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NBWA Adapting to Climate Change

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



NBWA Adapting to Climate Change

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.



NBWA Adapting to Climate Change

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)
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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 (ZZMI0)

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~

annualRA a8 OKI NHS LINP2SOGSR FT2NJ 620K | a6l NY¥SNJ g &

11
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Figure6 Historic (19712000) \ersus projected (2072100) cumulative probability of annual
stream discharge, Napa River at St Helena
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Annual basin discharge versus cumulative frequency for the Napa River at St Helena, where
black squares represent historic conditions (12000, deried fromPRISMlata), red

diamonds represent projected GFDL A2 scenario (2000, BCM simulation), and gold
triangles represent projected PCM A2 scenario (20Z00, BCM simulation).

River managers and engineers typically rely on these kinds of freqpéstsyof
cumulative discharge for sizing hydraulic structures and stream channel restorations.
Figure 6shows that future scenarios project shifts in the negative direction uttuer
warmer drier GFDL ARscenaricand shifts in the positive direction féthe warmer

wetter (PCM A2 scenario For example, if one examines values estimated for a return
frequency of 0.5, which estimates the average discharge of the system, the historic
value is75,960acrefeet per year &f y™) (equivalent t093.7x 1 m®y™) versus a

projected value 062,940 af y* (65.3x 1 m®y™) for the GFDL A2 scenario and a
projected value 089,340a-f y* (110.2x 10 m®) for the PCM A2 scenaridhus instead

of a fixed discharge value for bankfull or a 300eturn intervd event, plannersnay

need to design for a range of values that could approximate plus or minus on the order
of 25% of historical flow conditions.

12
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Watershed runoff and recharge can be estimated using the Basin Characterization
Model for subbasins withirmajor basins to facilitate more sigpecific assessments of
climate change vulnerabilities. Below we show potential shifts in distributiobstbf

runoff and recharge events for the Milliken Creek sa#sin of the Napa River major

basin As conjunctiveise of surface and groundwater resources advances within North
Bay basins, these types of projections can help clarify tradeoffs between surface flows
and groundwater recharge under varying precipitation conditioBar resultsindicate

that groundwaterresources, as represented by recharge rates, may be more resilient to
climate change (i.e. less flashy) than surface water represented by runoff estimates.

Figure 7 Runoff and recharge, thregear running average values, historic (12AD0) and
GFDLIA2 projections GFDA2 (20712100), Milliken Creek suiiasin

Explanation: These histograms compare
1971-2000 Runoff 2071- 2100 Runoff

frequency distributions for 1972000

2500 A 2500 (derived from USGS gage data) and 2071
2000 % 2000 - 2100 (derived from BCM simulation for
™ GFDLA2 scenariojor three-year running
%
1500 + T 1500 + average values for runoff {B) andrecharge
13% (GD). Percent labels show total frequency
1000 - 1000 -
17 of values for each histogram interval. Units
500 - o . 500 - are 16 x n7? of water. This plot shows that
0% while in 1971 to 200Qhe three-yearrunoff
0 + 04
averageexceeded 1000 x £@n® (810 acre
feet) 57% of the time, undethe GFDL A2
1971-2000 Recharge 2071- 2100 Recharge scenario for 2072100, this threshold would
be exceeded only 23% of the time. In term
2500 2500 _ . .
| | of basin recharge, while for the historic
2000 2000 - period (19732000)three-year averagdasin

recharge exceeded 500 x*1®° (405 acre
feet) 74% of the time, uner the GFDL A2
scenario for 2072100, this threshold would
be exceeded only 36% of the time.

13
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Using the Basin Characterization Model, it is possible to map the spatiability of

climate impats on hydrology. The maps below compare effects of climate change
LINE2SOGSR ORNREKSE a@DCXFSNI-@S NA IME (§ KIS/ & d || NS W
Figure8 Spatial distribution of projected climate impacts on hydrology estimated using Basin
Characterizion Model (BCM), North Bay region
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Maps AF display the diversity of potential hydrologic response to climate change within major

basins by showing the spatial distribution of differences betweenl®i&l-2000 and 2072100

time intervals. AB dispays runoff, €D displays recharge, andFedisplays water deficit for the
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In general, valley bottoms typified by thick layers of alluvium show the greatest

magnitude of potential change due toighstorage capacity. While runoff and recharge

generally trend in opposite directions for the two models (in the positive direction for
PCM and the negative direction for GFDL), both models predict increases in witér de
ranging from 8 to greater than 34# some locations

What we find is that despite a range of precipitation scenarios, warmer temperatures

over time drive higher rates of evapotranspiration during the dry season.

Using the

Basin Characterization Mel, we can model the effects of more or less precipitation in

O2Y0AYlIGAZY

GAGK KAIKSNI SOFLIR2GNI YALIANI GA2Y

(

(Johnson 1998) hekeF 1 SNJ NEFSNNERAGDE | A ¢ B BENISRERETFA
how much more watewould have been evaporated had it been available in the soil,

and effectively estimates drought stress on soils and plants. Another way to think of

deficit is that it is the amount of water that would need to be added to the soils to
maintain crops or atural cover, and thus it can be thought of as a surrogate for

potential irrigation demand. In all scenarios water deficit is anticipated to increase on
the order of 620%across the region.

Figure9 Historic (18962009) and projected20102100)annualaverage potential
evapotranspiration and climatic water deficit, North Bay region
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Thus as conditions trend toward those typified by the driest decade predicted here, a
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approximately 10%ess of the full water balancen the order 0f2.4-3.5 inches§0-90

mm water) per yearavailable for recharge and runoffThis could be considered a

rough approximation othe additional amount of water that would be needénl

maintain current agricultural or natural land cover.
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Projected Climate Change Impacts on Timing of Water Availability

Our results includedhonthly estimates for all hydrologic parameters, which facilitates
an examination of the potential impacts dfmate change on hydrologic seasonality.
FigurelO belowcompares average values by month for precipitation, runoff, recharge,
and potential evapotranspiration for recent conditions (198110) and projected
conditions undethe warmer drier GFDL Agandwarmer wetter PCM A2(2071-2100)
scenarios

Figure10A-D Projected climate impacts on seasonality of climate hydrology parameters, North
Bay region
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Both projected scenarios display significant reductions in early wet season rainfall, and
while PCM & projects significantly higher rainfall in Janydfgbruary and March, it

joins the GFDL A2 scenario in projecting drier conditions in April, May and June than for
the recent time period. This pattern is reiterated in seasonal patterns of runoff and
recharge Both the warmer wetter and the warmer driduture scenarios show

increased potential evapotranspiration during the months of May through September,
which is likely to increase water demand regardless of variations in rainfall during
antecedent witter months. Thus potential increases in precipitation and runoff under a
wetter future scenario may increase supply, but demand is likely to also increase in
future wet years compared to historic conditions because of late summer drought stress
on soils.
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Implications for NBWA categories ofanagement

Water Supply

Watershed hydrology models for the North Bay cannot definitively answer whether
there will be dongterm trend towards increased or decreased supply, but they do
indicate that supply from #basn sources may be more variable than we have
experiencedhistorically. What they do definitively point to is that regardless or more or
less precipitation, increased temperatures are likely to generate increased defmand
available water resources to sar irrigation needs for outdoor landscapes and
agriculture, given increased drought stress on soils and vegetation

Sea level rise estimates suggest that low lying portiori¢asth San Pablbaylands (the
majority of which were likely to have been tidal intertidal wetlands prior to

agricultural conversion) may be episodically inundated with increasing frequency over
the next century.Groundwater studies fowatersheds with significant aquifers
includingSonoma and Napa suggest that freshwater resosiinéow-lyingregiors of

the North Bayare in some placealreadysubject towater-table draw down andaline
intrusion (althoughsources of saline watere not alwaysnecessarily the Bay itself, but

in some cases aratit subsurface saline deposits).

During recent droughtsities reliant on imported water have shifted to increased use of
local groundwater resourcgsvhere availablejo make up for reductiosin imports and
this is a trend that may potentially intensify. Many of these critical subsatiasins

are poorly characterized. In order to effectively realize the benefits of conjaase,
communities may benefirom a better technical understanding of this resource to
ddzLILR2 NI YFyYylF3ISYSyd | LIWNRFOKSa GKIFG IAY

Adaptation strategies summarized below indicate that progress must continue in
maximizing onservaton approaches to managing water supply. Reducing consumer
demand, exploring distributed storage, domestic catchment and reuse, water regycling
and groundwater banking all need to be pursued as pressures increase on an
increasingly variablecalwater supply.

Flood Protection

The watershed hydrologscenariosummarized herare based omonthly average

estimates forwatershed runoff and streamflow. h€se models are not adequate to
estimate impacts on a flood hydrograph, sirthe floodriskis a function of not only

17
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total runoff but the intensity of runoff, sometimes at themporalscale of hours The
same amount of runoff averaged over a month mighmight not result in flooding
based on storm intensity, or the depth of precipitation per unit time (typicakasured
as inches pehour). In order to better assess potential flood impacts, ideally these
models would bdurther calibrated to estimag dailyflows, as is presently underway for
the Russian River

However, it is likely thgpeak runoff monthsreto some degreeorrelated to peak

flood events. We tested this idea on the Napa River basin and found that maximum
monthly runoff estimatesvere correlated withpeak flood events approximate§0% of
the time. Monthly projected values for runoff do shomvaximumrunoff values
concentrated in midvinter months, rather than distributed evenly over wet season.
Thusour watershed hydrologyesultsindicatethat increased flood frequency is likely,
particularly under the wetter model scenarioyt merits closer inspection using a finer
temporal scale of analysis.

Hood risks associated withawimum sea level risean be estimatedbased on the
hydrodynamic modeling approach used for the Bgyprojectingthe coincidence of

peak flood eventshigh tides, and significant storm surffenowles 2010)Knowles

(2010) estimates that by the end of the century, what used to be ayHa®storm event

in termsof water surface elevationis 2000 may become an event withore likea one
year recurrence interval. Thus there is relative certainty about the intensification of
flooding in the low lying portions of North Bay watersheds, while uncertainty remains
about how far upstream this effect may progate. The interaction of watershed
hydrology and bay water levels merits far greater investigation that exceeds the scope
of this present study.

Water Quality

There are two primary risks to water quality due tor@te changel)dry weatherwill
reduceflows and will in turnincrease concentrations of ngmoint and othersourcesof
pollution; 2)salinityintrusionattributable toa combination okea level risand

pressure on surface and groundwater supply soswi degrade water quality Water
quality treatment facility managers will need to take into account potentially higher
variability in quantities of storm water and resultant impacts on wastewater treatment
facilities. Understanding impacts to water glity as a function of climate can be vastly
improved if we move forward with concurrent monitoring of water quality relative to
climate and flow conditions as prescribed by tHBWA Watershed Indicatorsport.
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Otherwater qualityrisks that should be ten into account are the implications of
catastrophic events andur responses to those eventsagicularly in terms of drought
flood, and fire responselt is clear that since the impacts of climate change will
probably be experienced at least in paia these kinds of extreme events, successful
watershed adaptation efforts will need to engage emergency preparedness and
response teams at the local government level far in advance of an évenaluateand
advise orproposedemergencyresponse methods terms of potential impacts to
water quality.

WatershedHabitat

Habitat managers need tesign restoration projects that can succeed despite
increased climate stresses on ecosystems. Besides planning for ecosystem resilience
(ability to recover followng disturbance), managers also need to prepare for @mm
transformation of ecosystems in response to increasing water deficit pressures
Examples include:

o0 adaptingstreams and riparianestoration projectgo potentiallyreduced in
streambasdlows due to variable precipitation and potentiakacerbaion by
increased pressure from humavater use

o planningfor abroader range ohydrologicalkconditionsin riparian restoration
and use a more diverse planting palefsze Seavy and othe2§09)

0 projecting sea level rise, potential changes in sedimentation, and impacts on
reclamation of historic baylandmd tidal and intettidal restoration projects

0 consideringpotential vegetation conversiodue to drier soils in managing
upland habitatsand defending aginst weed invasions

0 creating habitat corridors to increase ecosystem flexibgitygl to allow for
organism migration duringansitionperiods

0 developing ecosystem management plans that take into accowneased fire
risks

o0 advocating for ecosystem protdion as a component of emergency response
plans and measures

Overall our approach to regiongdstoration ecologyeeds to shift towardslesigning
more flexibleecosystemsawhich will rely on increasinipe diversity of seed sources and
vegetation typesised in restoration desigfsee Seavy and others 2009 turn, the
ecosystem services enhanced via restoration may provide valuable buffers between

19



NBWA Adapting to Climate Change

local communities and potential climate change impacts. For example, in portions of
the North Bay wherevetlands still provide a transition from bay to watershed, there is
far greater adaptation flexibility than in places where hard infrastructure has been
installed.

Integrative adaptation strategies

¢KS OdzNNBYy(d 3FdZARAY3I LINAGRORAYE I AFYBY & SANWG &6
significant promise in terms of adaptive capacity for North Bay watersheds in the face of

climate change. Many of the recommended strategies below are adapted from DWR

2008 and others listed in the reference section.

Strategyl: Maximize the potential of Integrated Regional Water Managentent
protectand enhancevater supplies
Regionaplansfor the North Bayshould identify strategies that improve the
coordination of local groundwater storage and banking with local surfamageé and
other water supplies such as recyclednicipal water, surface runoff, anchported
water. Key elements include:

aggressive conseation andincreasedefficiencymeasures

0 maximizing reuse anegkcycing ofwater where appropriate
0 increasing disibuted storage, including residential roof catchment
o integratingflood managemenwith land use policies that:

1 restore naturawatershedprocesses to increas@filtration, slow runoff,
improvewater quality and augmerthe natural storage of water
1 encourage lowimpactdevelopment that reduces watatemand, captures
and reuses stormwater and urbannoff, and inceases water supply
reliability
0 consistently and rigorously apply watershed indicators to monitor watershed
GOAGLE aAdya

Strategy 2: Prepare foncreased frequency of extreme eversordinate with urban
adaptation plans and processascluding emergency response

Local water management agencies need a coordingtad for entities withinour

region to share water suppliesd infrastructure dung emergencies such as droughts
floods, and fire All atrisk communities should develop, adopt, practice and regularly
evaluate formal emergency preparedness, response, evacuation and recovery plans.
Key elements include:
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0 droughtpreparedness plannintipat assumea 20 percent increase in the
frequency and dration of future dry conditiongpending more accurate
information)

o emergency flood response that anticipates potentially unprecedented frequency
and intensity of events, shifting to a 290 eventbaseline rather than 109r
event baseline

o advance fire response planning that integrates considerations of watershed
sensitivity, potential water quality, and ecosystem service impacteofrol
treatments

Strategy3: Practice angoromote integrated fhod management
Hood management should ter utilize natural floodplain processes and inéegrated
with watershed management on open space, agricultural, wildlife areas, and other low
density lands to lessen flood peaks, reduce sedimentation, temposiaig
floodwaters and recharge aquifers, and restore environmental floilements include:
o0 increased use of setbagklood easements, zoning, and land acquisitions to
provide greater public safety, floodplain storapp@bitat and system flexibility
o flood insurance requements to address residual risk
0 extensive, grassroots public outreach and education; and
0 integration of flood management with all aspects of water resources
management and environmental stewardship.

Strategy 4 Restore e@ystems to marnize climate resiliency
Ecosysterd  a SR | RI LI+ GA2y dziAf Al S&a aSO2aeaiGSyYy
change on humans and biodiversity. Emerging approaches to meet this objective
include:
o0 designing stream and riparian restorations based dmaader range of flow
estimates
0 increasing species and genetic diversity of vegetation used in ecological
restoration
0 creating a mosaic of connected habitats, including working landscapes, suitable
for a broad range of native target species
0 aggressively pisuing invasive species control to ensure transformations in
ecosystems occur withioura y I G A @S¢ ALISOASA LI fSGaGS
0 monitoring ecosystem response in concert with climate and hydrology
indicators
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Strategy5: Commit to longerm watershed monitoring
Longterm collection of watershed monitoring data will be key to evaluating watershed
AYLI OGa 2F OfAYF(GS OKFy3S AyKeniNdgatds GAYSeE 208
include:
o stream flow indicatorshat capture climate impacts on flood peaks, base flows,
and total cumulative flow in concert with ongoing changes in land use
0 stream temperature and dissolved oxygen indicatihiat capturesensitive
aspects of water quality
0 monitoring stream biota, particularly coltater fisheries (steelhead and
Chinook salmon) ahriparian bird populationgp provide realtime data on
ecosystem response
o tracking potential vegetation changé&sinform management concerns regarding
fire risk, habitat structure, and potential land cover changes due to vegetation
adaptation increasedrought stress on soils.

Conclusions

Integrating éimate change cosiderations invatershedproject planningn many cases
simply means doing more effectivejob of what we alreadknow aresound integrated
approaches tananaging precious freshwategsources in Mediterranean climate.
Key elements include the following.

o Refine ulnerability assessments: use shhsin data and sea level rise data
postedas part of this guide iproject planning monitor results to improve our
understanding of clima vulnerability.

o Commit toreaktime monitoringto providecriticald @A G+ & A Ioydaé¢ Ay RAOF
watershedresources

0 Bridge watershed planning andnergency responsprotocols integrate water
resources considerations with local plans for drought, dloand fire response.

0 Increase priorityon conservation, conpctive useand development of

supplementarywater supplyresourcesincluding spatiallgistributed as well as
centralizedstoragefacilities
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o Minimize development in floodrpne and sea levelse zones andrdicipate risk
of higher frequacy/magnitude of extreme events as part of flood protection
plans

o Focusonwater quality ofdry-season irstream flows and resulting
concentrations of pollutantsprepare forhigher salinities in low lyingreas.

0 Restore habitat forarange of conditions fronthat include overall driesoils,
extended drought&ndanticipate extremeprecipitationevents

In addition to this report, data posted dine, andassociated published research on
watershed hydrabgy impacts, this project produced a PowerPoint presentation on
projected localized climate impacts to the North Bay that is available to NBWA members
for presentation. For more information, please contact the project representative listed
below.

ProjectContact: Dr. Lisa Micheli, Dwight Center for Conservation Science at
Pepperwood|micheli@pepperwoodpreserve.or§07#591-9310 x 203.
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APPENDIX A Major and Minor Basin Attributes

MAJOR BASIS
Major Basin Name Selected Drainages Included (ﬁ\r;eza; (ﬁéf:s)
Marin Coast Lagunitas and San Geronimo Creeks, Bolinas 833.7 206,012
Marin Bay Miller and Corte Madera Creeks 341.5 84,396
Petaluma River Stage Gulch Creek 384.9 95,114
Napa River Conn, York, Milliken, Soda and other Creeks 829.2 204,890

Sonoma Creek Bear, Calabazas, Carriger, and Nathanson Creeks 431.4 106,593

MINOR BASINS

. . Minor Basin .
M'”O(Liacs)'” ID (CalWater CalWater HANAME '\ézjs?; (ﬁrrsz"") (ﬁéfei)
CDFPWSNAME)

1 Upper Napa River Napa River gf\lg’: 24.9 6,165

2 Garnett Creek Napa River Nf”‘pa 20.6 5,088
River

3 Simmons Canyon Napa River gf\l/%? 34.6 8,560

4 Ritchie Creek Napa River Napa 355 8,772
River

5 Bell Canyon Napa River Napa 276 6,830
Reservoir River

6 Conn Creek Napa River Nf”‘pa 29.5 7,297
River

7 Moore Creek Napa River N.apa 19.5 4,819
River

8 York Creek Napa River Napa 342 8451
River

9 Chiles Creek Napa River Napa 29.5 7,293
River

10 Fir Canyon Napa River nga 33.2 8,195
Rver

11 Heath Canyon  Napa River gf\‘g’: 410 10,139

12 Lake Hennessey  Napa River gf\l’%? 23.3 5,761

14 Rector Reservation Napa River gf\l’%? 37.7 9,325
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Minor Basin ID Minor Basin
(HRC) (Calwater
CDFPWSNAME)
15 Bear Canyon
18 Upper Dry Creek
19 Milliken Reservoir
20 Soda Creek
22 Lower Dry Creek
24 Redwood Creek
29 Spencer Creek
30 undefined
Browns Valley
34 Creek
59 M.outh of Napa
River
13 M_outh of Napa
River
16 Bear Creek
17 Upper Sonoma
Creek
21 Upper Calabazas
23 Lower Calabazas
26 Nathanson Creek
27 Mouth of Sonoma
Creek
38 Haraszthy Creek

002y G QR

CaWater HANAME

Napa River
Napa River
Napa River
Napa River
Napa River
Napa River
Napa River

Napa River
Napa River

Napa River

Napa River

Sonoma Creek
Sonoma Creek
Sonoma Creek
Sonoma Creek
Sonoma Creek
Sonoma Creek

Sonana Creek
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Major
Basin

Napa
River
Napa
River
Napa
River
Napa
River
Napa
River
Napa
River
Napa
River
Napa
River
Napa
River
Napa
River
N/A

(adjacent

Napa
River)
Sonoma
Creek

Sonoma
Creek

Sonoma
Creek

Sonoma
Creek

Sonoma
Creek

Sonoma
Creek

Sonoma
Creek

Area Area
(km2) (acres)
37.9 9,371
247 6,101
50.3 12,439
28.6 7,070
23.0 5,679
28.2 6,978
36.6 9,039
38.7 9,565
246 6,068
145.2 35,883
174.6 43,146
214 5,296
49.1 12,140
46.8 11,571
48.9 12,073
37.2 9,183
122.5 30,259
28.6 7,068
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aLbhw . ! {Lb{ 602y i(QRU
. . Minor Basin .
M'”O(Liacs)'” ID (CalWater CalWater HANAME '\EAs:Js?; (ﬁ:ﬁg (aAéf;)
CDFPWSNAME)
40 Champlin Creek Sonoma Creek Sonoma 19.0 4,686
Creek
43 undefined Sonoma Creek Sonoma 304 7,513
Creek
60 Mouth of Sonoma Sonoma Creek Sonoma 27.5 6,804
Creek Creek
28 Lynch Creek Petaluma River E?\;[::uma 42.4 10,485
31 undefined Petaluma River P_etaluma 96.9 23,948
River
32 Adobe Creek Petaluma River Ei;[::uma 36.5 9,016
37 undefined Petaluma River P_etaluma 60.2 14,869
River
42 Upper San ANtonio 5o luma River Petaluma 555 156
Creek River
45 Stage Gulch Petaluma River ;i;[::uma 30.3 7,476
46 Lower San Antonio 5. 1uma River Petaluma o5 14864
Creek River
47 undefined Petaluma River Pgtaluma 255 6,301
River
48 Stafford Lake Novato '\B":;'” 126.0 31,128
51 Miller Creek Novato Marin 309 7,626
Bay
Marin
53 San Anselmo Creel San Rafael Bay 74.0 18,277
54 San Rafael Creek  San Rafael 'g":;'” 203 7,252
56 Old Mil Creek San Rafael 'g":;'” 8.4 2081
61 Gallinas Creek  Novato 'g":;'” 265 6,549
62 Belvedere Lagoon San Rafael :;A:;n 4.8 1,182
63 Belvedere Lagoon San Rafael g:;m 6.9 1,698
64 Belvedere Lagoon San Rafael '\B/I;;m 50 1,246
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Minor Basin ID
(HRC)

65

67

68

69

25

35

36

39

44

49

50

52

55

57

58

71

72

73

76

77

78

6002y G QR
Minor Basin
(Calwater

CDFPWSNAME)
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CalWater HANAME

Belvedere Lagoon San Rafael

Old Mill Creek
Old Mill Creek
Old Mill Creek
Ebabias Creek
Upper Stemple
Lower Stemple
Keys Crele

Nicks Cove
Nicasio Reservoir

Tomasini Canyon

San Geronomo
Creek

Pine Gulch Creek
Fern Creek
Rodeo Lagoon
Rodeo Lagoon
Audobon Canyon
Pne Gulch Creek
Laguna Lake
Keys Creek

Ebabias Creek

San Rafael

San Rafael

San Rafael

Estero Americano
Estero San Antonio
Estero San Antonio
Tomales Bay
Tomales Bay
Tomales Bay
Tomales Bay
Tomales Bay
Bolinas

Bolinas

Bolinas

Bolinas

Bolinas

Bolinas

Tomales Bay
Tomales Bay

Estero Americano

Major
Basin

Marin
Bay

Marin
Bay

Marin
Bay

Marin
Bay

Marin
Coast
Marin
Coast
Marin
Coast
Marin
Coast
Marin
Coast
Marin
Coast
Marin
Coast
Marin
Coast
Marin
Coast
Marin
Coast
Marin
Coast
Marin
Coast
Marin
Coast
Marin
Coast
Marin
Coast
Marin
Coast
Marin
Coast

Area
(km2)

3.7
0.8
15.7
9.6
50.2
65.5
69.1
181.2
61.9
95.7
138.7
24.3
40.7
31.8
14.3
7.6
5.8
11
111
12.4

23.6

Area
(acres)

902
197
3,888
2,378
12,393
16,187
17,072
44,785
15,302
23,638
34,273
6,000
10,066
7,869
3,542
1,884
1,436
284
2,747
3,055

5,824
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APPENDIX B Upland Habitat Goals Vegetation TypekRarity Ranking

for Acreage Vulnerable to Inundation via Sea Level Rise
(after Knowles 2010 and the Upland Habitat Goals methodology report)

UHG Marin Napa Petaluma  Sonoma Total
Upland Goals Vegetation Type Rarity Bay River River Creek
(acres)
Rank (acres) (acres) (acres) (acres)
Barren/Rock 2 2,456 186 5,577
California Bay Forest 3 9 1 10
Central Coast Riparian Forests 1 23 19 0 1 44
Coast Live Oak Forest / Woodland 2 54 2 26 82
Coastal Salt Marsh / Coastal Brackish
Marsh 1 2,701 3,657 4,767 1,228 12,352
Coastal Scrub 3 17 6 1 23
Cool Grasslands 1 4 4
Cultivated 4 2,294 797 6,699 6,378 16,169
Eucalyptus 4 5 1 4 11 20
Moderate Grasslands 3 1,893 976 456 4,780 8,105
Montane Hardwoods 2 2 2
Non-Native Ornamental Conifddardwood
Mixture 4 3 12 7 22
Non-Native/Ornamental Conifer 4 1 1
Non-native/Ornamental Grass 4 109 6 115
Non-native/Ornamental Hardwood 4 6 6
Oregon Oak Woodland 2 3 3
Permanent FreshwatdVarsh 1 10 3,865 1,135 5,011
Redwood Forest 1 0 0
Rural Residential 4 180 117 81 109 488
SemiDesert Scrub / Desert Scrub 2 1 1
Urban 4 7,015 3,947 1,295 324 12,581
Warm Grasslands 3 1,112 1,293 371 2,776
Water 4 757 7,549 1,107 466 9,879
Total 15,118 24,520 15,934 17,698 73,270
average rarity ranking (out of maximum o
4) 2.74
Marin Napa Petaluma Sonoma Grand
Summary Table by Rarity Ranking UG Rarity Bay River River Creek Total
1 2,736 7,541 4,768 2,364 17,409
2 118 2,463 218 2,894 5,693
3 1,900 2,088 1,750 5,151 10,889
4 10,364 12,428 9,199 7,289 39,280
Category
Totals 15,118 24,520 15,934 17,698 73,270
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APPENDIX C Climate Projection Tahles Major Basin Plots

Tablel Projected climate and hydrology biBWAstudy area, 2012100 (monthly
values averaged per 3@ interval, four scenarios)

Time

Interval Tmax PPT Runoff Recharge PET CWD
Model °C SE| (mm) SE (mm) SE | (mm) SE | (mm) SE | (mm) SE
201140 226 01| 864 56 236 27| 117 12| 1226 3| 710 20
GFbL 204170 232 01| 860 68 266 38| 122 16| 1242 3| 766 17
A2 207100 251 01| 699 54 187 27 89 10 | 1286 3] 85 19
201140 227 01| 913 84 308 49| 132 18| 1228 3| 750 19
GFDL 204170 234 01| 858 56 243 32| 118 12| 1244 2| 742 15
i 207100 239 01| 729 52 189 28 86 11 | 1253 2] 792 16
201140 227 01| 882 67 250 37| 121 14| 1221 2| 706 19
PeM 204170 237 01| 882 58 266 36| 119 13| 1243 2| 740 15
h 207100 248 01| 943 82 313 50| 131 17| 1268 2| 758 21
201140 22,7 01| 1051 78 369 45| 160 18] 1220 2] 692 19
PeM 204170 231 01| 913 77 284 47| 121 16| 1229 2| 717 20
i 207100 238 01 907 65 281 39| 120 13| 1243 2| 732 18
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l'tt 9b5L- [/ I fTAYFGS tNRr2aSOGA2Y ¢
Table 2 Historiand Projected Climatey Major Basin
Each table summarizes historic climate and hydrology and four climate projection
models foreachmajor basin of the North Bay Watershed Association study area.
Marin Coast Major Basin
Tmax Tmin PPT Runoff Reclarge PET CWD
Mode! |nTtleTvea| oC SE oC SE ?rln SE ;mln SE r;T SE ?rl” > r;T SE
189620 183 01 65 01 876 258 323 43 88 7 1122 2 655 12
Historic  1921-50 191 01 68 01 820 260 265 33 86 7 1129 4 657 14
* 1951-80 19.2 01 6.9 0.1 911 296 346 41 96 8 1129 4 658 13
1981-10 198 01 7.7 01 960 357 383 49 92 8 1160 4 684 14
2011-40 205 01 82 01 955 72 400 54 77 8 1175 2 696 15
ijF,EL 204170 214 01 92 01 907 62 387 52 72 6 1197 3 746 11
2071-00 230 01 110 01 790 72 318 54 58 7 1236 3 818 18
201140 205 01 83 01 998 91 474 72 75 8 1172 2 722 12
SIFBL 204170 211 01 89 01 952 59 396 48 78 6 1188 2 710 11
2071-00 216 01 93 01 790 56 287 43 57 7 1197 2 748 11
2011-40 205 01 7.7 01 974 71 401 56 79 8 1166 2 671 14
E;'Yl 2041-70 213 01 85 01 963 65 418 54 74 7 1186 2 713 11
207100 224 01 96 01 1023 88 477 72 73 7 1210 2 737 14
2011-40 205 01 77 01 1156 86 586 69 89 8 1164 2 684 15
gf*ﬁ” 2041-70 209 01 80 01 1025 82 463 70 74 7 1174 2 685 14
207100 215 0.1 85 01 999 67 446 57 72 7 1186 2 703 13

* Derived from PRISM climate data (Daly and others 2004) and Basin Characterization Model (BCM) watershed simulai
historic time steps
** Derived fromreferenced General Circulation Models climate projections and Basin Characterization Model (BCM) wa
simulations
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Marin Bay Major Basin

Tmax Tmin PPT Runoff Recharge PET CWD
Model |nTtleTvea| oC SE oC SE ’;“1“ SE 2 SE ;“1“ SE ;“1“ SE ?T SE
y-1

189620 191 01 7.3 01 771 46 251 32 76 34 1,146 2 672 12
Historic 192150 200 01 75 01 702 42 200 24 67 33 1,148 3 681 14
* 195180 200 01 82 0.1 786 48 259 30 80 40 1,157 4 682 14
198110 204 01 89 01 818 61 289 36 81 49 1,184 3 707 17
201140 214 01 95 0.1 856 68 313 41 80 11 1,203 10 713 17
2;‘2" 204170 223 01 105 0.1 803 56 301 38 72 8 1,226 14 765 12
207100 240 01 122 0.1 687 64 242 40 58 8 1,267 16 839 18
201140 213 01 95 01 879 82 361 54 82 11 1,200 2 738 14
SlFBL 204170 220 01 101 0.1 831 53 299 36 75 8 1,217 2 731 11
207100 224 01 105 0.1 691 50 220 31 55 7 1225 2 772 12
20140 213 01 90 01 866 67 309 43 81 10 1,194 2 692 15
;’;’l" 204170 222 01 98 0.1 856 61 321 42 77 9 1,215 2 729 11
207100 234 01 109 0.1 914 80 366 54 83 10 1,240 2 748 16
201140 213 01 89 0.1 1,024 80 442 54 102 12 1,192 2 693 15
g;’l" 204170 217 01 92 01 902 75 349 53 81 10 1,202 2 704 14
207100 224 01 98 01 879 64 333 45 75 9 1,214 2 721 13

* Derived from PRISM climate data (Daly and others 2004) and Basin Chaaticteizodel (BCM) watershed simulations for
historic time steps
** Derived from referenced General Circulation Models climate projections and Basin Characterization Model (BCM) wa
simulations
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APPENDIX C Climate Projection Tables and MajoyBagi f 2 1 & O2y (i Q!
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Petaluma River Major Basin

Tmax Tmin PPT Runoff Recharge PET CWD

Model |nTtleTvea| oC SE oC SE ;”rln SE ;’"1” SE ?rl” SE ;"rln SE ;"1" SE
189620 200 01 58 01 700 42 138 21 72 8 1155 2 663 18
Historic 192150 21.0 01 61 01 664 39 115 15 66 7 1161 4 680 19
* 195180 211 01 64 01 710 42 140 17 77 8 1166 4 676 19
198110 215 01 75 01 745 54 162 23 80 11 1201 4 698 23
201:40 225 01 81 01 771 58 166 23 94 14 1218 2 708 24
;;'2:3" 204170 234 01 92 01 719 49 153 23 82 12 1242 3 760 17
207:00 251 01 112 02 619 58 126 23 66 12 1284 3 857 26
201:40 225 01 81 02 805 73 208 34 108 99 1216 3 728 23
cBangL 2041-70 231 01 88 01 769 49 167 23 90 63 1233 2 721 18
207:00 236 01 93 01 649 46 124 20 64 50 1243 2 783 19
201:40 224 01 75 01 785 58 166 25 91 13 1209 2 682 22
E;'l" 204170 233 01 84 01 779 51 174 24 91 13 1230 2 717 18
207:00 244 01 96 01 836 72 209 36 104 17 1256 2 734 25
201:40 225 01 01 02 805 73 208 34 108 18 1216 3 728 23
gg’l" 204170 231 01 01 01 769 49 167 23 90 11 1233 2 721 18
207:00 236 01 01 01 649 46 124 20 64 9 1243 2 783 19

* Derived fom PRISM climate data (Daly and others 2004) and Basin Characterization Model (BCM) watershed simulati
historic time steps
** Derived from referenced General Circulation Models climate projections and Basin Characterization Model (BCM) wa
simulations
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Sonoma Creek Major Basin
Tmax Tmin PPT Runoff Recharge PET CWD
Model ™M oc SE oc SE MM gg MM gg MM g MM g MM o
Interval y-1 y-1 y-1 y-1 y-1
189620 207 0.1 57 01 812 48 253 31 84 7 1173 2 697 16
Historic 192150 214 01 6.0 0.1 759 44 214 23 81 6 1,173 4 713 18
* 195180 217 0.1 6.6 01 830 48 262 26 90 8 1,186 4 710 18
198%10 22,0 01 7.7 01 876 62 289 33 94 10 1220 4 727 23
201140 232 01 82 0.1 883 66 269 33 118 15 1,240 13 746 22
OToC 204170 242 01 92 01 840 57 262 34 107 12 1263 15 792 17
207100 259 01 11 02 706 65 207 32 85 12 1,301 17 886 24
201140 231 01 84 01 931 86 325 49 130 18 1,240 3 764 20
GFL
gpx 20470 238 01 91 01 875 57 261 32 114 12 1,255 2 756 16
20700 243 01 95 0.1 747 53 209 29 84 10 1,265 2 810 18
201140 221 01 76 01 878 62 289 33 95 10 1219 4 726 22
PCM
A 204L70 236 01 80 01 897 45 276 26 116 9 1241 2 736 13
207100 252 01 96 01 961 84 329 50 128 17 1277 2 773 22
20140 231 01 7.6 0.1 1073 78 389 44 156 18 1,229 2 701 20
PCM
gpe  204K70 236 01 79 01 931 79 300 47 121 16 1,238 2 728 22
207100 243 01 85 01 923 65 297 39 116 12 1252 2 742 19

* Derived from PRISM climate data (Daly and others 2004) and Basin Characterization Mot

(BCM) watershed simulations for historic time steps

** Derived from referenced GeneralrCulation Models climate projections and Basin
Characterization Model (BCM) watershed simulations
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Napa River Major Basin

Tmax Tmin PPT Runoff Recharge PET CWD
Model |nTtleTvea| oC SE oC SE ’;“1“ SE 2 SE ;“1“ SE ;“1“ SE ?T SE
y-1

189620 20.7 0.1 61 01 837 51 243 34 109 9 1178 2 691 15
Historic 192150 215 0.2 64 01 782 46 195 25 104 9 1181 4 702 17
* 195180 21.7 0.1 71 01 870 50 257 29 120 11 1194 4 702 16
198110 222 0.1 79 01 913 61 282 35 123 12 1224 4 715 20
201140 232 0.1 85 01 905 70 250 36 153 19 1242 3 739 20
SZFBL 204170 242 0.1 95 01 868 61 249 37 142 14 1264 3 785 16
207200 258 0.1 111 01 728 67 194 35 109 15 1300 3 873 23
201140 232 0.1 84 01 967 90 323 54 164 21 1239 3 758 18
S;?L 204170 239 0.1 91 01 901 59 246 35 151 15 1254 3 749 14
207100 243 0.1 95 01 772 56 197 32 110 13 1264 2 796 16
201140 232 0.1 80 01 925 72 254 40 153 18 1234 2 716 19
;’chiv' 204170 242 0.1 89 01 932 62 276 40 150 15 1256 2 749 14
207300 253 0.1 100 01 994 88 331 55 160 19 1280 2 774 20
201140 232 0.1 80 0.1 1106 81 382 49 194 19 1233 2 703 18
gl(iiv' 204170 237 0.1 83 01 955 82 292 51 150 18 1242 2 728 20
207100 244 0.1 89 01 965 71 297 44 153 16 1257 2 740 18

* Derived from PRISM climate data (Daly and others 2004) and Basin Characterization Mot

(BCM) weershed simulations for historic time steps

** Derived from referenced General Circulation Models climate projections and Basin

Characterization Model (BCM) watershed simulations
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Figures Historic (189€009) and projected (201R100) maximum and minimum
temperatures and precipitation by major basin, North Bay region, @&Dand PCM\2

scenarios
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FigureHistoric (18962009) and projected (201P100) hydrology by majorasin, North
Bay region, GFEA2 and PCM\2 scenarios
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