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Abstract. Spring snowmelt is the most important contribution of maiwens in western North
America. If climate changes, this contribution may changeshift in the timing of springtime
snowmelt towards earlier in the year already is observethgdr948+2000 in many western rivers.
Stream ow timing changes for the 1995+2099 period are ptefeusing regression relations be-
tween observed stream ow-timing responses in each riveasured by the temporal centroid of
stream ow (CT) each year, and local temperature (TI) andipitation (PI) indices. Under 21st
century warming trends predicted by the Parallel Climated®dPCM) under business-as-usual
greenhouse-gas emissions, stream ow timing trends aanash of western North America suggest
even earlier springtime snowmelt than observed to datge&eal CT changes are consistent with
observed rates and directions of change during the paste®eelels, and are strongest in the Paci®c
Northwest, Sierra Nevada, and Rocky Mountains, where maeysreventually run 30+40 days
earlier. The modest Pl changes projected by PCM yield mih@iiachanges. The responses of CT to
the simultaneous effects of projected Tl and PI trends angirlted by the Tl changes. Regression-
based CT projections agree with those from physically-thasmulations of rivers in the Paci®c
Northwest and Sierra Nevada.

1. Introduction

For snowmelt dominated rivers in the North American Westingpand summer
runoff is the largest contribution to annual ow, often carising 50+80% of the

total, as shown in Figure la. The timing of this snowmelt ldésge, as indicated
by the timing of the center of mass of "ow, or “center time' (GEe Section 3)
measure, ranges from as early as February in some of the alang the Paci®c
coast to as late as June for rivers in the Rocky Mountainsrapdris of Alaska. An

average CT for each gage for the 1951+1980 period is showigime=1b. An ear-

lier timing of snowmelt runoff poses dif®culties for watepply management and
ecosystem health, and also provides seasonally and $pattabrated indications
of climate change impacts in the river basins of the region.

In this context it is important, that since the late 1940si# shthe timing of
snowmelt runoff towards earlier in the water year (OctoBeptember) has been
observed in many rivers of western North America (Roos, 198BP1; Aguado
et al., 1992; Wahl, 1992; Pupacko, 1993; Dettinger and Ca¥%885; Cayan et
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al.,, 2001; Stewart et al., 2003). This shift has been doctmdethrough trends
towards earlier timing of the initial pulse of snowmelt rdincarlier timing of
the center of mass of ow (observed CT trends are shown inrEi@), and a
redistribution of the average monthly fractional “ow frommethistorical snowmelt
season towards earlier in the water year. The trends imstozatiming, as well as
their interannual and long-term variability, have beenist®ngly connected with
spring air temperature variations, in the sense that watemeperatures have led
to advances in snowmelt timing (Aguado et al., 1992; Degtirand Cayan, 1995;
Stewart et al., 2003). Here and in the remainder of this marmisan “advance' in
snowmelt runoff timing refers to an earlier runoff timing.

Changes in stream ow timing will likely occur in the futuré current climate-
change projections prove correct. In addition, lower-alien snowmelt dominated
basins might change to rain dominated if cold season teryemincreases are
suf®ciently large. Ensembles of climate simulations framNCAR Parallel Cli-
mate Model (PCM) (Washington et al., 2000) under a "Busiassdsual' (BAU)
emissions scenario predict changes over the 21st centatrjnttiude signi®cantly
warmer temperatures, of about +2 to*€3 as shown in Figure 3, along with
marginal changes in precipitation (between about £10% &@d6} in much of
the region.

Given the indications for substantial changes in runoffirdurthe last 50
years, and these projected warming trends and precipitaianges, it is impor-
tant that we investigate potential future shifts in stream timing. This study
projects stream ow-timing changes in terms of CT in resaiessimulated climate
changes during the 21st century. Although a number of @iffemeasures could
be employed, such as the beginning of the snowmelt periothaybe the timing
of the peak runoff sustained for a certain period of time, @l measure was
used in this study. Compared to other measures, CT was sloba ¢asily and
reliably determined, comparatively insensitive to spusicnterannual variations in
“ow, and represents a measure that is easily compared fansdasvery different
climatic regimes. In addition, because the CT measure has bged in previous
studies, comparison of the results was facilitated.

The projections are made using PCM simulations of surfacgpéeature and
precipitation as inputs to regression models for a netwédnowmelt-dominated
stream ow gages throughout western North America. Thegatefd changes in
stream ow timing provide measures of an important and Jikeydrologic re-
sponse to the projected climatic changes, and are used ritfydeegions most
sensitive to those changes. The validity of the regressiodets was con®rmed
using alternative stream ow simulations. These were baged the same climate
projections, but using more detailed, physically based efsodf selected river
basins in California and the Paci®c Northwest. Resultsctégge and continuing
impacts of climatic change upon the water resources of westerth America.

Notably, although the results shown here focus on just ong BiAulation, the
projected long-term climate changes under western Nortlerga from several
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Figure 1.(a) Fraction [%] of annual discharge occurring during thiengry snowmelt runoff season
April through July (AMJJ) for snowmelt dominated streanty.Average temporal center of mass of
stream ow (CT) [month] for snowmelt dominated gages from 1951+1980 climatological period.
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Figure 2.0bserved changes in the timing of the center of mass of “ow)(CBblor of the symbols
corresponds to a given magnitude of the linear trend, wheddivien in terms of the corresponding
overall shift [days] for the 1948+2000 historical periodrger circles indicate statistically signi®cant
trends at the 90% con®dence level, smaller circles comesjootrends that do not meet statistically
signi®cance threshholds at the 90% con®dence level.
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Figure 3.(a) Change in annual surface air temperatdi@] [(red dots) and (b) total precipitation

[mm] (green dots) for 2070+2099 PCM climate change simutaBAU B06.46 minus 1951+1980

PCM historical simulation B06.22. Contours show tempegand precipitation changes for three
different PCM future-climate ensemble members vs. the daisterical simulation: B06.46 minus

B06.22, B06.47 minus B06.22, B06.44 minus B06.22.

simulations by PCM beginning with differing initial condihs are quite sim-
ilar. Thus the projected stream ow timing changes repotiece are generally
representative of the effects of any of the simulations @ared in Figure 3.

2. Data

The average CT was calculated from daily or monthly “ow voksfior each of 279
snowmelt dominated streams in western North America. Btrea records for
the U.S. part of the study area were selected from the USG &oHgtimatic Data
Network (Slack and Landwehr, 1992). Records for the Camapat of the study
area are average monthly stream ow rates from the Referdgdeometric Basin
Network of Environment Canada. Non-snowmelt dominatedastis and gages
with insuf®ciently complete records were eliminated frdrose data sources to
form the selection used here. A stream was determined todvenselt dominated
if an initial spring or summer snowmelt pulse (Cayan et QD) was discernable
for more than 30 of the 52 years in the record.







































