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Introduction

In most river basins of the West, especially in California, Oregon, and western
Washington, snow (rather than man-made reservoirs) is the largest component of
water storage. Most precipitation falls in the winter but about 70% of annual flow
is snowmelt; snow provides a roughly half-year delay in runoff. Furthermore, a
significant portion of the mountainous West receivesmuch of its annual precipita -
tion aswarm snow, with temperatures above -3iC (Bales et al. 2006). Hence, the
West is (to varying degrees)vulnerable to climatic variations and changesthat in-
fluence snowpack. This document updates the testimony | gaveto the U.S. Senate
Committee on Commerce, Science,and Transportation (Mote 2004).

Observed changes

What changeshave been observedin the West since the mid-20th century?

1) The West has warmed by roughly 0.8iC in the November-March season
(Mote et al. 2005).

2) Snowfall has diminished at most weather stations; these changesare large
and statistically significant in California, Oregon, and Washington (Knowles et al.
2005).

3) Spring snowpack has declined at roughly 75% of sites and the magnitude of
declinesis largest at low elevations (Mote et al. 2005).

4) Spring snowmelt is generally occurring earlier, roughly 2 weeks (Stewart et
al. 2005) and these shifts are larger at lower elevations than at higher elevations
(Regondaet al. 2005).

5) In most snowmelt-dominated basins, winter flows have increased and late
spring-early summer flows have decreasedasflows shift (Stewart et al. 2005).

6) The timing of biological events like flowering of lilacs have also shifted in
responseto springtime warming (Cayanet al. 2001).

7) Flood risk appearsto have changedin many river basins, decreasingin snow-
dominant basins and increasing in those with some snow storage.

In several of these studies, a clear quantitative link was established between the
observed change and temperature in winter or spring. The warming in the West
can now confidently be attributed to rising greenhousegasesand are not explained
by any combination of natural factors (Stott 2003).

Thesehydrologic shifts in responseto warming belevation-dependent lossesin
snow storage, with concomitant increasesin winter flow and decreasesin summer
flow pare a harbinger of changesto come.




Predicted future changes

The starting point for future changesare the physically consistent global simu-
lations of climate from climate models (e.g., IPCC 2007 Chapters 8, 10, and 11).
Such projections typically are reported as seasonally averaged changesin tem-
perature and precipitation (seeFigure below, for the A1B socioeconomic scenario).
Modeling centers around the world have contributed hundreds of climate simula-
tions to a database maintained by the Program for Climate Model Diagnostics and
Intercomparison at the Lawrence Livermore National Laboratory. From such
simulations one can construct averagechangesor produce also a range of changes.
The projected warming in North America is greatestin high latitudes in winter, but
is greatestin midlatitudes in summer owing partly to a soil moisture feedback. For
much of the Lower 48 states, warming is projected to be roughly 0.3jC/decade for
winter and 0.4jC/decade in summer for the A1B scenario. Precipitation changes
globally tend to be positive in the tropical rainy belt and also in high latitudes, and
negative in low latitudes. For North America, models are divided over whether
precipitation will increase or decreasefor a swath (white areain the bottom row of
the Figure) of the Lower 48, but tend to agree on increasesin the northern tier of
statesand tend to agreealso that precipitation in the Southwestwill decrease.
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Physically-based models of hydrology can be used to translate such changesin
climate into future changesin snowpack, soil moisture, streamflow, and so forth.
Studies with such models are still relatively new, but it is clear that projected future
hydrologic changes (e.g., Payne et al. 2004 for the Columbia River Basin, Chris-
tensen et al. 2004 for the Colorado, Maurer and Duffy for California) produce the
sametypes of changesin snowmelt-driven basins as have been observed. For low-
end scenarios of future temperature change, the reductions in summer flow, shifts
in timing of spring snowmelt, and increasesin winter flow over coming decades
would be as large as those observed in recent decades,whereas for high-end sce
narios of future temperature change the projected hydrologic changes are ex-
tremely large.

Management and policy implications

Few water management agencies have begun to explore what these changes
would mean for their ability to meet management objectives, let alone proactively
address the changes. Some academic studies (e.g., Payne et al. 2004) have at-
tempted to estimate changesin reliability of various water supply systems, and to

explore adaptation options.

Federal policy responsescould include:

a) directing federal agenciesinvolved in water management to study future

streamflow

b) ensuring that existing observation networks (e.g., the USGS stream gauge
network and the National Weather Service cooperative network) do not suffer fur-
ther neglectand decline but instead are upgraded to effectively monitor changes

c) catalyzeriver basin-scale policy planning, using reservoir optimization mod-

elsthat optimally balance management objectives.

References

Bales,R. C.,N. P. Molotch, T. H. Painter M. D. Dettinger R.
Rice, and J. Dozier, 2006: Mountain hydrology of
the westernUnited States Water ResourRes. 42,
doi:10.1029/2005WR004387.

Cayan,D.R., S. A. KammerdienerM. D. Dettinger J. M.
Caprio,andD. H. Peterson2001: Changesn the
onsetof springin the westernUnited States.Bull.
Amer Meteor Soc.,82,399D415.

ChristensenlN.S.,Wood,A.W., Voisin, N., LettenmaierD.P.
and R.N. Palmer 2004: Effects of climate change
on the hydrology and waterresource®f the Colo-
radoRiver Basin,Climatic Change62, 337D363.

IPCC, 2007: Climate Change 2007: The Physical Science
Basis. Contribution of Working Group | to the
Fourth AssessmemReportof the Intergovernmental
Panelon ClimateChange[S. Solomonetal., eds.].
CambridgeUniversity PressCambridge UK.

Maurer, E.P andP.B. Duffy, 2005,Uncertaintyin projections
of streamflow changesdue to climate changein

California, GeophysRes.Letts. 32, doi:10.1029/
2004GL021462

Mote, 2004: U.S. Senate testimony
http://commerce.senate.gov/pdf/mote050604.pdf

Mote, PW., A.F. Hamlet, M.P. Clark, and D.P. Lettenmaiey
2005: Declining mountain snowpackin western
North America, Bull. of the Amer Meteool. Soc.,
86,39D49.

Payne J.T., AW. Wood, A.F. Hamlet,R.N. PalmerandD.P.
Lettenmaier2004,Mitigating the effectsof climate
changeon the water resourcesof the Columbia
River basin,Climatic Change62,233D256.

RegondaS., RajagopalarB., Clark M., andPitlick J., 2005:
Seasonatycle shifts in hydroclimatologyover the
WesternUS, J. Climate,18,372D384.

Stewart, I.T., D.R. Cayan, and M.D. Dettinger 2005:
Changegowardsearlier streamflowtiming across
westernNorth America.J. Climate,18,1136D155.

Stott, PA., Attribution of regional-scaldemperaturehanges
to anthropogeni@andnaturalcausesGeophysRes.

Letts, 30,d0i:10.1029/2003GL017322003




