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Executive Summary
Adapting to Climate Changé&tate of the Scienctor North Bay Watersheds
A Guide for Managerecember 2010

The North Bay Watershed Association (NBWA) commissitigeguideto assess and

summarize potential climate change impacts to the hydrology of basins dramihg North

San Pablo Bay portion tife San Francisco Bagtiaryd 8 SR 2y aUKS &adrasS 27 GK
Resuls include estimates aflimate and hydrolgy parameterslown tothe watershedscale
(completed as part of this studgpmbined witha summaryof the potential extent of sea level

rise anticipated over the next centufgompleted in an earlier studyy USGeologicalSurveyfor

the Bay Conservatioand Development CommissiprRelevant technicgburnal articlesited

here provide details on methodologies and results. The purpose of this guide for managers is to
summarizeresearchresultsandimplicationsfor water supplyflood control,water qualty, and

habitat managemenprojectsand longterm adaptation strategies Critical findings include the
following.

o The North Bay has already experieneesignificant warmingrend over the last century
with monthly maximum temperatures kang increase@n averageapproximately2.7 °F
since approximately the year 190@ present Over the last century the Bay halso
experienced approximately.5 feetof sea level rise.

0 The spatial distribution aflimate change to datacross the regiofs variable, vith a
trend towards warming of valley bottoms and in some cases coofingpntane areas.
Coastal influences in general mitigateethrarming trend such thatffects are more
pronounced with increasing distance from the Pacific Coast or the Bay

0 Scientiss havereacheda consensugegardinga range of projecteglobaltemperature
scenarios for the next centuryFor the purpose of this project, these projections have
0SSy aR24yaololfSRé TFomRIOMKER. b2NIK . & NBIAZ2Y

0 By the lasB0Oyearsof thiscentury,0 2 Y LJ: NB R s dlirgateicidbslpjert thaa
"business as usuadmissionscenariowould resultin anincrease ofpproximately 6F
in average annual maximum temperaturghile a"'mitigated" (e.g. significantly
reduced)emissionsscenariowould resultin approximatelya 4 °Fincreasefor our
region
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Based on the current state of the scienoeg cannot definitively projectvhether the
North Baywill be facedwith consistentlymore or less precipitatioas a result of climate
changebecausehere isgreateruncertainty in projected precipitation trends than in
projected temperature trends.

The twoclimatemodels analyzed in this study represéwb precipitation scenarios,

onethatisO2 YL NI 6f S Ay LINBOALIMIGI éthatrgprededts (G 2 R @ Qa
conditions should precipitation increase approximately 20% compared to the last

OSy (i dzNE @ 2SS 3ISYySNIfATS GKSasS Gg2 aO0Syl NR2a
wetteré scenario

Under all scenariofour combinations of emissions (highdalow) and precipitation
(drier and wetter)) seasonal variability of precipitation, runoff, recharge, and stream
discharge is likely to increase, with increased likelihood of previously rare or
unprecedented precipitatiomnd droughtevents.

C

Forboththed 6 I NY SNJ RNA SNE F YR & gdrohdicdmodep@dici SNE a2 0Sy

reduced early and late wet season runfaff the next centuryresulting in a potentially
extended dry seasomegardless of potential increases in precipitation.

Senarios that esinate increased precipitation project that precipitation ve
concentratedin midwinter months a trend which could increase risk of floods.

Evapetranspiration and associated soil climatic water deficit is projected to steadily
increase in both the wedtr and drier future scenarig®n the order of 120%) Inthe
course oflonger summers, soils are likely@gperiencegreater drought stress, which in
turn may increase demand for irrigation.

Extended dry season conditions and the potential for extehdught may serve as
additional stressors on water quality and habitat.

Sea level rise projected over approximately the next century is projected to be on the
order of approximatelyp feetfor San Pablo Bayhich would impact approximately
73,000 acresf North Bay watersheds. The majority of ghetentiallyinundatedareas
were historically tidallyinfluenced prior to levee conversion.
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0 Realtime monitoring of hydrological variables, as laid out in 20@9NBWAWatershed
Indicatorsreport and relatedefforts, will be central to testing hypotheses about
potential climate change laid out in this report and equipping managers to respond to
climate adaptation challenges in a timely fashion.

o0 Pursuing a range of integratedgionalwatershedstrategies capale of reducing
greenhouse gas emissions, increasing water efficiaareting distributed storage
networks,promoting integrated flood management, and restoring resilient ecosystems
is more important than ever.

0 Watershed project designsill needto adat to a greater range of hydrologic variability
than represented in the historical record to dat&enariospresented in the detailed
report quantify a reasonable range of potential hydrologic conditionsdmceptual
design considerations. Project datan be queried at the scale of major planning basins
and minor basins defined by CalWatétigher resolution downscaling (to daily
timesteps) may be required to support detailed engineering designs.

In addition to this report andssociategublished esearchon watershed hydrology impacts
(Micheli et al in pregsthis project produced a PowerPoint presentation on projected localized
climate impacts to the North Bay that is available to NBWA members for presentation. For
more infamation, please conta the projectlead Dr. Lisa Micheli, Dwight Center for
Conservation Science at Pepperwolndicheli@pepperwoodpreserve.org07#591-9310 x 203.

In addition,project data will be posted dime and inked towww.nbwatershedorg.
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Adapting to Climate Change
G{GFIGS 2F GKS {OASY OS¢ T2NJ b2l
A Guide for Managers
Purpose
Agoal of the North Bay Watershed Associat{tiBWA)s to provide members and
associated watershed organizations witbmprehensive tools for watershed
managemeninformed bya regional perspectiveAs advised by DWR 2008,

Impacts and vulnerability will vary by region, as will the resources available
to respond to climate change, necessitating regional solutions tptatlan rather than
the proverbial onesizefits-all approach.

The purpose of this guide is &mlvance adaptation planning for North Bay watersheds
by providinga summary of potential future climate changad sea level rise
vulnerabilitiesbased orcurrent science While there is inherent uncertainty in
generating future climate scenarios, the information provided here, which includes
guantitative estimats of model uncertaintieexpressed as a range of scenarigs
critical to prepare watershed manageo adaptto our changingclimate, and in tum, to
wisely manageur water resources futureThis guide is intendeds a first stefio
enableNorth Bay watershedthanagers tdake potential future climate change into
consideration in planning projects a@u at enhancing water supplifpod protection,
water quality, and watershed habitat.

Background
The international climate science community has putplblic on notice on two fronts:

1. climate dange is already well under waynd unavoidable impacts ed to be
planned for even if we are successful in stabiligjreenhouse gasmissions
immediatelydue to the lag time in climate resporse

2. while there is some diversity among glolciimategeneral circulatioomodels
(GCMs)sufficient convergence amomgojections allows identification of
conservative centraiendencies in future climate.
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The latesigeneral circulation model$sSCM3$ have benefited from calibrating model
inputs based on recent observed climate, such that today these tools provide a much
stronger basis foprojectingranges of potentiathangetoday than ever beforé¢see

IPCC 2001 and 20(&nowles and Cayan 2002, Cayan and others 2002@0@)

Hidalgo and others 2008

A major recent advance in climate science is the ability to "dowaes&GCMsleveloped
by the IntegovernmentalPanel on Climate Change (IPCC) to generate meaningful
results at a watershed scalén terms of watershed hydrologyhit is achieved by linking
future climate scenarios to a Basin Characterization Model @&tdtFlint2007a, 2007p
2017) that translates climate parameters into hydrologic impacts on the water cycle for
each basin in the study area based on topography, soils, and underlying geblorgy.
sea level rise, this is achieveddymbining results fronglobal models with detailed
regional information on tides, storm frequency, and wave surffee work referenced
here was overseen by US Geologic Survey principal investigatopsepated for
publicationin San Francisco Estuary and Watershed Scjenoarnal producedby
University of California. Readers interestedi@tailedmethods and analyses used to
generate thewatershed hydrology and sea level remenarioshould consult
companion research pape(Knowles 2010Micheliand othersin press.

The scientifidoundationfor this guide igrounded inresearchthat projects both sea
level rise and watershed hydrology under climate change for NBWA watershiéuite
the USGS focusexclusivelyon scientific researchour project team translatgresearch
resultsto potentialimplications for managemeriiased on our experience aty
consulting national and state level guidelines on climate adaptation (DWR Ra@&r
and others 2009State of California 200est and others 2009 We are indebtd to
technical peer reviewers from NBWA member organaeatiwho provided critical input
to this report. The project team also included representatives from Bwight Center
for Conservation Science Bepperwood Creekside Center for Earth Observatamal
the Bay Area Open Space Councatagmentthe perspective of applied watershed
managers working in a regional context.

Planning for uncertain futures

Modeled scenariosummarized here dbest capture the magnitude and direction of
longterm trends. Tiese models arempirical and probabilistic: they utilize
observations of hydrologiesponseto historic climate to generatéuture scenarios.
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While modeled scenarios generat@nthly toannualvalues fomprojectedclimate,
hydrologyand sea levgbarameers, these values should not be taken as specific
predictiorsfor shortterm climate impacts. Insteaeye focus on reporting
approximately 30to 100-yearclimatetrends in the context of potential seasoraid
inter-annual variability In other wordsthese models do not aim to predict short term
climatefluctuationscommonlyreferred to asithe weather g but speak to long term
trends that underlie the high spatial and temporal variability of climate in our region.

CKSNBE I NB &aSOSNAY (&% dzRY S D taediond shylc®Bhigna S LINJI
are a function of actual scientific unknowns while some are simply a function of natural
variabilityof ourregional watershedystens. Primarysources of uncertainty in this
studyincludethe following.

o Actual temporal variability in globahd locaklimate observed in historic
records
Actual spatial variabilitpf watershedand estuaryattributes
Unknown rates ofong-term future greenhouse gas emissions
Variationsin sensitivityamongGCMmodels usedo generate temperature and
precipitation patterns and among sea level needels

o0 Uncertainty regardinghe precisephysicaimechanisms oflimate change and
sea level rise

Watershed managers need to make informed choices to plan in the face of these

uncertainties. Critical to a sciendsased approach is understandirgjmateprojections

as definingeasonable rangefor average valuewith quantified estimates ofemporal

and spatialcumulative uncertainty To meet this objective for watershed hydogly, we

use four scenarios that represent two different climate modeling approaches and two

different greenhouse gas emissions scenariéigures and tables provided show

guantitative estimates ofesidualuncertainty. To effectively use these vulnerabyl
FaasSaaySydas YrFylr3aSNAR ySSR G2 FLWLXe& Fy dal REL

Adaptive management is more important that ever

The principle of adaptive management is critical to successfully meeting the challenge of
managing watersheds given uncertain clitméutures. The scenarios provided here
constitute aset of hypothese regarding how our watersheds may respond to climate
change in the decades to come. It will be critical to implement-teng watershed
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monitoring (per recommendations developed met2009NBWAWatershed Indicators

reportz S KAOK AyOf dzRS a Oftolevaludtede @@l oféisi ¢ Ay RAOI
hypothesisand to adjust predictive models to improve future scenario development in

the decades to comeWe will also need to more cafitdly monitor watershed projects

overtime to see how thewctuallyfare in thecourseof climate change Thus we

recommend an iterative process of utilizing scientific prediction tools in concert with

field-based monitoring that measures actual changéhmresourceover time The

figure below provides a visualization of how to utilize future climate and hydrology

scenarios in the context of an adaptive management framewimlkowing West and

others 2009 Lawler and others 2009

Adaptive Management _ arvul bilit
Framework assess impacts dnvulnerabilities
A
> evaluate management options watershed monitoring
A informs understanding
. o of vulnerabilities
determined I R | IcdipdcigE  respond
project performance A
?;gg:i management  4avelop and implement management responses
A
monitor watershed response —>
A

adjust management based on monitoring results

Adaptive capacitycan be definedsdthe ability of systems, organizations, and

individuals to:adjust to actual or potential adverse changes and evdate advantage

of existing and emerging opportunities that support essential functions or relationships,

and/or cope with adverse cong@iences, mitigate damages, and recover frorstem

FILAfdzZNB& 652w HAnyL ®éaboveihdcate theS@icabroled] f 22 LJA & K
monitoring to refine vulnerability assessments and provide feedback on the efficacy of
management techniquesAdapting b climate change calls for a comprehensive

commitment to adaptive management at a regional s¢alenaintain flexibility to

respond to uncertain futures.
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Watersheddelineationwithin the study area
The study area is comprised of the NBWA jurisdictionemdrons as shown in Figure 1
below.

Figure 1 Study area and delineated watersheds

Sonoma
Marin Coast

Calibration Gages
[ NBWA Jurisdiction
# | Minor Basin Boundary

D Major Basin Boundary

Map of study area delineating major and minor basins analyzed using Basin Characterization
Model (BCM). Blue shading defines North Bay Watershed Association (NBVWHGtjonis

Labels with arrows identify major basins. Small numbers label minor basins identified by name
in Appendix A. Yellow circles show location of USGS gages used for model calibration.

The major basins defined for this study form a west to east gahacross the North

e YR AyOfdzZRST dal NAYy /21 3aG¢ 002YLINAR&aASR LN
gl GSNAKSRa GKIFIO RNIAY (2 GKS tI OAFAO hOSIyo0s
of the Corte Madera and Miller Creek watersheds draining tinéoestuary), Petaluma
River watershed, Sonoma Creek watershed, and the Napa River watershed. Excluding
the Marin Coast basin, the core of the study area is comprised of the geographic
jurisdiction of the NBWAThese major planning basins can be furtdetded into
minor basins per watershed delineations generated by the Natural Resources
| 2YyaSNDIFGA2Y {SNIBAOSQA /It AFT2NY ALl Wawgri SNI ISy C
1999. For details on major and minor basins, please consult Appendix A.
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Historicpatterns ofclimate variability.

The watershed hydrology team analyzed historic PRISM climatgDakla and others
2004)to understand past patterns of climate variabilagpd tocalibrate the model to
predict future patterns of variability. These inctugatterns of spatialzariability within
and between the major planning basins of the North Bagl temporal variability across
seasons and years.esearchers utilizé mapped topography, soils, and geology and
stream gage records t@produce historical atternsusing theBasin Characterization
Model (BCM) Understanding théistoricspatial variability of climate, hydrology and
sea level at the watershed scagzritical to identifying potentially vulnerable versus
resilient regions of North Bayatersheds for the four future scenariogzigure 2a shows
the spatial variability of North Bay climate over a 30 year period ending in 2000.

Figure2a Average annual precipitation and maximum and minimum temperatures, North Bay
region, 19712000
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Figure 2a bplays a decreasing precipitation gradient from the coast and montane
headwaters to inland valleys, an increasing gradient in maximum temperaturestieom
coast64-66 °F (18-19 °C) to inland@2-73 °F (22-23 °C), and relatively consistent trends
across he region in minimum temperatures. Figure 2b below shows the direction and
magnitude of any net change in variables over the same period
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Figure2b Direction and magnitude of change in annual average precipitation and maximum and
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minimum temperatures, brth Bay region, 1972000
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Recent climate change trends displayed above shnwncrease of approximateBc4
inches(50-200 mm) in averageannualprecipitation a variable trend in maximum
temperatures, and morentensive increases in minimum temperags (on the order to
1.8 ¢ 3.8°F across the region for the 1972000 time period.We can also see that
while the overall trend has been towards warming, there are some regions that have
experienced a cooling trend (on the order 0@ 1.8°F).

Future climate €enarios

To capturea reasonable range of future projections for watershed hydrology we utilized
two different global climate models fdasin Characterization Mod&lputsand two
different models for emissions scenarioBhe result is four gmarios that explore the
implications of a higher or lower emissions future for scenarios with both greater and
lesser amounts of precipitation compared to the historical aver@gg contrast to the
watershed hydrology scenarios, we summarize just scenariofor sea level ris¢hat
conservativelyslikely to be realized within a centudy

General Circulation Model (GCM) temperature and precipitation outputs shown below

in figures 3a and 3b have been downscaleth®sNorth Bay regiofbased on monthly

values averaged over decade intervals (for methods, see Flint and Flibit 204toric

values are derived from PRISM. Projected data series {200Q) represent four
O2YoAylGAz2ya 2F D/a Y2RStf 6DC5[ 2NJt/auv FyR
dza dzl M€ BEYAGATlI 0SRQUO a ARSYUAFASR Ay fS3ISYROD
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Figure 3aHistoric (19111999) and GCMprojected alues (2002100) formaximum
temperature(monthly values averaged over decade intejyalerth Bay region
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Figure 3tHistoric (19111999) and GCNbrojected vdues (200€2100) for pecipitation
(monthly values averaged over decade intervai&)rth Bay region
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By the century's close the four scenariegolve into essentialliwo distinguishable

scenariowith equivalent temperature values but divergent precgtion. By the last 30

years of this century2071-2100) maximum temperature is projected to increase above
2RI & Qhy3.8to 6.126k@sed on théower versushigheremissions projections.
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By contrast, the long term trend for precipitation is @ntain and driven by model

G Y 1 S érthallemnissiBns scenaridBy the 2072100 time interval, th@wetteré
PCM model (for both the low and high emissions scenariatiiscterized by a annual
precipitation averagef approximately37.4 +3.0 incheer year 950 + 75 mm V)
versus at R NJSEDN.Inodel (for both theigherand lower emissionscenarios)
characterized by a precipitaticaverageof 29.5 = 3.0 inches per yeab0 = 75 mm'y
1). Compared ¢ a historic mean 080.8 + 2.(Gnches per yea(783 + 47 mmV) (1900
1981), the PCM ¢ | NI S NJmgdeliagsBnmed much more significarshift (21%
more than the historic averagé) precipitationthan thed ¢ I N S NGFBLNdodINE

Potential dimate change impacts on sea levake

For sea levdlise projectiongpresented hereone emissions scenario was applied
6a0dzaAySaa | & dzadzl £ ¢ 0 dza Ay 3théeffestSoRgiBaR e Yy YA O Y
sea level rise and local variability in San Francisco Bay estatey surface elevations
based on uderlying topography, tides, storm surge, and flood conditigtsowles

2010) The model examindke risk ofextreme high water levelassociated with rare
(low-frequency) eventshat may prove capable of breachiegistingprotective levees
around low Ying areas. Thus the model projects potential inundafmrmcurrent
conditionsand with approximately.9 feet ofsea level rise, considered a reasonable
estimateby approximatelythisO S vy (i ds&K®divles 201 (The model does not

aim to preciselyredict the date of this extent of sea level rise, but rather examines the
impacts of this relatively conservative estimate for what is likely to occur sometime this
next century or early in the next.)

In terms of the potential extent of inundationh¢ sea level rise model estimates a total

of 73,270 acres or 13% of the NBWA jurisdiction area that may prove vulnerable to sea
levelrised @ G KA & OSTHhig amedy®is distibudir8atively evenly between

the four major basins, with 21% in theavin Bay basin, 22% in the Petaluma River basin,
24% in the Sonoma Creek basin, and 33% in the Napa River basin. Appendix B
summarizes types and relative rarity of vegetation prone to inundation. Out of a
maximum score of 4, the relative rarity of lanover on impacted lands averages 2.74.

In terms of the potential frequency of sea level rise extreme events (when tided,
fetch, and flooding are all at maximynKnowles (2010) indicates thatrfthe bay as a
whole, as early as midentury, the oneyear peak flooding evenvill be nearly equal in
magnitudeto the 100year peak eventurrentlyestimated for the year 2000.
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Figure 4a Potential inundatiattue tosea level ise for NBWAJurisdiction
(based on Knowles 2010)

Explanation in blue are areas vulnerable to
inundation at present under worst case scenari
(100yr storm, leve failure) and in red are
additional areas prone to inundatiaturing
extreme eventwith 4.9 feet of sea level rise
(NBWA jurisdiction outlined in greemajor
basin boundaries in gojd

Figure 4b Vegation typesat risk of inundatiorby sea level ise for NBWA Jurisdiction
(based on Knowles 2010)

Explanatn: diversity of Upland Habitat Goals
vegetation types at risk of inundation via sea level
rise, (NBWA jurisdiction outlined in green) with typ
listed by acreage iand rarity rankings is\ppendix

B. The table below summarizes potential inundatic

acreae by protection status.

. Not Basin
Majqr Protected Protected Total
Basin (acres)

(acres) (acres)

Marin Bay 9,285 5,833 15,118

Napa River 8,483 16,036 24,520
Petaluma

River 7,174 8,760 15,934
Sonoma

Creek 15,337 2,361 17,698
Category

Totals 40,279 32,991 73,270

1C
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Potential ClimateChange Impacts on Watershed #iplogy

For watershed hydrologyy exploring both  d¢ ¢ NY¥SNJ RNASNE FyR | aégl
scenario, we can identiifommon and unique adaptation challenges associated with

long terms trends of greater versus less precipitatidime four scenarios analyzed here

result in the following estimates of watershed run¢ghown as mm of annual

precipitation)for the entire Noth Bay region.

Figureb Historical runoff (189€2009) and projected runoff20102100)for four projected scenarios.
(Runoffshownas mm of incoming annual precipitation)

Each bar represents average annual runoff estimated by the Basin Charactarizatio

Model (BCM) for the North Bay region (NBWA jurisdiction) over the defined time

interval, with black bars derived from PRISM data (18969) and colored bars derived

from GCM projections. For the three projected time periods, the first (ZIMID)

showsa case where the B1 scenarios are significantly wetter than the Al scenarios, the

second (20422070) shows a case where all scenarios are comparable in terms of

projected runoff, while the third (207#2100) demonstrates a case where the PCM

projections ae significantly wetter than the GFDL projections for both emissions

scenarios.t KSaS NMXzy2FF aOSylFINAR2&a OFly o6S dzaSR (2 S
2T AGRNASNE HdBdhBydstimatessi@ thel néttidEentury.

Runoff scenarios can be trantdd to potential impacts on stream flow. Below is a
cumulative discharge plot for the Napa River that compares histmmeialdischarge to

A 2 s A 9~
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