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Abstract
I)ocu cnting long tcrm lrcnd\ or persislcnl shilts in tempernrure and precipilation i\ imponarn fof under\tanding present and
furure changes in flora and fauna. Carcfully adjuslcd datascls lbr climate records in the USA and Canada are combined and uied
hcrc io dcscrib. rhc spatial irnd seasonal vrrialion in trends in the m.ritime, centfrl. and Rock) N{ountain climatic Tones of lhc
Pacilic Norlhwcn. Trcnds during lhe 20th century in annuall) aleraged temperature (0.7"C-0.9"C) and pfecipitation (13% 38tt)
c\cccd thc global alerages. Liryest \lalmirg rrtes occuffed in the mafitine zone.rnd in $inter and at lo\\'er elevations in all
zoncs. and snrallesl wanning ntcs c'ccurcd in autumn ard in the Roches. Largest increase s ln precipitation (uplvards of60% per
centur\) !lere obscrrcd in thc dry arcas i. northcasr Washinglon and south central British Columbia. Incfeases in precipitation
$'efe largest in spring. but $ere also large in sunrmerin the central and Rockv Mounlain clinalic rones. These trends have aheady
had profbund impacts on stre.Lmflo\\' and on cedain plant species in the region (Ca,van e! al. 200l). and olhcr ilnporranr impacts
renain to be discovered. The warDing observed in $intef and spdng can be attributed partiall! !o climatic \ariations Lrver lhe
Prcific Ocean. and the buildup ofgfeenhouse eases probabl\ also playi an important rolc.

lntroduction

ln the last '150 yr. humans have enhanced the
natural greenhouse effect of the atmosphere by
ilcreasing the quantities of key greenhouse gases.
Carbon dioxide has increased 327r because ofthe
burning of fossil fuels and dcforcstation. and
nethane has increased by l5l7o because of agri
culturc (chicfly crtt le trnd rice paddies) and other
hunan sources (Prentice et al. 2001). Othergrcen
house gases have also increased, including CF,,
C.Fu. and SFu, whosehumln sources exceed natural
sources by a factor of 1.000 or more, and some
(e.g., the chlorotluorocarbons) that have no natural
sources (Prather et al. 2001). In the global nrean,
CO, accounts for 607c ofthe radiative forcing by
greenhouse gases, and CHa207. (Ramaswamy et
aJ .  2001 ) .

During the 20th ccntury. globally averaged
surtace temperature rose 0.6'10.2'C, with most
of thc warnring occurring in two intervals: be-
trveen 1910 and 19.15. andbetween 1976 and 2000
(Folland et al. 2001). Most evidence conhrms that
at least some of the rise in ten-rperature can be
attributcd to thc buildup of greenhouse gases
(Mitchell et al.. 2001). In addition ro these in
stlumental records. evidence tiom a varicty of
n  tu r  l  s )s lenr r  u l ro  con l l rm recen l  uarming:

reductions in springtime northem hemisphere snow
cover by 10%, in sea ice extent, and in length of
most glaciers (Folland et al. 2001); changes in
range of various flora and fauna, and timing of
migration ofdiversc spccies (Walther et al. 2002).
In westem NorthAmerica, warming has advanccd
the arrival ofspring by | -2 wk in the past 50 yr as
indicated by various hydrologic and phenologic
metrics (Cayan et al. 200 | ), and hiu reduced spring
time snowpack in the Pacific Nofihwest (PNW)
especially atelevations below about 1800 m (Mote
2003a).

Several studies (Easterling et al. 2000, Zhang
et al. 2000. Folland et al. 2001) have displayed
mup{  o f  t rcnd5 in  tempera ture  and prec ip i t r t ron
at the national or global scale, *hich show that
temperature and precipitation have dsen in the
PNW during the 20th century. Southcrn British
Columbia warmed substantially (roughly 0.5'
L-5'C), especially at night and in winter, and pre-
cipitation increased in all seasons in amounts
between 57r and 35qo (ZhanE et al.. 2000). It is
difficult, however. to quantify regional or sub-
regional trends from national maps like those
shown by Zhang et al. (2000) especially when
the  d i . t inc l ion  be twecn ad jacent  co lo r \  i .  por \ r
Mote et al. ( 1999) presented maps and analysis
for the U.S. part of the PNW, for which tempera-
ture rose 0.8'C and precipitation l47r during the
20th century.
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This article provides a regional focus for cli-
matic trends in the PNW that may be usetul fbr
understanding other environmentaj changes and
trends. augmenting the above nentioned national-
ol global-scale studics. Also. this i lrt icle empha-
sizes that the PNW is ecologically connected across
the U.S.-Canada border. Mote (2003b) combined
U.S. and Canadian data and examined the spatial
and clcvational dependence of the trends; tlLis anicle
uses more recent data for the USA, adds stations
in westem Montana, provides a basis 1or com-
bining the datasets, and examines seasonal and
interannual characteristics of the variabil ity and
trends.

Data and Methods

For this study I circumscribe the Pacific Nonh-
west by the CoDtincntal Divide, the I I l '  merid-
ian, and the latitudes 42'ard 55'. This definit ion
enconpasses Washington. Oregon. and Idaho in
theirentirety, southem and central British Colum-
bia. and a portion of vestern Montana. I use sta
tion data conpiled and adjustcd scparately by the
U.S and Canadian climate centers.

For the Canadian portion of the study area, I
use the Historical Canadi;in Climate Database
(HCCD) (Vincent and Gullett 1999). which has
32 stations with temperature records and 8I sta-
tions with precipitation records. For the U.S. portion

of the study area I use the Historical Climate
Network (USHCN) (Karl ct al. 1990), which has
122 stations with temperature records and 84 sta-
tions $'ith precipitation records. The pcriod of
record with best coverage (Figure 1) is roughly
1925-2000lbr USHCN and 1950-1995 fbrHCCD.
although for both datascts a majority of stations
have periods of rccord beginning by 1920. Many
stations have gaps in their precipitation records
as indicated by the l luctuating totals. In this pa
per I will compare tends at dit'fbrent locations
over the pedod of record 1930-1995 and areally
combined trends over different periods ofrecord;
results (espccially for temperature) are relatively
insensitive to period of record.

Weather stations were not originally intended
fbr monitoring long-term trends, and thcrcfbre these
datascts have been adiusted to account for fac-
tors that ciln intluence mgasurements, including
. hrnges in instrumenl. chcnge\ in obscr\ ing prJ( -
tices, and relocation of the station. For example,
weather observations at Vancouver Washington
(Figure 2) have a varied history. This station has
the earliest measurements in the USHCN data
base tbr the Northwest. Measuremcnts begon in
December 18,19 at Fort Vancouver, wcre discon-
tinued in 1868. resumed for a few years around
1890, resumed again in 1895, and continued with-
out major intenuption unti l 1966. In mid 1966

Figure L Nunrbcr of sr.{ions repoling annual mean temperamre (a. b) orprccipilalion (c, d)
ln each \'car lbr ftc USHCN dataset (a, c) and the HCCD daoset (b. d).
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Figure 2. Annual me.rn temperuture.rt Vancouver, $'ashing-
ton, sholving the difference between unadjusted
(upper)and adjusted (lo$er. shorter) station records
in the TJSHCN datasel .  In 1966 thc stat ion lvas
moved about,l knr. and the new site had a lower
annual mean temperaturel the ear|er record $as
adjusted ro reflect this chmge. Afrer 1966 the t\\'o
i ime sef ies are near ly ident ical .  Adjustments aI
other stations were almost all snraller than those
shown hcrc,

the station was moved 4.6 km nofiheast, and at
the new location, the mean tenperature was ap-
proxirnately 1"C lower, so that the earlier pal1 of
the datarecord was adjusted downward to be con-
sistcnt. (Adjustmcnts rclated to station changes
are always applied to the earlierpat1 ofthe record
so thct ngw observations can be added with no
fufiher adjustments.) The measurements before
1888 were not performed with a properly shel'
tercd. min-max thermometer and are excluded.
Diflerences between adjusted and unadjusted
records were typically much smaller than this
example. and few had such dramatic step changes.

Onc concem about combining thc USHCN and
HCCD databases is that somewhat difTerent pro-
cedures were used by the two national climate
centers in processing and adjusting station data.
An indication ofconsistency between datasets can
be derived by comparing proximate stations, l ike
Porrhil l , Idaho. and Creston. Brit ish Columbia,
which are l0 km apart (Porthill is 56m lower in
elevation). Their annual temperature records (Fig-
ure 3) ?re correlated at 0.9,1and have nearly iden-
tical trends (1.3'and 1.5'C). The difference in
means (0.4"C) is not statistically signiflcant. From
this l imited comparison, combining the datasets
seems reasonable.

To examine the temporal (seasonal. interannual,
and longer+erm fluctuations) characteristics of

Figure 3. Compafism ofannualmean temperaiure at Porthill.
Idaho (lower). perrcd of record 190l'2000 fro'n
the LTSHCN dataset, and Creston, British alolum
bia (upper). peiod oi record 1913-1998 fionl the
H(ICD darasc!. Thc lwo stationr arc about 10 kln
apalt and both fecofds ha\'e been adjusted to re
morc \arious linrc dcpcndcnt biases.

the temperature variations. it is necessary to com-
bine or aggregate the station dala in somc way.
Various approaches have been used in previous
studies, including averaging in latitudelongitude
bins (Easterling ct al. 2000, Zhang et rl. 2000).
averaging in climate divisions and then weight-
ing by area of climate division to lbrm a regional
average (Mote et al. 1999). or thinning the sta-
l ions to a more nearly uniform density (Frich et
al. 2002). ln this sLudy. following Mote (2003b),
I divide the Northwest into three broad climatic
and ecological zones: the maritime zone, encom
passing stations wcst of the crest of the Cascade
mountains and those in Bdtish Columbia lying
in or west of the coastal mountains: the Rockies.
encompassing stations in north-central and east
em British Columbia, Montana. and most ofldaho:
and the central zone, encompassing stations in
eastem Washington, eastem Oregon. thc Snakc
River Plain. a few other moderate-elevation
(<1160m) stations in western ldaho, and south-
central Brit ish Columbia south of Kanrloops.
Monthly mean temperatures in each zone are cal-
culated using only those stations with nerLrly con-
tinuous rccords from 1920 to 1999. to ensure that
no spurious trend wil l arise as a result of changes
in the population of stations used from year to
year. Values before 1920 are calculatcd fronr sta-
tions as available and are plotted but not included
in the analysis.

To examine connections betwccn PNW climate
rar iab i l i t l  and  Nonh Pac i f i c  c l imat ic  \a r iJ l ion : .
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I perforn regression anal)'sis ol these No hwest
climatc data using a time series of the Nofth Pa-
cif lc Index (Trenber-th and Hurell. 199.1). The
North Pacific lndex (NPl) is defined as the mean
sca lo'el pressure overthe rcgion 30"-60"N, 160"8-
1.10'W, and I use here the NPI value correspond-
ingtothe season being analyzed. Regression unaly-
sis (von Storch and Zwiers. 200 i) identif ies l inear
relationships betu,een variables. much like cor
relalion trntrlysis but with thc dimcnsions ol'thc
originaJ variable ("C 1br tenrperature. cm 1or pre-
cipitation) preserved. Analyses are perfomed over

the peiod 1920-2000. and statistical significance
(P<0.05) is determined using the method ol
Bretherton et al. (1999) to estinate nun'rber of
degrees of freedom, accounting fbr the structure
(rl lhe \eri ir l uuto((rrri lation lunclion.

Results

Temperature Trends

As a flrst look at temperature trends. I plot at each
station the 1930 1995 trend using l inear lcast
squares fit (Figure 4). At the vast majority of sta

FigLrrc ,l. Lincu trcnds in rnn url remperi ure al e.rch nxdLrn. Trends ure calcu l.rted lbr the pefiod from I 9l0 to the end of thc
rccord (musl  bc ar  lcan 1995)rnd scalcd 1()  g i le (empenrure change per 100 yf .  Posi t ive t rends are shown ar f i l led
circlcs and ncgarirc trtnds a! opcn circlcs. a.d thc arca of thc circlc is propo{ional |o lhe magnitude of the tfend as
indicated in the legend. But trends bet$een 0 and 0.25'C arc arkcd rith a '+ and trcnds bctween 0.25 :lnd 0'C are
murked $i rh a ' .  Dot ted cur les \ho$ the boundar ie\  ofc l imrt ic  zones used in Figures 6 and 9.
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tions in the Nofthwest, the tempcraturc trcnds havc
been positive. In each of the lbur states, but not
in  Br i t i .h  Cu lurnb ia .  t lend .  h r rc  hcen negr t i re
at a handful of stations. Stations in and ncar ur-
ban and rural areas have similar trends, and in
each state the largest warming trend is in a rural
area or small town.

To indicate how the trends depend on the pe
riod of record, Figure 5 shows quantile distribu-
tions of total change fiom year indicated to the
cnd of thc rccord. For no choice ol starting point
are more than l07a oftrends negative. A starting
point of 1925 lields thc largcst fraction of nega-
tive trends. the smallest mean changes, and the
smallest trends. For stafting years tiom 1925 to
.rbour 19,15. both the rnodc and the mcan increase
gradually t iom about 0.5'C to l 'C.

From the monthly mean temperatures calcu-
Iated tbr each climatic. time series and lincar trcnds

in monthly. seasonal, and annual temperutules are
calculated: Figure 6 shows the results lbr seasonal
and rnnuu l  Iemperarur r .  in  e leh  i l i rna t ic  z , - rne .
Thc trcnd in annual avcragc tcnlpcraturc dccrcases
fiom the marit ime zone (0.91"C) to the central
zone (0.83'C) to the Rockies (0.73'C), and in all
zones the trend is large and somewhat greaterthan
the global average trend over the 20th century
(0.6'C), but is only significant in the ccntral zonc.
In all three zones. trends are largest in $ inter (Janu-
ary-February-March) and in all but the marit ime
zone trends in other seasons are small. Trends
are smallest in autumn (Octobcr-Novcmbcr-De-
cenber) in all three zones.

Interannual variations in the region's climate
are coherent: The three time series of annual tem-
perature (top row) arc significantly conelated (0.90
for naritime and Rockies. 0.85 for maritime and
central. 0.96 for central and Rockics). Thc ex-
treme years tend to be similar among the zones:
1955 and 1985 arc among thc coldcst in all three
zones, and 193.1 and 1992 ffe among the warm-
est. The extreme years are often detennined by
only one season: 1985 had an unusually cold au-
tumn. cspccially in thc Ccntral zonc, and 193,1
was an unusually warm winter in all zones.In all
zones the 1990s were the wamest decade. wamer'
than ny other decade by about 0.4"C-0.5"C; these
differences are statistically significant fol the
maritime and central zones.

Climatic patteros over the Pacitic Ocean play
an imponrn t  ro le  in  Sear - to -1ear  c l imr t i c  ra r ia
tions, and hence potentially influence long-tem]
trends as well. As described earljer. I regressed
each of the time sedes of temperature shown in
Figure 6 on the nofth Pacific index (NPI); the linear
trend in the regrcssed values is then exprcssed as
a fraction ofthe trend in the data (NPI fi'action of
trend). Table I shows the coffelation coelficient
and NPI fraction of trend fbr the annu;ll mean
and the winter season, r'hen conelations and trends
are significant. Thc NPt cxplains 30-,10% of thc

H

1 .51 .0"c

Figure 5. Qu:ntiles (e g.. 50 = 50E) in thc diltdbulion ol'
, r ' i .  Jr  rcnd.  . \ i  u1.d [ , , r . -cL . r i r . ine \  c .  r  ] r  i -

]f interlals as tdal ch.rnges ffom then io the end'
ing )-ear ( required lobe at  lerst  1996).  The number
ol stations included in th. anahsi\ incrcascs lvith

limc as jndicatcd in Fjgurc L

TABt-E l. Conelations bet$een North Pacilic Inder (NPI) and renrpefatufe, .Lnd ffaction ofthe trend aftributable to NPL lor dre
annual mean and $inter. In other season\ either the correLation or the trend iails a sijrnil-rcance test.
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largc winter trends but only a small portion of
the trends in annual mcan. For spring, conela-
tions are signilicant (ranging from-0.35 to -0.45),
but trcnds are not; in other seasons, correlations
are not significant.
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Prec p tation Trends

Although total prccipitation at a given location
helps detennine which flora will be fbund there,
relative (percantage) changes in precipitation are
often more relevant for changes in biological pro-
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Figure 7. As in Figure,l bur for relatile trends in trecifitarion. calculaied for each station as a perceniage ofthe \alue in l93li.
The largest  t rend.  at  Conconul ly .  \ \hsh. ,  is  l35Z per century ' .  Tfends betweeD 0 and 5% emarkedxi tha + and
trcids bclsccn 5 and 0tl. arc markcd wilh a .

ductivity or functioning. An additional l0 cm of
precipitation may be tunctionrlly irrelevant at a
wet coaslal location where 10 cm amounts to'17c
of the annual total, but l0 cm may be signilicant
at a dry location with annual precipitation of 20
cm.In this paper I present both absolute andrelative
t rcnd. .  bu t  enrphas izc  re ia t i re  t rends .

Like the trends in temperature, trends in pre-
cipitation (Figure 7) are overwhelmingly positive
over the period 1930 1995. In the maritime zone,
most stations show modest rclativc increascs, but
some showing decreases are interspersed. Other

zones have almost no stations with negative trends.
The tenth percentile, median, and ninetieth per-
centile are lc/c,227c, and 58%. and nonc of the
negative trends is statistically significant.

The most intriguing feature in Figure 7 is
the collection of stations in eastern Washing-
lon  i lnd  ro l r lhc , : r \ l c rn  B( -  uhcrc  p rcc in i r , r l ion
rose significantly. many >607r per century. At
Conconully. Washington, annual precipitation
rose 1357c. At most of these stations, precipi
tation rose the most during the spring and early
summer (April July).
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Figufe 8. Ar in Figure 5. but for precipitalion cxpressed as both absolutc lrends (lef0 and relari\'c rrends (right) over rhc gi!.n
pefiod ofrecord.

)

As with temperaturc, I plot quantiles of pre-
c ip i tc t ion .hrnge '  a '  a  luncr ion  o l  : lun ing  )ear
lF igure  8 t .  The.hupc  o l ' rhe  L l i . t r ibu t ion  i \  \om. -
$'hat skewed, with steeperchanges below the rnode
than above it, and changes littlc fiom l900ro 1925.
Tn j,rntrasl lo the nton,rt,rni,. increlses in tenrf..ra-
ture sccn in Figure 5. trends in precipitation taken
liom starting points later in the record (e.g.. afier
1930) rre more likely 10 bc negative because prc-
cipitation Iluctuates nore on interdecadal
limcscales. Regardless of starting year, the me-
dian change is -5-10 cnr. Total relative change is
most likely to be in the range of 10-30% before
about 1935. Most of the increase in precipitation
over thc 20th century occuned befbre 19,15, and
trends o\er the sccond halfofthe century are some-
what smaller.

lmportant ditlerences are secn when precipi
tation viiriability and hends are examined by season
and by zone (Figure 9). As expected liom Figure
7. thc largest relative trend (38%) is in the cen-
tal zone, but statistically significant increases occur
in spring in the other two zones. Interannual varia-
tions in prccipitation are significantly correlated
among the regions (0.70 between maritime and
central, 0.65 between marit ime and Rockies, and
0.82 betwcen central and Rockics). The wettest
year ( 1996) was wettest in all three zones. Dispar-
ity was greater unong the dricst years. though the
conbination of the dry lirll in 1976 (the ddest in
each zone) and fairly dry winter in 1977 in the cen-
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trrLl zone and the Rockies made thc 19'76-7'7 Octo-
bcr-March period the d est in the 20th century.

The scasonality ofprecipitation trends has some
interesting features. [n a]l three zones absoiute
trends are largcst and statistically signiflcant in
spring. and in the maritimc zone the relative trcnds
are largest in spring. too. For the cenfal zone,
sumnertime precipitation increased by about 707o
but this increase is not statisticaliy significant. As
with temperature, trends arg largest in autumn.

CoIIe]ations between NPI and precipitation are
(0.26, and in only one case (wintertime trend in
the central climatic zone) statistically significant.
The v iL r i rb i l i t s  rnd  r rend '  in  p rec ip i ra r ion  r re  nor
well explained by NPL

Discussion

Global temperature and precipitation have in-
crcased (Follaod et al. 2001), and PNW tempcra-
ture and precipitation have increased more than
the global averages (Figures 4, 6, 7,9). Thc long-
telm fluctuations in temperature are tairly well
rcpresented by linear trends, but the long-tern
lluctuations in precipitation are somewhat moLe
cyclical. partly owing to the Pacific Decadal
Oscil lation (Mantua et al. 1997). The changes are
sufficiently widespread and coherent to l'ule out
tacton unrclated to large-scale climate, like land
use change. These trends are undoubtedly real,
and the warming is large enough to have signifi-
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cant impacts on the hydfology and ccosystems
olthe region (Cayan ctal.200l). Several aspects
of the trends berr furthcr discussron

One must usc caution in interprcting trends at
individual stations owing to possible non-climatic
lactors. Notc, tbr example. thc string of stations
just inland of the Orcgon coast with trends of al
ternating sign (Figure 7). Whcle groups of nearby
stations show similar trencls. thc trends likely re-
flect genuinc climatic trends. In onc case. an un-
usual piece ol cvidence provides independent
conlimation. Crater Lake, Oregon. lies on the
crest of the Cascades near Prospecl, Oregol (the
large positive trend ncar the Califbrnia border).
The long{cnn trend inprecipitation at CraterLake
was examincd by Peterson et al. (1999), who
showed that a rcconstmction of changes in lake
level derived fiom cstimates ofprecipitation ftom
tree-fing data appro x imatcly matches the observcd
changes in lakc level, which droppcd'2 m dur-
ing the 20th century.

The dependencc ol these trends on clevation
was examined by MoLe (2003b). A ]inear 111 of
trend to elevation revealcd a general declinc in
both tcmperatule and precipitation trends (both
absolute and rclative) with elevation. in contrast
to cxpectations tiom expcriments withglobal (Fyfe
and Flato 1999) and regional (Giorgi et al. 1997)
clinate nodels. In modeling experinrenls, the
snow-albedo feedback. in rvhich a slight warnl-
ing near thc snowline melts snow and allou's the
surface to trbsorb nore solar radiation. drives
substantial $ arnring in winter and spring, and
this $,arming is enhanced at higher alt itudes.
Two possible rcasons for this discrcpancy are
1)  s ince  the  c l imate  s ta t ions  a le  a lmost  a l l  in
virl ley botloms. the elevational dependence
ca!cu la tcd  f ron  them does no t  re t lec t  the
e le r  a t  ionr  l  , l ,  f cnL lence in  rnounta  inou.  te t  ra in :
2 )  o ther  mecban isms (e .g . ,  changes in  c loud i -
ness) may overwhelm the snow-albedo feed-
back. All three climatic zones sho$ed largest
trends in uinter. c0nsistent with a snou -albedo

feedback mcchanism. but sincc the marit ime
stations rarely cxpelience snow their large ffends
must be inlluenced by other l l lctors.

Determining the causes of thesc trends is dif-
ficult. although somc possible causes can easily
be ruled out. The warming trcnds are clearly not
a spurious by-product of urbanization. sincc trends
in urban areas ale no larger than those in mral
arcas. Although attribution of causes of tenpera-
ture trends is possible on the scale of contincnts
(Stott and Tctt, 1998), it is not yet possible for a
r rg ion  the . ize , . r t  thc  P le i f i i  Nonhuer t .  in  p . - rn
becausc changes in atmospheric circulation can
make one region wtnm and another cool without
changing the global average. Circulation changes.
tbr cxample associated with the Pacific Decadal
Oscillation or El Niiio. were represented here by
the North Ptrciftc lndex and may pan]y explain
lhc  t rcnd5 in  temper r tu rc  bu t  no t  p rec ip i tu t i ( 'n .
The positivc trends shown here fbr both tcmpemtrue
and precipitation arc roughly consistent with
changes simulated by climate models for the 20th
century using observed changes in carbon diox-
ide (Mote et al. 2003).

The observed warming is confirmed by vari-
ous hydrologicalandphenological signals (Cayan
et  a l .  2001 r .  Conr .  r :e l ) .  lhe  change{  in  lemper . r -
ture have aheady had an observable effect on key
parts of various ecosyslems (Cayan et al. 2001,
Walther et al. 2002). But one ofthe most striking
ob.er\rl ir\n. prc.enled here i '  ol th. l lrgeincrca.e
in precipitation, especially in spring and surnmer.
in the inland Northwest. These increascs are es-
pccially large in eastern Washington and south-
ern British Columbia, but I know of no evidence
tha t  regeta t ion  ha .  re rponded to  Ihese increr .e .
in precipitation.
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