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Abstract. Climate change impacts in Pacific Northwest Re- or extremes, we argue that existing water resources infras-
gion of North America (PNW) are projected to include in- tructure and institutional arrangements provide a reasonably
creasing temperatures and changes in the seasonality of preelid foundation for coping with climate change impacts, and
cipitation (increasing precipitation in winter, decreasing pre-that the mandates of existing water resources policy and wa-
cipitation in summer). Changes in precipitation are also spater resources management institutions are at least consistent
tially varying, with the northwestern parts of the region gen- with the fundamental objectives of climate change adapta-
erally experiencing greater increases in cool season precigion. A deeper inquiry into the underlying nature of PNW
itation than the southeastern parts. These changes in cliwater resources systems, however, reveals significant and
mate are projected to cause loss of snowpack and assogpersistent obstacles to climate change adaptation, which will
ated streamflow timing shifts which will increase cool seasonneed to be overcome if effective use of the region’s extensive
(October—March) flows and decrease warm season (April-water resources management capacity can be brought to bear
September) flows and water availability. Hydrologic ex- on this problem. Primary obstacles include assumptions of
tremes such as the 100yr flood and extreme low flows arestationarity as the fundamental basis of water resources sys-
also expected to change, although these impacts are not spem design, entrenched use of historical records as the sole
tially homogeneous and vary with mid-winter temperaturesbasis for planning, problems related to the relatively short
and other factors. These changes have important implicatime scale of planning, lack of familiarity with climate sci-
tions for natural ecosystems affected by water, and for humamnce and models, downscaling procedures, and hydrologic
systems. models, limited access to climate change scenarios and hy-
The PNW is endowed with extensive water resources in-drologic products for specific water systems, and rigid water
frastructure and well-established and well-funded manageallocation and water resources operating rules that effectively
ment agencies responsible for ensuring that water resourcdgock adaptive response. Institutional barriers include sys-
objectives (such as water supply, water quality, flood con-tematic loss of technical capacity in many water resources
trol, hydropower production, environmental services, etc.)agencies following the dam building era, jurisdictional frag-
are met. Likewise, access to observed hydrological, metementation affecting response to drought, disconnections be-
orological, and climatic data and forecasts is in general extween water policy and practice, and entrenched bureaucratic
ceptionally good in the United States and Canada, and is offesistance to change in many water management agencies.
ten supported by federally funded programs that ensure thathese factors, combined with a federal agenda to block cli-
these resources are freely available to water resources practirate change policy in the US during the Bush administration
tioners, policy makers, and the general public. have (with some exceptions) contributed to widespread in-
Access to these extensive resources support the arguwtitutional “gridlock” in the PNW over the last decade or so
ment that at a technical level the PNW has high capac-despite a growing awareness of climate change as a signif-
ity to deal with the potential impacts of natural climate icant threat to water management. In the last several years,
variability on water resources. To the extent that climatehowever, significant progress has been made in surmount-
change will manifest itself as moderate changes in variabilitying some of these obstacles, and the region’s water resources
agencies at all levels of governance are making progress in
addressing the fundamental challenges inherent in adapting
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Fig. 1. Map of the Pacific Northwest including the Columbia River

basin and Coastal Drainages in WA and OR. Major dams in theFig. 2. Summary of 20th and 21st century annual temperature and

Columbia and selected projects and geographic features discussgflecipitation simulations from 20 GCMs over the PNW for two

in the text are shown. greenhouse gas emissions scenarios. Solid lines show the mean.
The grey bands show the range (5th to 95th percentile) for the
historical simulations, the colored bands show the range of fu-

1 Introduction and background ture projections for each emissions scenario. Source: Mote and
Salatle (2010).

The Pacific Northwest Region of North America (Fig. 1)

is comprised of a diverse set of landscape characteristics The effects on regional temperature show a very high sig-
which are strongly related to topography and proximity 10 o ¢4 poise ratio, meaning that the systematic changes in

the coast. The domain we consider in this paper encomeyneratyre are very large in comparison with the observed
passes the Columbia River basin (CRB), and coastal Wagange of variability. For example, by the 2040's the new
tersheds in the states of Washington and Oregon.

. L R M“C%th percentile value is close to the 95th percentile shown
of the hydrologically significant precipitation in the region ¢, yhe second half of the 20th century. These projections
oceurs in COOI, season (OctoberTMarch), which in colder,gh oy that we are very likely to enter uncharted territory for

snowmelt-dominant watersheds is mostly stored as SNOWpjgh temperatures in the future, and that cooler temperatures

pack, effectively transferring water availability from cool hich were commonly encountered in the historical record
season to warm season (April-September) (Hamlet, 2003), ¢ |ikely to become increasingly infrequent events.

In portions of the region with relatively warm winter tem- The effect of different emissions scenarios on the results

pgratures (mostly near t_he coast),_ water availability_is_ ei’Fhershow strong differences at the end of the 21st century (almost
winter dominant (essentially following seasonal preC|p|tat|on_tWice as much warming for ALB as for B1), whereas by mid
IEentury the results for the two different emissions scenarios
are remarkably similar. These findings show that reductions
in greenhouse gas emissions will likely play a very important
role in reducing impacts in the long term (a century), while in
1.1 Climate change scenarios for the Pacific Northwest  the shorter-term (several decades) little reduction in warming
can be expected, and adaptation to impacts that are “already
Climate change projections for the PNW, from global climate in the pipeline” may be the only viable approach to reducing
model (GCM) scenarios from the Intergovernmental Panelundesirable outcomes associated with climate change.
on Climate Change (IPCC) Fourth Assessment Report (AR4) For annual precipitation, a very different picture emerges.
are shown in Fig. 2 for two emissions scenarios: Al1B (aThe GCM simulations show a very low signal to noise ratio,
medium-high emissions scenario), and B1 (a low emissiongneaning that the systematic changes are small relative to the
scenario) (Mote and Salah2010). range of observed variability. For the PNW as a whole, there

the fall related to runoff production associated with a mix of
rain and snowmelt.
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are relatively small changes in annual precipitation, and the Historical
range of normal variations that occur from decade to decade Water:s._hed.

(e.g. those associated historically with the Pacific Decadal Classification
Oscillation) will probably play a very important role in de-
termining the actual outcomes related to precipitation in any
future decade. The effects of different emissions scenarios
on precipitation are likewise very modest (compare A1B to | -
B1 at the end of the 21st century, for example). Although | M 0.1-04 Transiion
systematic changes in annual precipitation are small, many{ L |>04 Snow dominant
GCMs show systematic increases in winter, spring, and fall
precipitation and decreases in summer precipitation, which
have some important implications for a number of impact
pathways in the PNW (e.g. winter flooding, summer low
flows, fire)

It should be noted that changes in precipitation simulated
by GCMs are generally much more uncertain than changes in
temperature, and greater caution must be exercised in inter
preting precipitation results. Another way to say this is that
we should expect more potential “surprises” in the effects of
global climate change on PNW precipitation than we should
for temperature.

Ratio of Peak SWE to
October to March Precipitation
lj} <0.1 Rain dominant

2020s

2040s

1.2 Hydrologic impacts of climate change

Figure 3 shows a map of the ratio of peak snow water equiva-
lent (SWE) to cool season precipitation (a measure of the im-
portance of snow to the hydrologic cycle) for historical con-
ditions and future scenarios. Overall the changes in hydrol-
ogy can be characterized by a landscape-scale transformatio
from snowmelt dominant and mixed rain and snow basins
to rain dominant behavior. Some areas, however, and mos
notably the portion of the CRB in Canada, remain strongly
snowmelt dominant.

In both mixed rain and snow and snowmelt-dominant
basins, loss of snowpack due to warming,and generally in-
creasing winter precipitation, in the scenarios increase win-
ter flow, while summer flow declines (Fig. 4a and b) (Elsner
et al., 2010). In rain dominant basins there is little shift in
the seasonality of flow, and runoff volumes largely follow

2080s

Fig. 3. Simulated changes in the fraction of cool season precipita-

on stored as peak snow water equivalent (a measure of basin hy-

hanges in precipitation in cool n (Fig. 4c). Incr irg ; . al
ZVZ greastionpc?)?nrl))ir?eg Withcfgafiiaélfosrrgal? o(s:)itiveccﬁ:rsleZs rologic response). Basins at the 8-digit (4th level) HUC scale are
P y P 9€Scharacterized as rain dominart@.1), mixed rain and snow (0.1 to

in cool season precipitation tend to result in small Change%A), or snowmelt dominant-0.4) for historical conditions and six

(positive or negative) in annual flows (Elsner et al., 2010). composite delta method climate change scenarios. Source: Tohver
These hydrologic impacts have many water resources impliang Hamlet (2010).

cations in the PNW including impacts to water supply (Vano
et al., 2010a, b), flood control (Payne et al., 2004; Lee et al.,
2009, 2010), hydropower production (Hamlet et al., 2010),slopes of the Rocky Mountains (e.g. in Idaho and Montana)
and environmental services (Mantua et al., 2010). tend to show higher flood risk due to increasing cool sea-
Increases in hydrologic extremes are a complex functionson precipitation and the increasing effective basin area that
of the seasonality of changing precipitation in the scenariosaccompanies rising snow lines, whereas colder basins in the
and effects to effective basin area and antecedent snow rénterior and northern parts of the region show small changes
lated to warming. Figure 5, for example, shows changes infor even decreasing flood risk) in spring due to systematic
flood risk over the PNW for three future time periods and two loss of snowpack (Hamlet and Lettemaier, 2007). Low lying,
emissions scenarios (A1B and B1). Relatively warm basingain dominant basins show modest increases in flood risk as-
near the coast and in moderate elevation areas on the wesbciated with increased winter precipitation (Mantua et al.,
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Fig. 4. Monthly average runoff simulations for three PNW watersheds for three future time periods and emissions s¢endr@Splumbia

River at Revelstoke DaniB) the N. F. Clearwater at Dworshak Daf) the Chehalis River at Porter. Blue lines show the monthly runoff

for the 20th century climate (1916—2006), the pink bands show the range of the 10 hybrid delta climate change scenarios (based on the IPCC
AR4), and the dark red line shows the average of the hybrid delta ensemble. Source: Columbia Basin Climate Change Scenarios Project:
http://www.hydro.washington.edu/2860/

2010; Tohver and Hamlet 2010), but are relatively insensitiveseveral sub-basins of the CRB, most notably the Snake River
to warming. Water quality, and particularly water tempera- basin (primarily in Idaho), the Yakima River basin,the Cen-
ture (Mantua et al., 2010) and turbidity are also expected tdaral Columbia basin in Washington State (WA), and the trans-
be impacted by warming and precipitation changes. boundary Okanagon/Okanagan basin in British Columbia
and WA. The CRB is largely governed by federal water man-

agement agencies such as the Bonneville Power Adminis-
2 Overview of PNW water resources systems and their ~ tration (federal hydropower marketing), the US Army Corps
historical development of Engineers (flood control), the US Bureau of Reclamation
(water supply for irrigation), National Marine Fisheries Ser-

The Columbia River basin (CRB) is the dominant water re-Vice (NMFS) (salmon protection and restoration). Institu-
sources system in the PNW, and is one of the most extentional arrangements in Canada are similar, with BC Hydro
sively developed hydropower systems in the world. The CRBManaging the province’s hydropower resources and coordi-

encompasses most of Oregon (OR), Washington (WA), andlated flood control operations, and various groups within
Idaho (ID) in the US and about 30% of the basin area isEnvironment Canada and the Provincial government manag-

in southern British Columbia (BC) in Canada. On averageing other aspects of water resources management. Miles et
the CRB supplies about 70% of the PNW's electrical de- al. (2000) noted that centralized decision makers and well-
mand, and produces about 30% of the total hydropower ircoordinated management systems have emerged historically
the US. Historical development and current water resourcedor flood control and hydropower, whereas management sys-
policy in the CRB has been strongly influenced by interna-{€ms impacted by low flows are much more diffuse and lack
tional agreements between the US and Canada, most notabgjcentral decision making body. One explanation for the dif-
the Columbia River Treaty (1964), which created the con-ference in these two management communities is that the
junctive hydropower and flood control policies that consti- Columbia River Treaty imposed a centralized management
tute the fundamental basis of the Columbia’s reservoir op-Structure associated with its primary objectives (flood control
erations (Hamlet, 2003). More recently, however, endan-2nd hydropower), whereas the development of management
gered species listings of a number of salmon species in th8YStéms cope with low flow impacts has occurred historically
CRB and associated protection and restoration efforts in thé@t & more local scale over a longer period of time, resulting
basin have had a significant impact on water policy and danin greater fragmentation (see Sects. 6 and 7.2 for additional
operations in the CRB (BPA, 1994). Water supply for ir- dis_cu_ssion of the implications of these institutional charac-
rigation is also an important water resources objective int€ristics).
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considerations were, historically, almost entirely missing

i - 0.9 ® 15-17 . h
Ratio of 100-year s e from the design of most water resources systems in the PNW.
Flood Statistics 0 11-13 @ 19-21 In fact it is only in the last several decades that water re-
(21st Century + 20th Century) | @ 1.3-1.5 @ >21 sources managers have been required to significantly incor-

A1B

porate the functioning and health of ecosystems as part of
their management strategies (Cohen et al., 2000). A huge
shift in social values has taken place over the 20th century.
At the time Grand Coulee Dam was builtin the late 1930s, for
example, the idea of blocking all of the anadromous fish runs
above the dam (encompassing the entire upper Columbia
River basin — Fig. 1) was not even considered an issue of
serious concern. Today such a perspective (and arguably the
building of the dam itself) would be unthinkable.

While awareness of protection and enhancement of
ecosystems as an important water resources objective has
been a relatively recent addition to the PNW’s water man-
agement culture, it is worth noting that some of the oldest
water rights (and therefore the most senior) are held by PNW
Native American Tribes. These rights are often tied either di-
rectly or indirectly to protection of fishing and hunting rights
guaranteed by treaties established in the mid-19th century. In
this sense, the importance of ecosystems has been acknowl-
edged by legal agreements for a long time. At the same
time, it is hard to argue that Native American treaty rights
were a significant factor informing water resources develop-
ment in the 20th century, because the existing treaties were
completely ineffective in stopping water resources develop-
ment that intentionally ignored these long-standing obliga-
tions. The construction of Grand Coulee Dam, for example,
destroyed the salmon fishery upon which the Colville Tribe
in eastern WA depended, and flooded tribal lands. Despite
the Colville Tribe’s treaty rights, meaningful compensation
Fig. 5. Maps of the ratio (future/historical) of the 100-yr flood for these devastating environmental, cultural, and economic
magnitude for three future time intervals, under two scenarios fOfimpacts did not take place until the 1990s, nearly 60 yr later

a 297 river locations in the PNW. (Higher ratios indicate more in- http:/Avww.ccrh.org/comm/river/docs/coltest3.htm
tense flooding events projected for the future). Source: Tohver ané

Hamlet (2010).

2020s

2040s

2080s

3 Western water law and water allocation policies

In addition to the CRB, a large number of sub-regional water allocation policies in western North America, and as-
to local-scale water resources systems have developed in th@yciated water law, are fundamentally based on the 19th cen-
PNW. Many of these are designed to provide water for irri- tyry Prior Appropriations Doctrine (“first in time, first in
gated agriculture or urban water supply (Fig. 1). In westernright”) and legal requirements for ongoing “beneficial” use
WA and OR, for example, a number of small watersheds onof water (“use it or lose it”). Historically, beneficial use of
the west slopes of the Cascades provide drinking water fofyater has been strongly linked to taeonomicallypeneficial
the region’s largest urban populations (e.g. in the Vancouyse of water (e.g. urban water supply, agriculture, mining,
ver, Seattle, and Portland metro areas). These systems afgdropower production, industrial uses, etc.). In recent years
typically operated by local utilities. Irrigated agriculture is the use of water for ecosystem services (e.g. instream flow
usually the largest consumptive water use in many smallefor fish) has become an increasingly high priority. A water
watersheds east of the Cascades (Vano et al., 2010b). Theggnt is typically associated with the land (particularly in the
smaller water supply systems are typically managed by locatase of irrigated agriculture), the specific use of water, and
irrigation districts in collaboration with federal water man- the water’'s source, a|though these can be Changed under the
agement agencies such as the US Bureau of Reclamation. |aw without relinquishing the water right itself. The holder

Given the importance of PNW ecosystems to the re-of a water right can accept direct compensation for a trans-
gional economy, it is a surprise to many that ecosystenfer of right to another water user; thus the water right can

www.hydrol-earth-syst-sci.net/15/1427/2011/ Hydrol. Earth Syst. Sci., 15, 14232011
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be effectively be “sold”, despite the fact that the water right range of streamflow forecasting products, using both statisti-
holder does not actually own the water itself. cal approaches (regression equations) and ensemble stream-
While these principles define an overarching institutional flow prediction (ESP) methods using semi-distributed hydro-
structure, there are subtle differences in the way the laws antbgic models. Water managers also have access to quan-
institutional principles have been applied in different Statestitative flood forecasts based on weather forecasts provided
in the US, and in Canada. In the US the ownership of theby NOAA in the US fttp://www.nwrfc.noaa.goy/and En-
water by the government is arguably somewhat less clearlywironment Canada hftp://www.ec.gc.ca/eau-water/default.
defined than it is in Canada. For example, although a wateasp?lang=En&n=7BF9B012},1and these hydrologic fore-
right holder in either the US or Canada does not technicallycasts feed flood warning systems that communicate these
own the water itself, in the US the government does not haveisks to emergency managers and the public. Individual
the right to unilaterally revoke water rights without compen- water resources agencies also produce hydrologic forecasts
sation (i.e. the courts have ruled that such an action wouldr hire private-sector consultants to provide these products.
constitute a takings) (Slaughter et al., 2010). Drought monitoring and prediction services are available
Different States also have differing definitions of “benefi- in the US from the National Integrated Drought Informa-
cial use” of water. Instream flow for fish, for example, is not tion System (NIDIS) ittp://www.drought.gov/portal/server.
formally recognized as a beneficial use of water in the Statgpt/community/droughgov/203 and NOAAs North Ameri-
of Idaho, whereas it is in the State of Washington. Thus thecan Drought Monitorlttp://www.ncdc.noaa.gov/oa/climate/
existing structure of water law can be a potential obstacle tononitoring/drought/nadny These kinds of services provide
the transfer of water rights between different uses. Jurisdican extensive set of resources to water managers for coping
tional problems are also apparent. Water flowing across avith climate variability and hydrologic extremes. (It is worth
state or international boundary, for example, may be recoghoting that widespread access to the world wide web in North
nized as beneficial to the region receiving the flow (e.g. inAmerica has completely transformed the level of access to
supporting beneficial use of water for instream flow in WA), these kinds of data and services in the last 15yr.)
but not to the region from which the water flows (e.g. from  Although primarily supported by academic research pro-
Idaho). grams at present, a wide range of climate services includ-
ing detailed hydrologic scenarios are also available to PNW
water managers. Groups providing these services in the
4 Supporting services for PNW Water Managers PNW include the Climate Impacts Group in the PNHit:
/lcses.washington.edu/cjgind the Pacific Climate Impacts
Waterresources management in the US and Canada is sugonsortium in BC lgttp:/pacificclimate.ord/ As an ex-
ported by extensive services for monitoring and predict-ample of the kinds of climate change data resources that
ing river flow. The US Geological Survey (USGI)ttp: are now being generated, a recent three year project con-
Ilwater.usgs.goy/has primary responsibility for the US’s ducted by the Climate Impacts Group and a group of re-
stream gaging network, and provides free access on the ingional stakeholders has generated a comprehensive set of
ternet to both real-time and historical records. Environmenthydrologic scenarios to support water resources planning
Canada supports a similar system in Candup(//www.ec.  in the PNW fttp://www.hydro.washington.edu/2860/ A
gc.ca/rhc-wsc/default.asp?lang=En&n=4EED50F1Sim- number of more local-scale groups, such as the Oregon Cli-
ilarly, historical meteorological and climatological data mate Change Research Initiate (OCCRidtg://occri.nef) ,
is available in the US from the National Climatic Data and a consortium of universities in OR, WA, and IBtp://
Center (NCDC) ljttp://www.ncdc.noaa.gov/oa/ncdc.himl  www.webs.uidaho.edu/epscphave recently formed to pro-
and in Canada from Environment Canadattf://www. vide additional climate services and stakeholder support at
climate.weatheroffice.gc.ca/Welcoreehtm).  Additional the sub-regional scale. Some of these groups also participate
historical climate data and climate forecasts are availabldn west-wide climate change assessment activities in the US
from NOAAs Climate Prediction Center (CPChttp:// via collaborative projects with similar groups in California
www.cpc.noaa.goy/and Environment Canadatfp://www. and the Southwestern US.
weatheroffice.gc.ca/saisons/indesatm).  Seasonal fore-
casts of river flow are provided to water resources man-
agers by groups like the National Resources Conser5 Overview of traditional water planning processes in
vation Service (NRCShitp://www.nrcs.usda.gov/feature/ the PNW
highlights/SnoServ.htmyl which also supports a large net-
work of automated snowpack measurement sites (SNOTELVntil very recently, formal water resources planning in the
(http://www.wce.nres.usda.gov/sngwSimilar products are  US and Canada has been based almost exclusively on the use
available in Canada from Environment Canalé(://www. of observed streamflow records. These approaches implicitly
env.gov.bc.ca/rfc/datp/ The Pacific Northwest River Fore- assume a stationary climate system, and attempt to construct
cast Center Http://www.nwrfc.noaa.goy/also provides a (and test, e.g. via simulation) water resources systems that
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are relatively robust to the observed climate variability repre-(Labadie, 2004; Lund and Ferreira, 1996; Lee et al., 2009,
sented by observed streamflow records. By extension, thes2010; Medellin-Azuara et al., 2008), but such techniques
well-tested systems are assumed to be relatively robust to fuare rarely applied in formal long-term (meaning more than
ture climate variability. Similar approaches are used to char-a year ahead) planning studies conducted by water resources
acterize the risk of extreme events. For example, estimates ahanagement agencies. The reasons for the choice of simu-
the “100-yr flood” (a flood event with an estimated 1% prob- lation as the dominant planning approach are complex, but
ability of occurrence in any one year) are typically based onare partly related to the fact that optimization results are fre-
the analysis of observed streamflow records (Stedinger et alquently difficult to interpret in the context of highly con-
2003). Projections of changing population, water or energystrained systems governed by a large number of regulatory
demand, or other factors related to water resources systemequirements. In addition, skillful long-term forecasts of fu-
performance are commonly incorporated in planning studiesture streamflows have not historically been available to plan-
but systematic changes (or for that matter even decadal scaleers, a situation which limits the practical utility of optimiza-
variations) in climate that affect hydrologic extremes are nottion. Optimization, when it is employed in water manage-
typically considered in planning. ment at all, is commonly used only at very short lead times
There are significant institutional and practical problemsof a few days (e.g. in optimizing short-term hydropower op-
related to disconnections between the traditional timescalerations in response to weather forecasts). As discussed in
of water planning£20-30yr), and the timescale of analysis more detail below, attempts to identify effective adaptation
needed to inform sustainable resource management decisiostrategies in response to climate change may ultimately pro-
in the context of climate change. In particular, planning hori- vide a more important role for optimization in long-term wa-
zons for water resources studies are too short to address ther planning in the future.
sustainability issues associated with population and hydro-
logic changes that are anticipated near the end of the 21st
century. These problems are exacerbated by practical tim&

scales associated with policy making, which are affected by . . . . . .
I . . Institutional constraints play an important role in determin-
political cycles which are of even shorter duration than those

associated with traditional water planning. During the mostIng the ability of PNW water resources management systems

- I to adapt to climate variability and climate change. As intro-
relger;fiiua?z 2?12}']“'?gg;g!:;gituSrgeonohoc:uzscéOS;;O;]ie,[fa;ﬂ gﬁjced in Sect. 2, Miles et al. (2000) demonstrated that the
pie, 9 ' 9 9 9 :i\bility to respond effectively to drought impacts (and by ex-

policies, and climate change adaptation efforts at the federatension climate change impacts) in the CRB was impaired

level were all but brought to a standstill. In the first several |~ = " .~ . ; .
- : ! by institutional fragmentation, lack of centralized author-
years of the Obama administration, rapid progress has beel . o L

T . ity, and conflicted management objectives in times of water
made in bringing federal resources to bear on these importan

problems. However, neither administration has institutional-scam'ty' By comparison, centralized management systems

ized a viable framework for sustainable water plannin be_associated with flood control and hydropower production in
P 9. }he CRB were much more robust, due to well-established in-

cause the fundamental time scale of change in the political ... : .
. - titutional roles, centralized management authority, and care-
environments that affect these decisions has not been altereq. . : . c
. ) . ully coordinated conjunctive management objectives (see
These issues related to the time scales of planning and po-

litical cycles that affect policy are extremely important be- also Sect. 7.2.).

cause policy decisions related to water infrastructure and/o Likewise wide-spread adherence to rigid 19th century wa-
policy. e ; . YOler laws and inflexible institutional arrangements associated
water allocation are generally very difficult, if not impossi-

. . with water allocation (Sect. 3) can be important barriers to
ble, to reverse. Allocation of water to particular stakeholders . . . S
. . . “adaptative actions that seek to increase flexibility in manag-
for economic development, for example, typically results in

private investment by these stakeholders. Regulatory actionsJ water supply and demand (Slaughter and Wiener, 2007;

. ) §Iaughter, 2009). Despite these potential concerns, major
that attempt to retract these water allocations in response tQ .

- .~ changes in the fundamental structure of these arrangements
altered future conditions, therefore tend to create contenuougeems verv unlikelv due to the sociopolitical intractabilit
struggles over property rights (Slaughter et al., 2010). The Y y P y

many difficulties encountered in the PNW in attempting to of such changes. !n t.he Yaklma Rlyer basin, fgr e"af“p'e’

. . . . a court ordered adjudication of existing water rights (i.e. a

remove existing dams in response to changing environmen; " L ) .

s formal documentation of all existing water rights and their

tal values highlights the need for new ways to approach the ", . o

o . ; . telative priority) has taken more than 30 yr to complete. Hav-

sustainability of infrastructure and water allocation choices, ; . ! .

oo . . ing engaged in such an exhausting effort to affirm and stabi-
in light of a non-stationary climate.

. lize the existing system of water rights, it seems unlikely that
The need for new technical approaches to water plan-_"_.". - : .
. : . sufficient political will could be generated to replace this ex-
ning has also become apparent. Some academic studies.. : .

. iSting system with another (and inherently less well proven)
have attempted to explore alternative methods for water re-

. . L . ._alternative.
sources planning using optimization rather than simulation

Institutional issues
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A greater willingness to deviate from current practice hasinformed by well-established, well-coordinated, and fre-
been apparent, however, in attempts to increase flexibility inquently exercised management plans designed to cope with
the transfer of water between users in response to droughtrought, whereas in the Klamath basin an unprecedented
using, for example, water markets or water banks (Feredaylrought in 2001 resulted in serious impacts to stakeholders
et al.,, 2009; WDOE, 2004). Such approaches have beebecause these institutional arrangements had not been estab-
tried with some success in recent decades in Idaho (SlaugHished. A common assumption is that water scarcity is a
ter, 2009). One explanation for the apparently greater will-good indicator of vulnerability to future increases in drought
ingness to consider changes in water law related to watestress. This case study shows that the opposite may be true.
transfers is that there is a potential economic benefit to indi- Loss of certain kinds of technical capacity in water man-
vidual water rights holders associated with the transfer wateagement agencies, and/or emergence of new needs related
in times of shortage; whereas such benefits are not obviouto climate change adaptation outside the current technical
in a shift to a fundamentally revised water allocation system.capacity of most water management professionals has also

Taken together, this historical experience suggests that thbeen identified as a significant issue informing adaptive ca-
Prior Appropriations Doctrine will probably remain in place pacity. Following the dam building era (which effectively
as the foundation of western water law, but that attempts tended in about 1975 in the PNW), many large water man-
increase flexibility in times of shortfall may follow increased agement agencies shifted their focus from water resources
water stress. Such approaches to climate change adaptangineering and the building of physical structures to the
tion are also probably “no-regrets” strategies since droughtong-term management of existing water resources systems
is already a significant management issue. As discussed bend infrastructure. Staff who were capable of designing or
low, the sale of water rights as real property is another wayrevising reservoir operating policies were largely eliminated
of transferring water between users or uses in response tfrom many water resources management agencies over time
changing water availability, and such transfers do not requirebecause these services were not perceived to be needed in
a change in existing law, except in the case where the prothe new era. As a result, it is common to find reservoir op-
posed future use is prohibited by current law (e.g. not classierating policies dating from the time of dam construction
fied as “beneficial” use). This caveat applies to some kindswith little meaningful change in the intervening time. An-
of water transfers from water supply to instream flow in sup-alyzing climate change impacts on water resources requires
port of ecosystem services, which are not always recognize@xpertise in a number of different disciplines including atmo-
as “beneficial” use. Large, complex water systems are arspheric sciences (e.g. climate modeling, downscaling proce-
guably less flexible than their simpler, local-scale counter-dures) hydrology (specifically physically based hydrologic
parts because of bureaucratic constraints that are obstaclesodeling), and systems engineering (e.g. reservoir simula-
to change. Gray (1999), for example, showed that the reltion/optimization modeling). Of these, only reservoir simu-
atively small and autonomous Seattle Water Supply Systentation modeling expertise using historical streamflows is typ-
was able to incorporate new information about climate vari-ically present in most water management agencies. This
ability into its operations much more rapidly than the larger, situation supports the argument that many water manage-
more institutionally complex, and more bureaucratically en-ment agencies are currently most effective as “caretakers”
trenched system in place in the Yakima River basin in East-of the systems they currently manage, as opposed to “in-
ern WA. Likewise, the dramatic increase in complexity of novators” who can respond quickly to potentially changing
the Columbia River basin’s operating policies over the lastneeds associated with climate change. It is worth noting,
50yr or so has been identified as an important obstacle tdhowever, that this situation has been changing rapidly over
climate change adaptation because of the difficulty and costhe last five years or so, and investments in technical ca-
of evaluating the integrated effects of increasing population pacity in these specific areas has been growing. BC Hydro,
hydrologic changes, and other factors on a wide array of into cite one example, has invested $ 800k over the last four
terconnected management objectives (Cohen et al., 2003) years in establishing a collaborative long-term relationship

Historical perspectives and experience also play an imporwith the Pacific Climate Impacts Consortium specifically to
tant role in informing adaptive capacity to climate variability increase technical capacity and address climate change im-
and climate change. Slaughter et al. (2007), for example, arpacts. The US Bureau of Reclamation has been investing
gued that management systems in the Snake River basin (Idteavily in agency-wide attempts to increase technical capac-
cated in the arid southeastern corner of the Columbia basinity related to climate change planning and adaptation. Sim-
were much more robust to drought impacts than the Klamathlarly, well-organized collaborative efforts between the Cli-
River basin in southern OR and northern CA largely becausanate Impacts Group at the University of Washington, the
severe droughts were a common occurrence in the SnakBonneville Power Administration, the Northwest Power and
basin, whereas, until a severe water supply crisis occurred itConservation Council, the US Bureau of Reclamation, the
2001, water shortages had rarely (if ever) been experiencedS Army Corps of Engineers, and other state and federal
historically in the Klamath basin. Thus historical conditions agencies are currently in progress in the PNW.
in the Snake basin resulted in management systems that were
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7 Prospects for water resources adaptation in the PNW  these changes. In fact, there is considerable evidence that the
utility learned from these adverse experiences (Gray, 1999),
At face value, the availability of infrastructure and well- and has increased its capacity to respond to drought during El
developed support services (discussed above) supports thdifio years, effectively avoiding water supply impacts due to
argument that PNW water management systems have a resimilar low snowpack conditions in 2004—2005 and 2006—
atively high capacity to deal with climate variability. To the 2007. Similarly, Seattle Public Utilities has demonstrated
extent that climate change results in modest changes in variexceptional ability to achieve conservation goals. Despite
ability, one can legitimately argue that adaptive capacity toan increase in population, actual water demand in Seattle is
climate change and existing capacity to deal with climatecurrently at approximately 1970 levels. Although reductions
variability are probably not very different. Some water re- in available water supply of about 15% are anticipated for
sources practitioners, for example, have argued that adapthe Seattle System by mid 21st century due to projected re-
ing to climate change does not require special actions on thductions in snowpack and summer streamflow (Wiley, 2004),
part of water management agencies because these agenctbgse reductions in yield seem well within the reach of ongo-
are already charged with ensuring that the performance oing demand management strategies, particularly since Seattle
these systems in meeting water resources objectives is maitis not using all of its available capacity under current condi-
tained over time, and already have effective tools in placetions. A later study by Vano et al. (2010a) corroborates these
to deal with these matters. Eugene Stakhiv of the Institutefindings.
for Water Resources, commenting on climate change adapta- As introduced above, a similar argument can be made
tion, wrote: “Notwithstanding the difficulties of anticipating for several other PNW water resources management systems
and responding to the ill-defined impacts of global warming, with well-established institutional arrangements designed to
particularly in its various hydrological manifestations, a casecope with drought. In Idaho, for example, more than 99% of
can be made that the water resources management commthe consumptive water use is associated with irrigated agri-
nity need not take any extraordinary precautions because theyulture, and a well-defined water allocation system estab-
already practice or have at their disposal most of the mealishing the priority of different water rights holders is com-
sures and analytical tools that are being prescribed to antichined with an extensive water management system designed
ipate or respond to the postulated adverse impacts of globab align demand with supply. When an unprecedented five-
warming.” (Stakhiv, 1993). year drought emerged at the end of the 20th century caus-
ing documented impacts to the sustainability of groundwa-
7.1 Evidence of autonomous adaptation capacity in the ter and surface water resources, a $26 million state-funded
PNW buyout of water rights by the ID Dept of Water Resources
occurred in 2008 in an attempt to realign long-term demand
Although perhaps overly reductionist in tone, Stakhiv’s argu-with available water supplies. As in the case of Seattle Pub-
ment is broadly supported by recent management experiendg Utilities discussed above, there was no direct evidence
in several PNW water supply systems. The response of Seathat the drought that caused this management response was
tle Public Utilities (which manages Seattle’s water supply caused by global climate change, yet the system responded
system — see Cedar and Tolt reservoirs in Fig. 1) to increasautonomously to the observed change in supply based on
ing drought risk over time is a good example of autonomousmanagement objectives already in place. This response sup-
adaptation to climate change. Although historical impactsports the argument that if climate change projections of re-
to the hydrology of watersheds on the western slopes ofluced summer water supply in Idaho prove accurate, the cur-
the Washington Cascades (which supply Seattle’s water) areent management framework may be sufficient to adapt to
only partly attributable to greenhouse forced climate changechanging conditions as they emerge in real time.
(Mote et al., 2005, 2008), nonetheless these watersheds have Technological responses to water shortage are another
already experienced changes in climate and hydrologic varikind of adaptive response that can happen largely au-
ability that are comparable in magnitude to projections of cli- tonomously via choices made by individual stakeholders. For
mate change for the 21st century. Observed losses of 1 Apriéxample, in Idaho, there is evidence that farmers have re-
snow water equivalent (SWE) in the Cascades from 1950 tasponded autonomously to increasing water shortage over the
the mid 1990s, for example, have been on the order of 15+4ast several decades by gradually installing more efficient ir-
35% (Mote et al., 2005, 2008), which are comparable in mag-igation technology, effectively avoiding serious impacts to
nitude to mid-21st century projections of snowpack loss incrop production despite reduced overall water supply.
the Cascades (Elsner et al., 2010). While itis true that Seattle
Public Utilities did experience increased difficulty in manag- 7.2 Prospects for adaptation in large, institutionally
ing the water supply during several years at the end of the complex systems
20th century (e.g. during severe droughts in the Eid\iva-
ter years 1987-1988 and 1991-1992), it would be misleadWhile autonomous adaptation of the types discussed above
ing to describe the utility as unable to respond effectively toseems very likely, a substantially different picture emerges
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when we begin to look closely at the prospects for climatewith the exception of large-scale hydropower production and
change adaptation in larger and more institutionally complexwell-coordinated irrigation systems in particular sub-basins
water management systems. The Columbia River basin, thef the Columbia (e.g. the Snake River basin in ID and the
largest, most institutionally complex (and arguably the mostYakima River basin in WA) lack a centralized decision maker
important) water resources system in the PNW, provides amwith authority to act (Miles et al., 2000). These institutional

excellent case study for discussion of these issues. characteristics are very important in the context of climate

The Columbia River water management system is inextri-change adaptation, because the most severe climate change
cably linked to the PNW region’s economy via hydropower impacts in the Columbia are likely to be heavily weighted to-
production (on average supplying about 70% of the region’swards impacts to summer water supplies and to instream flow
electrical energy), flood control, irrigated agriculture, navi- for fish rather than to high flow impacts (Hamlet and Letten-
gation, and recreation. The Columbia also provides a hugenaier, 1999). Thus the Columbia’s poorly integrated man-
range of ecosystem services to the region, many of whichegement systems associated with low flow conditions imply
are linked (either directly or indirectly) to Native Ameri- a high vulnerability to increasing low flow impacts associ-
can culture and treaty rights (e.g. for hunting and fishing)ated with climate change in warm season.
in the basin. Attempts to mitigate ecosystem impacts asso- The institutional vulnerabilities discussed above are ex-
ciated with water resources development and other factorgcerbated by the extreme difficulty in achieving meaningful
have focused primarily on the basin’s endangered salmorchange in the Columbia basin’s management system. Inertia
populations, many of which are currently listed under the USin the Columbia’s management system is evident in nearly
Endangered Species Act (ESA). The basin is institutionallyevery sector, but nowhere is it more evident than in the strug-
complex partly because of its size (covering most of WA, gle to mitigate ecosystem impacts resulting from water re-
OR, and ID, and part of BC in Canada), but also becausesources development. Despite three decades of legally man-
it is a transboundary watershed. The primary water man-dated effort to mitigate impacts to endangered salmon in the
agement relationship between US and Canadian entities ibasin, there is no compelling evidence that conditions for
the basin is governed by the Columbia River Treaty (CRT)the Columbia’s endangered salmon populations have dramat-
of 1964. The CRT is fundamentally based on conjunctiveically improved, and the reservoir management system, de-
management opportunities between winter hydropower prospite many modest changes at the margins (e.g. related to in-
duction and flood control. The treaty facilitated the build- stream flow targets and habitat restoration), remains remark-
ing of a number of large storage reservoirs in Canada (abouably similar at its core to the operational policies established
50% of the active reservoir storage is now in Canada), whichjn the mid 1960s and 1970s by the CRT emphasizing hy-
in concert with US projects, reduce flood risks and generatedropower production and flood control as the dominant man-
power. The hydropower produced by the Columbia’s damsagement objectives (Miles et al., 2000). The reasons for the
is primarily marketed by the Bonneville Power Administra- apparent inertia in the Columbia basin’s water management
tion in the US and by BC Hydro in Canada, although severalpolicies are complex, widely debated, and a comprehensive
Public Utility Districts own and operate individual dams in discussion is well beyond the scope of this paper. An ex-
the system as well. Although relatively narrow in scope in amination of some important factors, however, may help to
comparison with the full array of management issues affect-generate some useful hypotheses for why the problem has
ing the Columbia today (see discussion below), the CRT ishistorically been so intractable, and by extension why adapt-
widely viewed as one of the most successful and long-liveding to similar impacts associated with climate change may
international water treaties in the world. encounter similarly daunting obstacles.

Miles et al. (2000) examined the Columbia basin’s vul-  To begin with the salmon life cycle is extraordinarily com-
nerabilities to climate variability in different sectors and (by plex, and important salmon habitat ranges from small head-
extension) evaluated its adaptive capacity to climate changgater streams to the open ocean, covering huge geographic
impacts. As noted briefly above, the study found substanareas. Decision processes that materially affect outcomes
tial differences in adaptive capacity to high flow impacts andare associated with many levels of governance in two coun-
low flow impacts. The Columbia basin management systentries and multiple states in the US. Without a central deci-
responsible for flood control is highly centralized with well- sion making body (or even a common set of laws) to bridge
established authority associated primarily with a single man-these different scales, institutional fragmentation tends to de-
agement entity (the US Army Corps of Engineers). Opera-termine the outcomes by effectively blocking meaningful ac-
tional decisions for flood control are one of the highest prior-tion (Miles et al., 2000; Slaughter et al., 2010).
ity system objectives and are also well integrated with basin- In addition to these factors relating to governance and
wide hydropower operations. Under low flow conditions, institutional fragmentation, a comprehensive scientific
by comparison, literally hundreds of individual managementunderstanding of the various factors associated with wa-
agencies must compete for a limited water supply. The comier management that may impact salmon are certainly
plex interactions between these competing agencies that otroadly understood (e.g. ISAB, 2007), but authoritative
cur during droughts are in general poorly coordinated, andstatements regarding specific requirements for salmon
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survival often lack consensus in either the scientific or waterflows are rarely fully met in practice, meaningful data re-
management communities. Official Endangered Speciegarding the benefits of fully achieving these target flow lev-
Act (ESA) consultation documents submitted by NOAA els cannot be collected to help improve the science or refine
Fisheries in the US (commonly referred to as the “Biological these management strategies.
Opinion”  http://www.nwr.noaa.gov/Salmon-Hydropower/  Another important issue in the context of future adaption
Columbia-Snake-Basin/Final-BOs.cfrare routinely chal-  to climate change impacts to salmon relates to the sheer num-
lenged in court after they are released (Columbia Basinber of regulatory requirements that water managers must ad-
Bulletin, 2009). These consultation documents also presendiress in the Columbia basin (Cohen et al., 2003). Histori-
a bewildering array of management areas requiring attentiortally, the many regulatory requirements relating to mainstem
(e.g. listings of “reasonable and prudent alternatives”)dam operations have been gradually built up over time, layer
without prioritizing them or specifying how they would by layer. When the need for change is encountered, rather
be achieved in practice. In reality only a few of these than attempt to peel back the many existing layers and make
specific recommendations can be substantially addressefdindamental changes to the historical management frame-
in a given period of time. Although management agencieswork, the tendency has been to leave the existing regulations
are charged with responding to these recommendations, in place (which are after all required by law) and add addi-
is rarely clear how successfully meeting (or not meeting) ational regulations at the margin to address the emerging con-
few of the hundreds of proposed action items listed wouldcerns as well as possible. While, at first, such an approach
be expected to alter any measurable outcomes, or howvoids the many challenges of reversing past regulatory de-
important these specific actions are in relationship to othercisions, eventually such an approach results in a system that
potential actions. This unfortunate lack of clarity in terms is so heavily constrained that all meaningful change is ef-
of priorities and measurable outcomes tends to underminéectively prevented. There is considerable evidence that this
the will to act decisively on these recommendations, and‘threshold of adaptability” has already been crossed in the
also undercuts the ability to impose meaningful sanctions ifcase of the Columbia basin.
specific management actions are ultimately not carried out As mentioned above, the nature and root causes of the fail-
by the water management community. ure to successfully address salmon issues in the Columbia
To cite one example, the role of instream flow on juve- basin are hotly debated in the management community and in
nile salmon survival is scientifically uncertain, and is cloudedthe courts, and consensus is frequently lacking. What seems
by other important factors such as loss of habitat in theclear, however, is that the current management system has
Columbia River and estuary, effects of predation, competi-been unable to generate meaningful change in response to
tion between wild and hatchery fish, mortality due to struc- widespread ecosystem impacts in the basin and clear cut le-
tures such as dams and turbines, and natural variability ogal mandates to address them (Miles et al., 2000). Whatever
trends in conditions determining survival in the coastal andthe root cause, this situation suggests very low adaptive ca-
open ocean. Thus attempts to achieve target instream flowacity in this arena. This has important implications in the
levels in spring and summer recommended by the Biolog-context of climate change, because serious ecosystem im-
ical Opinion have been undermined by a lack of scientific pacts related to loss of summer flow,increasing water temper-
consensus on how much such changes actually affect salmaature, and flooding are projected to emerge in the Columbia
survival. Water management agencies, faced with these urbasin in the 21st century (Mantua et al., 2010; Hamlet et al.,
certainties (and clear conflicts with what they view as their2010). Hamlet et al. (2010), for example, showed that with-
most fundamental, economically beneficial management obeut operational changes, impacts to regulated summer flow in
jectives) have responded by either challenging these reconthe ecologically important Hanford Reach of the Columbia
mendations or by failing to allocate sufficient amounts of River would become increasingly severe over the 21st cen-
reservoir storage to fully meet these flow targets. As a resultury. Mantua et al. (2010) demonstrated that wide-spread wa-
flow targets for fish passage are only infrequently fully metin ter temperature and low flow impacts across WA state due to
practice (especially in late summer), and are especially vulwarming and decreased summer precipitation will be a sig-
nerable during droughts when reservoirs fall below storagenificant issue for PNW Salmon. Attempts to mitigate these
cutoff levels associated with fish flow allocations. Thus theimpacts to instream flow and increasing water temperature
appearance of action (i.e. establishing a recommended flown the main stem of the Columbia would likely require sig-
target in support of juvenile fish migration) is not matched by nificant reallocation of reservoir storage and commensurate
an appropriate allocation of reservoir storage, or commensutradeoffs with winter hydropower production (Payne et al.,
rate improvement in environmental conditions for fish in ac- 2004). Based on the management choices made in the last
tual operations (Miles et al., 2000). Because the importance0 yr there is little evidence to support the hypothesis that
of flow for juvenile salmon survival is not clear at the outset, such adaptive actions are likely to occur under the current
the implications of failing to meet these targets also cannotmanagement framework.
be clearly established and efforts to enforce the existing rules Another way to say this is that in a confrontation be-
are further impaired in practice. Because the environmentatween traditional water resources objectives associated with
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direct and measurable economic benefits and managementhich presents a fundamental conflict with potential releases
actions to provide ecosystem services of less tangible ecosf water to mitigate losses of summer flow in the US portion
nomic value, the current water resources management culturef the basin. These issues are complicated by the fact that
remains biased towards preservation of the former at the exthe CRT, which is likely to be the foundation for transbound-
pense of the latter (Miles et al., 2000; Hamlet, 2003). Givenary negotiations between Canada and US related to climate
these entrenched values within the management communitghange impacts, does not directly address issues related to
it remains unclear how such cultural and institutional biasesinstream flow augmentation.
(and the vulnerabilities they engender in responding to ex- When taken together these diverse institutional constraints
pected ecosystem impacts) might effectively be reduced. support the argument that adaptive capacity to climate
Despite apparent gridlock over much of the Pacific North- change impacts in the Columbia basin is inherently low in
west on the salmon issue, in a few specific case studiesomparison with smaller and less institutionally complex
more radical changes intended to recover salmon populationsystems such as the Seattle Water Supply system or the rela-
are being carried out. Perhaps most notable of these is thtvely well-coordinated water supply systems for irritation in
planned removal of two large dams on the Elwha River (inldaho discussed above.
northern WA State) in the next several years. Removal of This situation also implies that given the formidable in-
the dams will provide fish unimpeded access to extensivestitutional obstacles at the highest level of integration in the
pristine habitat in the upper basin. This is currently one of Columbia basin, effective adaptation may be more likely to
the largest dam removal projects in the country, and the outeccur at the sub-basin to local scale, and that efforts to de-
comes of the project will provide crucial data on the rate of velop practical adaptation strategies will shift to this arena
recovery of salmon populations following a major restoration where forward motion is less impeded by institutional con-
of access to habitat. Removal of other large dams has beestraints There is some evidence that this approach is a work-
proposed throughout the region in response to the salmoable alternative, and in fact a number of sub-basin planning
crisis (perhaps most notably four large run-of-river dams inefforts are beginning to include adaptation to climate change
the lower Snake River in WA State). If dramatic and rapid as an element of long-term planning. Some recent exam-
increases in salmon productivity are observed in the Elwhgles of planning efforts the sub-basin scale include stud-
case study, it seems likely that additional pressure in favoiies in the Okanagan basin in BC (Cohen et al., 2006) and
of other dam removal proposals will result. (It is worth not- Yakima (Vano et al., 2010b) and Methow River basins in WA.
ing that several smaller dams in the region, e.g. Marmot danSimilarly, adaptation at the community scale is also taking
on the Sandy River in Oregon, have recently been removeglace, a notable example in the PNW being the Communi-
specifically because the costs of mitigating ecological im-ties Adapting to Climate Change program sponsored by the
pacts outweighed the potential economic benefits of retainColumbia Basin Trust in BChitp://www.cbt.org/Initiatives/
ing the projects.) Climate Change/?Adaptingo_Climate Chang¢. One rea-
Significant transboundary tensions are also likely toson why forward motion at the local and community scale
emerge in the Columbia basin in response to differentialis more easily achieved is that at these levels of governance
impacts of climate change in Canada and the US (Hamletthere are often at most a few management entities responsible
2003). Figure 3, for example, shows the transformationfor decision making. At the community scale, for example, a
through time of the Columbia basin’s snow resources duesmall group of planners (or even in some cases a single indi-
to regional warming. The spatial extent of snowmelt dom- vidual) is usually responsible for long-range planning. Thus
inant and transient snow watersheds in the relatively warnthe decision making process at the local scale is framed by
US portions of the basin are dramatically reduced by mid-relationships between individuals living in the same commu-
21st century, whereas in the colder Canadian portions ohity who are directly affected by the outcomes. Contrast this
the basin, the hydrology is not as greatly affected, and resituation with the complex political and bureaucratic interac-
mains snowmelt dominant even in the 2080s scenarios. ThuBons between state and federal government representatives
Canada is likely to have not only 50% of the active reservoir(or representatives of Canada and the US in an international
storage, but also the dominant portion of the natural storageetting) that must accompany major policy decisions affect-
as snowpack in the Columbia basin. In the US portion ofing the Columbia basin as a whole.
the basin, loses of natural storage as snowpack are likely to While planning at the local scale is attractive because it
create local impacts to summer flow that can only be mit-avoids some of the main institutional obstacles discussed
igated by release of Canadian storage (Payne et al., 2004above, it remains less clear how all of these more local
Thus the creation of Canadian storage under the CRT thascale plans would be integrated to address the many pressing
has broadly benefitted the US in many ways is also a sourceasin-wide concerns (Cohen et al., 2003). Basin-wide issues
of vulnerability under climate change scenarios, because waean also influence the effectiveness of adaptation at the local
ter that might otherwise have flowed unimpeded across thecale. For example, salmon recovery plans in the Methow
border in summer is now impounded in Canadian reservoirsand Yakima basins (both tributaries to the Columbia) are
Canadian storage reservoirs are managed as lake ecosysteralimately dependent on main stem fish survival for their
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success. If the combined effects of all the sub-basin plans dintervention or a fundamental change in the forecasting sys-
not ultimately support desirable outcomes for main stem contem, only improvements in the models used, which is already
ditions for fish, then the whole will be weakened. So while an established objective of these programs. Furthermore,
local scale planning may be effective at avoiding institutional making weather forecast models work well in the new cli-
paralysis, the need for enhanced regional scale coordinatiomate conditions is clearly an important objective in a number
and communication between local planning efforts remains. of contexts, and does not add costs in and of itself.
An example of a non-self-tending system would be a re-
gression equation used to calculate the 100-yr flood based on
8 Issues related to technical capacity and operational annual precipitation statistics and basin area (such a system,
support services developed by the USGS, is commonly used in the PNW for
estimating flood risk in small, ungaged basihg{://water.
As discussed briefly above, technical capacity is an impor-usgs.gov/osw/streamstats/index.HtmBecause such a sys-
tant element of climate change adaptation capacity. Manytem does not include temperature or seasonal changes in pre-
water management agencies currently have limited exposureipitation (which are the primary drivers of hydrologic im-
to hydrologic modeling, which is an essential tool in assesspacts in the PNW) as explanatory variables in the regression
ing climate change impacts to streamflow and water systenequation, estimates of future flood risk in temperature sensi-
performance. Likewise the focus on simulation modeling tive areas are unlikely to reflect changing conditions (Ham-
as the basis for planning and a general lack of familiarity let and Lettenmaier, 2007). Without reformulating the re-
with optimization approaches poses some limitations on curgression model to include additional explanatory variables or
rent adaptive capacity. Lee et al. (2009, 2010), for exam-collecting new data to adjust the parameters in the regression
ple, demonstrate that optimization techniques provide a poequations these problems cannot be avoided under the cur-
tentially useful approach for rebalancing flood control oper-rent framework. Furthermore streamflow measurements may
ations in complex reservoir systems. Many water managenot be available in the most sensitive locations, which implies
ment agencies, however, do not currently have the technicahat the adjustments in training data for the regression models
capacity available to conduct these kinds of studies, nor argvould not necessarily capture the most important changes.
well-established procedures currently in place to guide wateReplacing such a system with a more physically based hy-
resources practitioners. As discussed below, these kinds afrologic modeling approach that responds directly to temper-
technical barriers to adaptation are gradually easing as waature and seasonal precipitation change would tend to make
ter resources practitioners have embraced the technical chajhe system more self tending, although validation remains a
lenges associated with climate change planning in collaboraproblem in ungaged locations.
tive efforts with academic researchers. Issues related to the design of water resources operat-
The robustness of operational services such as streanming systems to cope with a non-stationary climate are sim-
flow forecasts are also an important aspect of climate chang#ar in some ways to those associated with support services
adaptation. Some kinds of operational streamflow forecastiike streamflow forecasting systems discussed above. Op-
are already designed in such a way that they are “self tenderational decisions which are based on fixed reservoir rule
ing”, meaning that they automatically update themselves incurves (or other inflexible decision rules) are likely to require
a non-stationary climate. Others are not self tending andan expensive (and repetitive) policy intervention if climate
would either require repetitive interventions in response tochange erodes the effectiveness of these management sys-
poor performance as the climate changes, or would requirégems over time. Lee et al. (2010), for example, discuss these
more comprehensive changes to make them self tending. issues in the context of adapting flood control operations for
An example of a self tending forecasting system is a floodclimate change in the Columbia River basin. The Columbia
forecasting system that is composed of operational weathebasin currently uses a flood management system that adjusts
forecasts dynamically coupled to a physically based hydrothe volume of flood evacuation in response to streamflow
logic model. At least from a conceptual standpoint, for this forecasts. This system is partly self tending in that forecasted
system to work well in a warmer climate the weather fore- changes in summer streamflow volumes in a warmer climate
casts would only need to incorporate increasing greenhouseould automatically adjust the amount of flood control evac-
gas concentrations or other adjustments to account for a systation needed. However, Lee et al. (2009) demonstrate that
tematically warmer climate. With this change in place the evacuation schedules and the timing of refill would also need
weather forecast models would presumably simulate approto change in response to streamflow timing shifts in order to
priate changes in temperature and precipitation, which wouldnaintain reservoir refill statistics. Because flood control ma-
then drive the physically based hydrologic model to esti-terially affects many aspects of the Columbia’s operations, a
mate the appropriate flood risk over some future time win-change in the current management system for flood control
dow. While one might imagine that model calibration issueswould require a full environmental impact assessment. Do-
or other unexpected problems might emerge as the climaténg this multiple times would be extraordinarily expensive,
changes, resolving these issues would not require a policyand would thus create a barrier to adaptation. Furthermore, it
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is not clear exactly when (or how often) a new planning studyhave also felt an increasing need to control the messaging
or change in flood control operations should be implementedand the interaction with decision makers and policy mak-
in a gradually changing climate. To avoid these problems,ers. In one pivotal case involving the US Fish and Wildlife
other kinds of flood control operating systems could be de-Service (USFWS) and USBR, the transition from indiffer-
vised. One such scheme that has been put forward by Lee &nce to engagement was fostered by a lawsuit challenging an
al. (2010) is the concept of dynamic flood rule curves. In thisEnvironmental Impact Statement (EIS) prepared by USFWS
system, the flood evacuation schedules for the entire systerand the USBR in CA Natural Resources Defense Council vs.
are optimized each month (using network optimization or Kempthorne et al.; NRDC, 2007). NRDC argued success-
other techniques) using ensemble streamflow forecasts frorfully in the case that the USFWS'’s “no jeopardy” finding in
physically based hydrologic models. Such a system is “seltthe Sect. 7 biological opinion was “arbitrary, capricious, and
tending” in that it responds dynamically to warmer tempera-contrary to law” because, among other things, the opinion did
tures or changes in precipitation which influence the streamnot take into account the impacts of climate change. In the
flow forecasts and thereby the optimized flood evacuation rewake of this suit, the USFWS and USBR quickly realized
quirements. These kinds of inherently flexible and self tend-that they did not (at the time) have the capacity to address
ing operational procedures present one way of coping with alimate change impacts in studies like these, and that devel-
non-stationary environment. oping this capacity was suddenly now an urgent, practical
need within the agencies. Prior to this, climate change plan-
ning had been seen more as an academic issue being imposed
9 Evidence of increased technical capacity and on the agencies from the outside. This case, in combination
familiarity with climate change impacts with a growing awareness of the potential impacts of climate
change impacts, was arguably a significant factor relating to
The relatively recent development of a number of waterinvestment in capacity building in the USBR in the last three
management coalitions formed by groups of water manageyears. This lawsuit also represents a turning point for other
ment agencies to address the challenges of climate changeajor natural resources management agencies in the PNW,
planning is evidence that the issue is being taken serimany of which were in essentially the same predicament with
ously by these agencies, and that they are directly work+egard to existing capacity to address climate change impacts
ing with each other to increase adaptive capacity. Examiin planning studies.
ples of these kinds of coalitions include collaborative ef- The nature of these water management coalitions and their
forts between the American Water Works Association, As-recent activities also suggests that the agencies involved now
sociation of Metropolitan Water Agencies, Water Utility Cli- view the issues surrounding climate change differently than
mate Alliance, Western Urban Water Coalitidritp://www. they have in the past. Climate change adaptation no longer
wuwc.org/html/abounews.htm), the Climate Change Col- means simply responding to needs related to impacts assess-
laboration (&) effort between federal management entities ment and long-term planning, but now also has implications
in OR, WA, ID (http://www.c3.gov/index.htn)] and the co-  for institutional vulnerability related to changing political
ordinated efforts of the Bonneville Power Administration, and regulatory risks. Water management agencies now feel
NW Power and Conservation Council, USACE and USBR vulnerable to potential policy responses to the climate change
in the Columbia River Basin under the direction of the River issue that may affect their regulatory responsibilities or man-
Management Joint Operating Committee for the Columbiaagement activities. While a shift to a more political view-
basin. This rapidly expanding level of engagement on thepoint on the part of water management agencies may or may
issue of climate change represents a significant change in atot have positive outcomes related to climate change adapta-
titude over the last decade. In the late 1990s, many watetion (science and politics have been uneasy bedfellows in the
managers felt that climate change was outside their spherpast), the shift in strategy provides evidence of an increased
of influence and planning authority, and were often unwill- awareness of the issue in the upper level leadership of wa-
ing to engage with academics or other agencies on the issuer management agencies, and a desire to control outcomes
(Gamble et al., 2002). With the change in federal administrarelated to climate change policy.
tion in the US and an increasing awareness of climate change The development and use of specific information re-
as an important issue, it has become increasingly clear thagources designed to support adaptation as a process is also
water management agencies will now be called upon to enevidence that climate change adaptation research and its
compass climate change in their planning. In response, theraser community are maturing. The widespread interna-
is evidence that these agencies increasingly feel the need tional use of the Climate Impacts Group’s Adaptation Guide-
take ownership of the processes of climate change impactbook (Snover et al., 2007http://cses.washington.edu/cig/
assessment and strategic adaptation planning. Similarly, afpt/guidebook.shtn)lis one example of this growing ca-
water management agencies have begun to realize that pobacity in both academia and professional practice. Like-
icy decisions related to climate change would significantly wise, synthesis documents on impacts and adaptation from
affect the regulatory environment pertaining to water, theythe IPCC http://www.ipcc.ch/ipccreports/ar4-wg2.htrand
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