\"est coast dun ng
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fact that plecipitation is oot corrclated with NP
Howercr. sunrmer runoff at CapilaDo River is
p t r - i l i re l l  c  r re l r ted  u i th  NP hec i ru .e  in  )cur .
with an enhanccd PNA pattern (low NP). there is
more rain and less snowt'all. and therefore more
of the runoll occurs io winter and iess during the
following spring ancl summer. The correlation
bctween sun.rrler runott aDd NP is Jikely under-
stated b\ the data. since llow iiugorentation would
telrd to be grcater lbllowin-e low snowpack (low
\P)  u  in le15.  e l fcer r re l l  reduc in l  th , '  ( ' ,n l ra5 l  in
summcr runoftlbllowing low- and high-NP win,
ters. The lack of corelttiot betwccn summer'l.Lllroff
and NP at Kanaka Creck reflects the low eleva-
tion of its catchmcnt. and the conscquent lack of
a significant snowpack.

The lack ol corelation wirh NP lbr both an-
nual and sLlnlmcr runolf for Lil looet Rivel is duc
to thc etlects of glitcicr melt. The increased sum

Year
Figurc 7.  Selected t i  rc  lcr ics ofApf i l  I  sno$Flck $atef  eqnivalcnt .

o '
1930 1S40 1950 1960 1970 1980 1990 2000

mer temperatures since 1976 have likely produced
more glacier nelt, tending to olket the decrease
in runoff from seasonal snowmelt. However-. many
glaciers in the south Coast Mountains and adia
ccnt U.S. Pacific Northwest currcntly have ancga-
tlve mass balance (Brugman. 1992; Pclro. 1996).
Il the cufieDt climatic regime conrinues. the et-
tects of glacier melt wil l cventually diminish as
thc glaciers recedc.

Ceneralization ofthese results within the study
region must be tempcred by considcration of the
I in r  i ta t ion .  ,  ' f  chr r  eor  e r lgc .  The c  l im l tu  . t . r t ions
represent the weakcst covelage, and only sanp]e
the maritime cdge of the region. The snow courses
are better distdbuted across the region, but not
necessarily with elevation. Thc snow courses nest
of thc Lil looet Rir,cr and in the Cascades samplc
the zonc below about i200 n] eleltrt ion, while
those east of the Lil looet River sample the zone
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in Capilano River are consistent with this shitt in
circulation patterns. Howcver. the climatic signifi-
cance of these shills must be considered within a
longer time frane. For example, in Fig. 2, the NP
index appca$ to exhibit a shift in the 1940s from
dominantly negative valucs to doninantly positive
values. in addition to the shiftfollo$ing 1976. Ka.rl
(1988) demonstrated that similartypcs of decadal
scaleclimatic fluctuations may not reflcct a climatic
"change." but could rcsult fiom a stationary pro
cess with low-order autocorrelation causedby some
"physically based u'eak year-to-year persistence."
On the other hand, Trcnbenh (1995) hypothesised
that the anomalolLsly walm tropical Pacific SSTs
beginning in the late | 970s nray be one of the lirst
manittstations ofglobal warmin-s due to increased
concentrations of greenhouse gases, and that tbe
strong phase of the PNA pattcm lnay occur more
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E
€
LrJ
=
a

2000

1600

1000

200

100-rJ

Powell R

A L

NP
Figure 8.  Sca(t ! ' ry lot \  of  SWE vs.  NP lor  selected \ t r t rors.

above 1400 m. In tcrms of streamflow dala, there
is only one catchment fbr each of the flow re-
gimes (i.c. wintel rainfall. winter rainfall/spring
snownelt, and spring-summer snow/glacicr nelt).
Despite thesc considerations. thc consistency ot
trcnds amongst the variables indicates that the
legional-scale relations between surltce
hydroclimate and rtrnospheric circulation ue prob
abl.v real.

Trenbefth (1 990) and Ebbesmeyer et al. (1991)
documcntcd a tendency fi)r sca surface tempera-
tures to be warmer than norrnal in the cquatorlal
Pacific since 1976, and thcsc SST anomalies ate
belie\ ed to be thc cause of an incrcased tendency
to thc stlor'rg phase of thc PNA circulation pat
tcm begirning in thc winter of 1976-77 (Trenbeth,
1995). The statistically signiticant step changes
in snorv1all. Apdl I snowpack and summer flow
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frequently than in the past. Palmer (1993) simi-
larly hypothesised that climatic responses to glo-
bal scale tbrcing are likely to be nanifested in
changes in the fiequencies ofthe dominant modes
of atmospheric cilculatioo, rather than in the
emergencc of new modes. Ifrhese hypotheses are
colTect, turthef examination of past climatic vari-
abiJity and environmenlal rcsponses in relation
to atmospheric circulation may provide insight
into the eflects of luture climatic change.
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Figurc 10. Relarions bet$een annual rnd summer runofi ibr Capitano Riler and rhc Np index.

Conclusions

Winter temperatures in the south Coast Moun-
tarD rcgion are conelated with the strength of the
PNA circulation paftem as a result of rvarm. soulh-
erly airflow during enhanced-PNA winters. Wintcr
precipitation is not clearly correlated with the
strength ofthe PNA circulation pattern. However..
winters with an enhanced PNA pattern tend to
experience more rain and less snowfall, resulting
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in decreased April I snorvpack water equivillellt
e\'en ln wet YeaIS.

Strcamflov rcsponse dcpends on elelation and
glacicr cover For a lo$-clevation catchnent with
minimal selsonal snow storage, there is no rela-
tion bctween the strength ofthe PNA pattern and
e i r h e r . r n n t t a l , r r . u m m e r r u n o l t .  F , , r i l  m o u n l r i l l
ous, unglacierized catchmenl. there is no relrt ion
between PNA strength and annual tlow. but therc
Lends to be less sumnlerllow lbllo*'ing enhanccd
PNA winters bccause of the decrcased spring
slowpack. In a glacieriTed catchmcnl. glacier nelt
confi)unds relatiol'ls betleen runoff and climate

Following 1976. there was lt statistici l l ly sig-
nil icant decrcase in snowtall. Apnl I snowpack
and summer runoff from an unglacierlzed. moun
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