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1 Introduction

Background

Sea level rise iene of the mostvidentand problematiconsequenaof global climate change.

As the earthodos climate warms, sea | evels incr
ocean and melting land ice (NRC, 201R).California, sea level risg(SLR) will threaten and

directly affectvulnerable coastadcosystems, bays and estuarmsstal communities and
infrastructuredue to increased flooding, gradual inundation, and erosion of thecoast

shorelines, cliffs, bluffs and dunes (Russell and Griggs, 201 8¢a level continugto rise at

present rates, impacts identifiedthisreport could take decades or longeoccur. However
troubl esome aspect of climate change and the
is the potential for SLR to accelerate to high rates over a short period of time, incaftie

identified impacts could happen withimauch shorter periofiyears to decades)

In 2008, California Governor Schwarzenegger issued Executive O/b208 directing state

agencies to plan for SLR ardrrespondingmpacts. Following the executive ordptanning

for the inevitable effects of SLR to Californ
for many local coastal governments and state agencies.

Humboldt Bayis located in northernmost Californggproximatelyl60 km south of the Oregon
border and420 km north of San Francisd&igurel-1). The bay containeumerousaquatic and
terrestrial ecosystems that suppodigersity of wildlife species, Native American cultures, a
number of small towns armbmmunitiege.g. Eureka and Arcategnd an economy dependent

on natural reources (Schlosser et al., 200Beginning in 2006, with funding from the State
Coastal Conservancy (SCC), a group of local scientists, resource managers, and stakeholders
established &cience Advisory Team to explore how ecosysteased management could be
applied to Humboldt Bay. In®8, with funding from the David and Lucile Packard Foundation,
the Advisory Team undertook a formal strategic planning effort in Humboldt Bay.

culmination of these effortwas the Humboldt Bay Strategic Plan and the formation of the
Humboldt Bay Initidive (Schlosser et al., 2009T.hestrategic plan identified climate chga

and associatefLR as a very high threat to Humboldt Bayd furthemotedthat these threats
were not well understoaabr hal they been assessed.

Recentlythe SCC began funding a coordinat@thnning effort tadentify SLR vulnerabilities
and develop adaptation strategies for Humboldt, Ragwn as the Humboldt Bay Sea Level
Rise Adaptation Planning (HBSLRABJ)oject Thefirst phaseof this work wasa Humboldt
Bayshoreline inventory, mapping and vulnerability assessemmucted by TrinityAssociates
(Laird, 2013) that identified portions of the l@aghorelines vulnerable to failure and
overtopping from current sea levelShe secondhhasewhichwassponsoredby the Coastal
Ecosystems Institute of Northern California (CEINE@)nsisedof two componentsdentifying
additionalSLR vulnerabilitiesin Humboldt Baythrough a detailed technical sty@ndSLR
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adaptation planningnd risk assessment,-sponsored byhe Humboldt County Public Works
(County)andHumboldt Bay Harbor, Recreation and Conservation DidiDitrict).
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Figurel-1 Humboldt Bayocation map

The County and District convened AdaptationPlanning Working Group (APWGpr the
adaptation planning component of the projaath Trinity Associates serving as the adaptation
planning consultant for the working grouphe APWGconsists of members from the District,
County, Cities of Arcata anduteka, California Coastal Commission, State Coastal
Conservancy, Wiyot Tribéjumboldt Bay National Wildlife Refug&ZaliforniaDepartment of
Fish and Wildlife U.S.Fish and Wildlife ServiceBureau of Land Manageme@alifornia
Department of Transporiah, California Sea Grant ExtensidAumboldt County Farm Bureau,
Humboldt County Resources Conservation DistNettional Resources Conservation Service,
North Coast Regional Land Trust, CEINGjnity AssociateslJ.C. Agricultural Extensionand
Northern Hydrology & EngineeringThe goal of theAPWG s to support informed decisioen
making and encourage a unified, consistent regional adaptation strategy to addresgompacts
critical assetassociated witlsLR in the Humboldt Bay region.



Theprojectcomponento identify additionalSLR vulnerabilities inHumboldtBay wasled by
Northern Hydrology and Engineering (NH&)dconsised of the following work products:

1. SLRhydrodynamic modelintp developinundation vulnerability magpof areas
surrounding Humboldt Bayulnerable to inundation from existing and future sea levels
(described in this repgrt

2. A seamless topographic/bathymetric digital elevation m@IEM) of Humboldt Bay
usingtherecent20032011 California Coastal ConservarlaipAR ProjectHydro-
flattenedBare EarttDEM (California Coastal DEMandvarious subtidal bathymetric
data setso support the modeling effort®acific Watershed AssociatBWA)
conducted this work in 2014

3. A conceptual groundwater modelanalyzethe effects o65LR on groundwater levels
andsaltwater intrusiomn the EurekaArcata coastal plainDr. Robert Willis condued
this workin 2014

Purposeand Scope

Sea level rise alreadiireates many areas surrounding Humboldt Bhgt arecurrently

protected by the natural shoreline, levees, and ooeallroad gradefrom flooding by extreme

high tides and storm eventnd many more vulnerable areas will be threatened by SLR within
the century If SLR rates accelerate as projected, ¢hasnerable areas could see routine
flooding within the next few decades, particularly if levees or other shotwmiersfail. The
purpose of this project is {@) conduct detailed hydrodynamic modeling in Humboldt Bay to
determine averageigh wate levels and extreme high water level event probabilities for existing
sea levels and SLR scenariasd (2) develop inundation maps of areas surrounding the bay that
are vulnerable to inundation from existing and future sea levelsulimategoal of his project

is to provide the APWG and general pubtitormation on how SLR may affebigh water

levels in Humboldt Bayincludinginundation vulnerability maps a useifriendly format.

For the remainder of this study, the Humboldt Bay shoreline refers to the natural shoreline, and
the portions of shoreline consisting of levees, road and railroad grades, andartimeade
barriersor structures

Humboldt Bay Physical Description

Humbolt Baycan best be described asdally driven,multi-basin, batbuilt, coastalagoon
(Figurel-2), andis thesecond largest enclosed bay in Gatliia(Costa, 1982Costa and

Glatzel, 2002 Schlosser and Eicher, 2012T'he bay is separated from the Pacific Ocean by two
long, narrow sand spits (North Spit and South Spit), and is connected to the ocean by the
stabilized twin-jettied Entranc&€hannel The first attempts to stabilize the entrance began in
1889, and dredging of interior harbor chanrfrdgan as early as 188losta and Glatzel, 2002).
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Figurel-2 Humboldt Bay physical setting and mean high watlge (blue line).

Humboldt Bay contains three distirtmys(Figure1-2), EntranceBay, North (or Arcata) Bay,

and South BayCosta 1982; Costa and Glatz2002) Entrance Bay is connected to the ocean
through the Entrance Channelhich is maintenance dredged by the U.S. Army Corps of
Engineers South Bays directly connected to Entrance Bay througtatural onstrictionand

the dredged Fields Landing ChannBlorth Bay is connected to Entrance Bay via the long,
narrow dredged North Bay Channélhe North Bay Channel splits into the dredged Samoa and
Eureka Channels, just before connecting with North Bay.

Humboldt Bay is relatively shallow, with 70% of thaybcomprised of tidal mud flats that are
exposed during low tide (Costa, 1982he mud flats are predominatelyNorth and South
Bays, and only Entrance Band the lower portiaof North Bay Channeahaintain &
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approximateconstant surface area ovetide cycle. The water surface area of Humboldt Bay is
approximately64.8 km? at high tide and 20.7 Kmuluring low tide(Costa, 1982)

The drainage basin éfumboldt Bay is approximate§78km?, a relatively smalbasin for a bay

of its size. Althougta number of small streams flow into the bay, the annual freshwater input to
the bay is smallpnthe order of the tidal prism (Costa, 1982). The tidal prism is approximately
9.63t0 9.91x 10’ m® during a spring tideangeand about 70% less over a meae tmhge

(Costa and Glatzel, 2002North Bay contributes approximately 50% of the tidal prism, and
about 30% for South Bay.

Humboldt Bay tides are mixed semidiurrehdshow tidal amplification and phase lag with
distance from the entrance (Costa, 1982; Costa and Glatzel, 2D08)to the small freshwater
inflow, thegenerakirculation of Humboldt Bay is dominated by tidally driven flomsdified

by the bathymetryGosta, 1982), with estuarimenditions typically aly foundwithin the small
stream mouthandslough channels (Costa and Glatzel, 200)e general circulation patterns
can be affected on daily and seasonal time scales by watartng througtntranceChannel
(primarily influencingEntrance Ba), internally generated wind wavesd density differences
(Costa, 1982). Humboldt Bay is typically well mixed verticadlgdnormally consist of
unstratified marine water (Costa and Glatzel, 2002).

Previous Humboldt Bay Sea Level Rise Mapping

A previousstudy conducted bthe Pacific InstituteHerberger et al2009)mappediood and
coastal erosiohazard zonealong the California coasbr year2000 existing coditions and
year2100 with 1.4m (55 inchespf SLRbased orthe Cayan et al. (2009) SLRtiesate for the
Intergovernmental Panel on Climate Chan§&C) A2 emissionscenario.Phillip Williams and
Associated.td. (2009) nowESAPWA, provided the coastal erosion hazsdsessment, and
compiled a statewidBaseFlood Elevatiors (BFE) layer to support th#ood hazard analysis
conducted by Pacific InstitutéAs defined byFEMA, the BFE is the1% (100-yr) annual chance
flood elevation and for coastal are@sthe 1% total water level (TWL) whiatonsists othe still
water elevation (8/L) and wave effectsThe BFE layer consisted of published FEMA BFEs for
California,with datagaps filled using professional judgmemdbr local knowledge and
experience.ThePacific Institute flood hazard magsvelopedor Humboldt Bay used a single
water elevation valughathtub approactp map flood zonem the bay.Review of the BFE
layer (available abttp://wwwz2.pacinst.orgindicates that the mappegear2000 BFE value was
2.90 m (9.5 ft) referenced to the North American Vertical Datumi@88 (NAVD88) and the
year2100BFE value would have been 403 (2.9m + 1.4m SLR). Since the Californi€oastal
DEM was not available until 201,was assumed thdte flood hazard magsoducedoy
Pacific Institutein 2009for Humboldt Bayrelied onthe USGSNational Elevation Dataset 4@
resolution topograph which has atated vertical accuracy &7.5m (Herberger et al., 2009).




GeneralSLR Hydrodynamiglodelingand Inundation MappingApproach

TheHumboldt Bay SLR modeling and inundation rmpaqg conducted in this studyasbuilt
from thegeneral approacitised byKnowles (2@0) for similar workdonein SanFranciscaBay.
A hydrodynamic model was uséalpredict water levels within the existing shoreline of
Humboldt Bay for five SLR scenariogear2012 existing sea levels and haleter SLR
increments of 0.5, 1.0, 1.5 and 20 Thehydrodynamianodel was forced by a 168 long
stationay hourly sedevel height saesdeveloped for Crescent City tidauge The 100yr
hourly series accounts for astronomical tidesdvarying effects includingvind, sea level
pressurgand EIl Nifiovariability. The 108yr seriesvasincremental adjusteidr eachhalf-
meterSLR scenario Each hydrodynamic modsimulationproduced 100 years pfedicted
water levels throughout the hafstimates of averagaghwater levels and annual exceedance
probabilities of extreme high water levels were determbagewvide for each of thdive SLR
scenarios.

Using the model resultsiuindationvulnerabilitymaps of areas surrounding HumboldtyBa
vulnerable to inundation from existing and future sea levels were produced for the estimated
average water levels and extremehhigater level events from the five SLR scenaridbe
inundation maps identéd areas surrounding Humboldt Bay currently protected from inundation
by the shoreline, levees or other barriers, but are vulnesablat risko flooding from future

sea levks. The inundation vulnerability mapping relied on the red¢egih resolutiorCalifornia
Coastal DEMPWA, 2014)

Disclaimer

Thesea level risenodeling, analysis, and inundation vulnerability imiag conducted in this
study are intendefibr use as planninrtgvel tools to illustrate the areas surrounding Humboldt
Bay vulnerable to existing and future sea levels. The inundation vulnerability maps identify
potential future inundatiooonditionsthatcould occur if nothing is done to addpior prepare
for sea level rise.

The 100year extremdnigh water surface elevations presented in this report do not represent
what FEMA defines as the 1% annual base flood elevation, which includes wave effects. The
extreme high water level events preted in this report correspond approximately to what
FEMA defines as still water elevations.
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2 Sea LeveChangean the Humboldt Bay Region

The Humboldt Bay region, which for this repocludes the coasts of Humboldt and Del Norte
Counties, is experiencing tle®mbinedeffects of global sea level risesgional sea level height
variability from seasonal tmultidecadabceanatmosphere circulation dynamics (e Nifio
Southern Oscillation)andrelatively large tectonigertical land motiongssociated with the
Cascadia subduction zo(€S2) (Figure2-1). Theselarge tectonianotionsalong the southern
CSZcreatethe highly variableand opposingea levetrends observed between Humboldt Bay
and Crescent CityRecent estimates of land subsidebgéatton et al(2014) indicate that
Humboldt Bay has the highest local sea levelnagein California,approximatelytwo to three
times higher than thieng-termglobal rate.In contrast, the land in Crescent Gify09 km north)
is uplifting faster thatong-term glolal sea level rise, which causes a negative or decreasing
local sea level rise rate.

The purpose of thishapteris to providean overview of global and regional sea level change,
with an emphasis othe physicalprocessefcally effecting sea levels ithe Humboldt Bay
region. This overview reliesn the climate and sea level chatitgrature, specifically th&013
Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Riepa@t12National
Resource CounciNRC) Sea Level Rise for thedasts of California, Oregon, and Washington
report, and the scientific and technical literature specific ttJtBePacific Northwest(PNW)
coast (Northern California (north of Cape Mendocjr@egon and Washingtorgnd the
Humboldt Bay region.

Generd Concepts and Definitions

Mean Sea Level

Mean sea levelMSL) is the average ocean level apeecific location over knownperiod of
time. When MSL is estimated at a tide gauge from the hourly sealeigéltrecordover the
19-year National Tidal Datum Epoch (NTDRgriod it is known as the MSL tidal datum. The
currert tidal epoch is the 1983001 NTDE. MSL canchangg(rise or fall)overtemporal and
global, regional and locabpatialscales.

Global Mean Sea el

Global(or eustaticnean sea | evel (GMSL) is the average
GMSL changes globally due to (1) changes in the shape of the ocean basirhdayen

ocean volumelue to changes in the total mass of water in the o@eagstatic) and (3) a

change in ocean volume from changes in ocean water désteitig) (IPCC, 2013).

Thermosteric refers to density changes from ocean temperature changebaleitieric defines

density changes from changascean salinity.
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Long-term reconstructions of GMSL change (e.g. Church and White, 2011) generally rely on the
longest tide gauge records located on relatively stable land &&®4&3), which are then

adjusted for ocean basin changes, such as the land motion associated with the global glacial
isostatic adjustment.

Regional Mean Sea Level

Regionally, sea level change may differ from GMSL due to meteorological effects (forlexamp
storms) and natural climate variability, suchfasEl Nifio Southern Oscillatiorwhich alters
surface winds, ocedmeating, and ocean currents (NRC, 2012; Church et al., 2013). Regional

mean sea levéReMSL) is the average sea level over aregionbfe ear t h6s oceans


http://earthquake.usgs.gov/learn/kml.php

U.S. west coastln this report, ReMSL does not include the effects of vertical land motion, such
as plate tectonic motion.

Relative Sea Level

Relative sea level (RSLpr local sea levels the sea level measurby atide gaugeelative to a
specific point on land. Tide gauges measuretmbined effec of ocean volume change
(GMSL), ocean and climate variabilifReMSL), andvertical land motion The change in RSL
is what coastal areas experience, attie quantityusedfor assessingnd planning for the
coastal impacts frorsea level change (NRC, 2012; Church et al., 2013).

Vertical Land Motion

Global, egional and localertical land motioa (VLM) effect RSL change, arate responsible
for most of tle regionaRSL trenddifferences observed between tide gauges (Zerva$8).200

Examples of VLM include glacial isostatic adjustmemate tectonic landevel change(seismic
and interseismig¢)and land subsidenge.g. soil compaction and groundwaterragtion).

Glacial isostatic adjustment (GlAg the deformation of the dhrin response to melting of the
large continental ice sheets that covered much of North America and Europe (Peltier, 1990),
during the last glacial maximuthat occurred abo@®0,000 years agKominz, 2001).

Estimates of GMSlise trendsare generally adjusted for vertical GIA using GIA moddter
example, Peltier (2002, 2009) estimates the global average G&Bahm/yr(a downward

VLM).

Regional and local VLM, such as tectonic ldadel changes, can be much larger than those
associated with GIA models (Zervas, 201BesearcherBave documented interseisnbéctonic
uplift rates fromplate locking along the CSZ that ae orderof-magntude greater than the
global GIA rate(Mitchell et al., 1994; Burgette et al., 200Rlong thePNW coastthe tectonic
land-level changes associated with t88Z strongly affect RSL changes, indicating both
submergent and emergent stretches of coashéfet al., 2011).

Global ClimateSystemChange

In 2013, the IPCC completed its Fifth Assessment Report (AR®. AR5 builds upon the 2007
IPCC Fourth Assessment Report (AR4), and considers the climate scienmeseardh findings
since AR4.Conclusons fromthe AR5 climate ©iange science shows @5confidence) that
human activity is the dominant cause of the observed globaltelsyatem warming since the
mid-20th century Climate change wiluindoubtedlyaffect globalclimate such akemperature
and precipitation patterns, ocean temperatures and cherostarclimate variability, and sea
level rise Thefollowing excerptsarekey climate system changeammary statements from the
IPCC AR5 Summary for Policymakersport (IPCC, 2013).
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A E a c the lastfthree decades has been successively warmer at the
Earthos surface than afkigurep2).edicteedi ng decade
northern hemidpere, 1982012 was likely the warmest 3gear period of
the |l ast 1400 years (medium confidence). O

AOcean warming dominates the increase in
system, accounting for more than 90% of the energy accumulated between

1971 and 2010¢high confidence). It is virtually certain that the upper

ocean (01700 m) warmed from 1971 to 2010,
bet ween the 1870s and 1971.0

AOver the | ast two decades, the Greenl anct
been losing mass, glaciers have continued to shrink almost worldwide, and

Arctic sea ice and Northern Hemisphere spring snow cover have continued

to decrease in extent (high confident . 0

AThe rate of s e a-19thecentuly has besndargserithanc e t he mi d
the mean rate during the previous two millennia (high confidence). Over

the period 1901 to 2010, global mean sea level rose by 0.19 [0.17 to 0.21]

m. O

AThe at noconseptrateomsiofcarbon dioxide, methane, and nitrous
oxide have increased to levels unprecedented in at least the last 800,000
years. Carbon dioxide concentrations have increased by 40% since pre
industrial times, primarily from fossil fuel emissions astondarily from

net land use change emissions. The ocean has absorbed about 30% of the
emitted anthropogenic carbon dioxide, causing oeedalification Figure

2-3) . 0

ATot al radiative forcing is positive, and
the climate system. The largest contribution to total radiative forcing is

caused by the increase in the aspheric concentration of G@ince

1750. 0

AContinued emissions of greenhouse gases
changes in all components of the climate system. Limiting climate change

will require substantial and sustained reductions of greenlyasse

emi ssions. 0
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Observed globally averaged combined land and ocean
(a) surface temperature anomaly 1850—-2012
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Figure2-2 (a) Observed 850 to 2013ylobal mean combined land and ocean surface temperature
anomalieqrelative to the mean of 1961990) from three datasetsTop paneis the annual
mean values, and bottom panel are the decadal mean values with uncertainty for one
dataset (black)(b) Map of observed surface temperature charfy@01 to 2012derived
from temperature trends (orange line in panel @igure fromlPCC (201§, FigureSPM.}
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Figure2-3 (a) Observe@tmospheric carbon dioxide (g@oncentrations for Mauna Loa (red line) and
South Pole (black line) since 1958.@gean surfacelserved partial pressure of dissolved
CQ (blue lines), andh situ pH (green lines) which is an indicator of ocean acidification.
Measurements from Atlantic Ocean (dark blue and dark green, and blue and green) and
Pacific Ocean (light blue and light gredi®igure from IPCC (204)3 Figure SPM)

Past and PresenGlobal Sea Lev&ise

Global sea levels have been increasor?20,000 years since the lasé ege (Russell and
Griggs, 2012Kominz, 200}, although at relatively low rates (~ 0.1 mm/yr) over the last two
millennia (NRC, 2012).There is high confidence, based on proggords(e.g. salt marsh
sediments) and instrumental sea level data, that GMSL rise increased in f8gH&be=arly
20thcenturyfrom relatively low rates over the previous two millennia to higher rates today
(Church et al., 2013) As noted earlier, sea levels are increasing globally due to thermal
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expansion from ocean warming and increases in ocean mass from melting land ice caused by
war ming of the earthés cli mate.

Reconstructionsf late 19th 20thand early 21stenturyGMSL rise have been made by

numerous investigators (e.g. Jevrejeva et al., 2008; Church and White, 2011; Ray and Douglas,
2011) using tide gauge records, starting in the late 1800¢hamdore recent satelliteased

radar altimetemeasurements since the early 1990sly results of the reconstruct&MSL

time serie€1880 to 200) and satellite altimeter data (1992 tdl@Pof Church and White

(2011)are presented in this stuffyigure2-4 andTable2-1). As noted by Rhein et al. (2013),

other longterm GMSL reconstructions (e.g. Jevrejeva et al., 2008; Ray and Douglas, 2011; and
others) provide similar lorterm rates of GMSL rise as compared to the Church and White
(2011) estimateTo account for ocean volume variability, the Churct ®hite (2011) GMSL

estimatesemoved the GIA signal and adjusted sea levels for atmospheric pressure variations
(inverse barometer effect).

10
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Satellite altimeter

Figure2-4 Yearly average reconstructed global mean sea |I&®ISL) for 1880 to 2D with one
standard deviation uncertainty bounds, and satellite altimeter data for 1993 18 20
(Church and White, 2011). The reconstruction is set to zero in 1990, and satellite altimeter
data match the reconstructed time series oM&93 Data downloaded from
http://www.cmar.csiro.au
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Table2-1 Estimatedglobal mean sea leveBMSL.rise trends and uncertainty rander different time
periods. Data from Church and White (201 and Table 3.1 of Rhein et al. (2013)

Time Reriod GMSL Rise Trend (mm/yr) Source

1901to 1990 1.5[1.31t0 1.6] Tide gauge reconstruction
1901to 2010 1.7[1.5t0 1.9] Tide gauge reconstruction
1936t0 2010 1.8 [1.5t02.1] Tide gauge reconstruction
1961 to 2010 19([15t02.3 Tide gauge reconstruction
1971to 2010 2.0[1.5t0 1.9] Tide gauge reconstruction
1993to 2010 2.8[2.3t0 3.3 Tide gauge reconstruction
1993to 2010 3.2[2.8t0 3. Satellite altimetrydata

The 2013 IPCC AR5 states it is very likely (@0100% probability) that the rate of GMSL rise
between 1901 and 2010 was %£.0.2 mm/yr, and increased to 32.4 mm/yr between 1993
and 2010 (Rhein et al., 2013). During the 20th century, there is high confidence that the
dominant contributors to GMSL rise were ocean thermal expansion and glacier mass loss
(Church et al., 2013).

The IPCC ARSscientificwork further documented the observed contributions to GMSLfoise

the 1993 to 2010 periddom ocean thermal expansion, melting land ice, and land water storage
(Table2-2), with thermal expansion arldnd icemelting being the dominant contributors (Rhein
et al., 2013Church et al., 2013).

To better understand GMSL chargyed contributions number of global observation systems
have been deployed oveetlast two decadeshich include(1) satellite radar altimetry to
measure sea level height, (2) the Argo Project global ocean array-ofifte profiling floats
that measure temperature and salinity in the upper 2,000 m of the ocean,thed3@\ty
Recovery and Climate Experiment (GRACE) satellites that measuEatttés gravity field ad
can detect mass changes in the oceanscargsheets Between 1993 and 2010, the total
observed contributions to GMSL rise was estimated at 25 mm/yr,which is consistent
with thetide gage reconstructions (28.5 mm/yr) and theatellite altimetry data (320.4
mm/yr) for the same period éble2-2).
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Table2-2 Observedylobal mean sea leveB(MSA.risetrends, observeaontributions toGMSLrise
and modelbased contributions to GMSilseifor the 1993 to 201@eriodbased on the
2013 IPCC ARB8ncertainties are 5 to 95%MSL rise trendsom Church and White
(2011);0bservedcontributions fromTable 3.1 of Rhein et al. (2018)pserved and model
based contributions fronTalde 13.1 ofChurch et al. (2013)

Trend/Contribution for
Source 1993to 2010(mm/yr)
ObservedGMSL rise
Tide gauge reconstruction 2.8 R2.3t0 3.3
Satellite altimeterdata 3.2[2.8t0 3.6]
ObservedGMSLContributions
Ocean thermal expansion 1.1[0.8 tol.4]
Glaciers (eseptin Greenland and Antarctica) 0.76 [0.39to 1.13]
Greenland ice sheetnd glaciers 0.33[0.25to 0.41]
Antarctic ice sheet 0.27 [0.16 to 0.38]
Land water storage 0.38 [0.26 to 0.49]
Total of contributions 2.8[2.3103.4]
Modeled GMSLContributions
Ocean thermal expansion 1.49 [0.97 to 2.02]
Glaciers (eseptin Greenland and Antarctica) 0.78 [0.43 t0 1.13]
Glaciers in Greenland 0.14 [0.06 to 0.23]
Total of contributionsincluding land water storage 2.8 2110 3.5]

As noted by Church et al. (2013), the ability to reproduce observed GMSL change since 1993
from the observedceanbudget(ocean mass and thermosteric changes) demonstrates a
significant advancement since the 2007 IPCC AR4 (Meehl et al., 2007) in undergttoe
contributionsto GMSL changeKigure2-5).
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Figure2-5 Observedjlobal mean sea leveGMSI.from satellite altimetry (blue line), observed ocean
mass changes from GRACE sagsli{green line), and observed thermosteric sea level
change from Argo float(red line) for 2005 to 2012he dashed black line is the summed
contributions d GRACE and Argo observatigiggure from Church et gr013), Figure
13.6)

Past and PreserRgyional Sea Level Rise

Spatial patterns in sea levadlangecan differ from GMSLvaluesdue toregional ocean and

climate processesuch a€l Nifio Southern Oscillationwhich effecs ocean circulation patterns

on seasonal to multiecadal timescalemnd redistributes ocean mass and temperé@iagan et

al., 2008 Bromirski et al., 2011; NRC, 201Zhurch et al., 2033Rhein et al., 2013 For

example Figure2-6 shows the monthly MSL trendas reported by &tional Oceanic

Atmospheric Administration (RAA) Center for Operational Oceanographic Products and
Services (CAOPS)for three longterm tide gauge sites (Seattle, San Francisco and Sao)Dieg
along the U.S. west coasiat are located orelatively tectonically stablground Cayan et al.,

2008 Burgette et al., 200Bromirski et al., 2011 Each tide gaugeecordis over 106yrs long
beginning in 1898 for Seattle, 1897 for San Francisco, and 1906 for San Diego, which coincides
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well with the 1901 to 2010 GMSL reconstruction period of Church et al. (20HBRSL rise
trends for these three U.S. west coast tide gauge locationsraousistent, ranging from 1.89
to 2.04 mm/yaverage ~2.0 mm/yrhich isgreate(18% increasethan the 1901 to 2010
GMSL trend of 1.7 mm/yrTable2-1). This implies that over the instrument peri&EMSL
risealong the U.S. west coast has been greater than GMSL rise for the same general period.

Processes Affecting Regional Sea Level Rise on the U.S. West Coast

The NRC (2012) report addressed devel variability along the coasts of California, Oregon and
Washington. Monthly mean sea levels vary along the MSL trendRigarg2-6) due tonatural
climate and ocean variabilityT he following subsections briefly summarize twminant
processes affecting ReM®hangean the Pacific Ocean along the U.S. west cdagien from

the NRC (2012) report and other scientific literature

Seasonato Interannual Variability

TheEl Nifio Southern Oscillation (ENSO) is the most important coupled eagaosphere
phenomenon that causes seasonal to interannual timescale global climate variability (Wolter and
Timlin, 2011). ENSO is thdominant cause afea level variability along the U.S. west coast
(Komar et al., 2011; Bromirski et al., 2QINRC, 2012, with higher sea levels during the

warmer El Nifiophase and lower levels during the cooler La NigiaasgFigure2-7). Strong El

Nifio events effect wind and ocean circulaticeducing upwelling and producing warmer than
normal ocean temperatures along the U.S. west coast, which can raise meawatantkvels

by 0.2 to 0.3 m for several months (Komar et al, 2011). This winter seasonal increase is larger
than the 2th century GMSL rse of 0.17 mTable2-1). El Nifio eventsare generallyassociated

with a more active winter storm period along the U.S. west coast (NRC, 2012).

Seasonal coastal current and wind pattéeng. upwellinglalsoproduce seasonal variations in
sea level heights (known as tleerageseasonatycle) due taceantemperature and density
changes (Komar et al., 2011). Both ENSO andhtrezage seasonaycle will be discussed in
more detail for the Humboldt Baggion infollowing sections of thishapter

18



9447130 Seattle, Washington 1.97 +/- 0.16 mm/yr

— Linear Mean Sea Level Trend /
045 | [~ Upper 95% Confidence interval | i
5 =

|~ Lower 95% Confidence Interval
Monthly mean sea level with the
3o averageseasonal oyderemoved |- = = = = = = = = = = m m — _ m m e m m m m e e m - - === =

Meters
2
Y
s

A - - - - — - - - - e e e e e e e e m e mmmm - - =
-0.60 - - - - - - - - - - - -
1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020
g 9414290 San Francisce, California 1.89 +/- 0.19 mm/yr
o % 0.60
. = . ) — Linear Mean Sea Level Trend .
- 4 i \
Crescenl Clt)"  Fin 3 3 ! sl [ \wper SN Confdemce Mrieival | _ 0 o o sm o s i s, @_
. S <= Lower 95% Confidence Interval i
Manthly mean sea level with the
0.30 4= average seasonal gycle removed = = o] < o o m m s s s s s s s [ """"""

Meters

‘Apparent Datum Shift

-0.60 : = . : = - - - - - - : - 5 = -
1850 1860 1870 1BE0 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

9410170 San Diego, California 2.04 + /- 0.18 mm/yr
0.60
|— Linear Mean Sea Level Trend 4
045 | |—Upper 95% Confidence ntenval | . Nead |
<= Lower 95% Confidence Interval i
Manthly mean sea level with the
0.30 [ average SEaSonA) e MOV [~ = = = = = = = = - = e - = - - e — - - - = - - =

Meters

1000 km

1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

Figure2-6 Observed monthlyelative sea level (RSfigetrendsfrom NOAA tide gauge records for Seattle, San Francisco and San Diegge
tide gauge sites are located oelativelytectonicallystable ground Data and figuredownloadedfrom NOAA CEOP Sat
http://tidesandcurrents.noaa.gov
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Figure2-7 (A)Multivariate ENSO indgMEI) and (B) Pacific Decadal Oscillation (PDO) ifndax
1900 to March 2015The black lines are ¥Bonth centered average value$lEIl index
based on MEl.ext data from 19001849 (Wolter and Timlin, 2011), and MEI data from
1950 to March 2015 (Wolter and Timlin, 1993, 1998k Idata downloaded from
http://www.esrl.noaa.gov/psd/enso PDO index dataom 1900 toMarch 2015 (Mantua et
al., 1997)PD0data downloaded fromhttp://research.jisao.washington.edu/pddrefer to
sources and links for detailson hoea 9 L I Y Rt vietecomplied E Q &

Decadal and Longer Variability

The Pacific Decadal Oscillation (PDO)dsscribed as an interdecadaNSO like pattern of

climate variabilityin the Pacific Oceawith warm and cool phasé€Bigure2-7), which usually
shiftsphases omterdecadal timescales of about 20 to 30 years (Zhang et al., 1997; Mantua et
al., 1997) The causes of the PDO are not well understdaaring the warm (positive) phase

the eastern Pacific Ocean warms and the weptation cools and during the cool (negative)
phase the@pposite pattern develop3he NRC (2012) report noted that ENSO and PDO are not
independent, with ENSO influencing the PDO (e.g. Newman et al., 2003), and the PDO
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modulatingENSO (e.g. Vimont et al., 2009). Fexamplepoththe 198283 and 199798 large
El Nifio events correspond to the late 1970s to late 1990s warm (positive) phase of the PDO
(Figure2-7).

The PDO andhe corresponding regional and basicale wind stress patternsviedoeen

associated witkdecadal tanultidecadabkea level variability along the U.®est coastd.g.

Bromirski et al., 2011; NRC, 2012 Bromirski et al. (2011) attributes suppsion of th&keMSL
trendalong the U.S. west coast since the 19803ute2-6) to changes in the wind stress curl
associated with the PDO regime shift in the 118¥0s(Figure2-7). Furthermore, the regime

shift from warm to colgphasesn the late 1990s and late 20q@sgure2-7) may lead to a shift

in the wird stress patterns and a resumption of ReMSL rise along the U.S. west coast (Bromirski
et al., 2011).

Seal evel Fingerprints

Another process affecting ReMSL is the gravitational pull of the large glacier and ice sheet
masseshat draws ocean water closard raises sea levels near the ice mad$e€, 2012). As

theland ice meltswater enters the ocean raising GM3toweverthemelting land ice

decreasethe gravitational pulbn the ocean water duettte decrease in ice mass. The loss of
modern land icalsocauses land to uplitit theice massedyut these landevel changes from

modern ice melting are too far from the U.S. west codsatean effecton sea level change

(NRC, 2012). In contrasthe loss of the ancient ice sheets duthmjast glacial maximum
causedtheentireeaftts | and and o c égacial idostagia defermatiom) d ef or m

The gravitational and deformational responses to land ice melting and mass redistribution in the
oceans produce regional patterns of sea level change known as sea level fingerprints (NRC,
2012; Church et al., 2013 he overall net effect of these fingerprints is tRaMSL or RSL

will drop near the melting ice masses, and increase proportiohaldistance from the ice

masses.

The NRC (2012) report estimated tea levefingerprint effects of the Alaska, Greenland, and
Antarctica ice mass loss on the U.S. west coagh&t9922008period The estimatedniform
sea level risewithout sedevel fingerprints, along the U.®/est coast from the thréee mases
was 0.79 mm/yr Assuming fingerprint effects, thadjusted sea level rise rateNeah BayOR
was 0.46 mm/yr (42% reduction), at Eurea# was 0.60 mm/yr (24% reduction), and at Ban
Barbara CAwas 0.68 mm/yr (14% reduction).he overall effect of the sea level fingerprints
was to reducseea level change frothe uniformice mass loss rate 679 mm/yr along the U.S.
west coast in a north to south direction.

Regional Sea Level Rialngthe Cascadia Subduction Zone

To better understand the pattern of interseismic locking on the CSZ and quantify uplift rates,
Burgette et al. (2009) assessaad elevation changes fropenchmark survey records and sea
levelchangeat six NOAA tide gaugealong the coasts of Oregon and northernri@difornia
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The tide gauges extended from Crescent Cityt&Astoria, QR. To infer tectonic uplift rates
(i.e. VLM) from theRSL change determined each tide gauge site, a ReMSL rise was
added to each sites RSL rate. Burgette et al. (2D€&1@yminedan average sea level risate of
2.28% 0.20 mm/yrthat representsiaapproximat@0thcenturyReMSLriserate for thePNW
coastalong the CSZ The ReMSL ratewas based on the Seattle tide gauge record, which
Burgette et al. (2009ssumed was tectonically stalded a procedure between the Gi®Ztide
gauge sites and the Seattle record that gemHtssingle regionalalue of 2.28 mm/yrer the
observation period of the CSide gaugeecords (~1925 to 2006).

As noted by Burgette et al. (2008)e 2.28 mm/yReMSL rise rate compared wédl the1950

to 2000 global sea level reconstruction of Church and White (20®&h had trend sfmes for
grid points offshoref the CSZ of 2.2+ 0.30 mm/yr. Komar et al. (2011jurther assessed the
Burgette et al. (20092eMSL rateby comparing RSL rates ftine six CSZide gauge records
the benchmark and Pacific Northwest Geodetic A@ipal PositioningSystem GPS data,

and concluded that the ReMSL rise rate of 2.28 mm/yr is reasonable RXWeoast

(Northern California, Oregon and Washingtof)nally, the NRC (2012) study determingela
level rise rates for the Seattle tide gaugettierperiod of 1900 to 2008. The RSL rise rate for
the Seattle tide gaug2.01 mm/y) wascorrected for atmospheric pressuded@ mm/yr upward)
and VLM determined fronGPS data (020 mm/yr upward), providing an adjusted sea level rise
rate of 2.30 mm/yr.This NRC (2012) adjusted sea level rise rate of 2.30 mm/yr for the Seattle
tide gauge can be considered a regional value for the 1900 to 2008 period, wbitsistent

with the 2.28 mm/yr ReMSL rise rate determined by Burgette et al. (2009).

The2.28mm/yr ReMSL rise rate is 0.58 mm/yr greater (34% increase) than the 1901 to 2010
GMSL trend of 1.7 mm/yrTable2-1). This implies that the naturalimate variability (ENSO

and PDO), ocean dynamical processes, and gravitational mass redistribupoochesda

greater ReMSL riseate for thePNW coastwithin the CSZ that is approximately 34% greater

than the GMSL rate for the same general period. The Burgette et al. (2009) rate of 2.28 mm/yr is
used in this study to represent the historic ReMSL risdoatbe Humboldt Bay region

Past and PreseriRelative Sea Level Rise

Tide gauges measure R8hange, the combined effedfsea level change and VLM. The
measured sea level change includgsGMSL change(2) oceandynamic processes, natural

climate variability, andea levefingerprint effectshat create ReMSL patterremd other short

term local climate variability such as storm surge, wind stress effects, and changes in barometric
pressure. As noted earlier, the VLN responsible for most of the differences in RSL teend
betweerregional tde gauge observations (Zervas, 2009).

Although theCrescent City antlumboldt Bay (North Spit) tide gauges are oséparated by
109 km, the RSL trends for these gauges aopposing direction§igure2-8), with Crescent
City RSL having a downward trengathile North SpitRSL hasan upward trendTherelatively
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largeoscillationsin RSL (monthly MSL values) around tHeSL trend line are due to shetdrm
weather variability (e.g. storms), natural climate variability (e.g. ENSO and PDCGhend
average seasonal cycle as described previol$ig.downwardRSL trendat Crescent City
indicates this section of coast is emaggiwith an uplift rate greater than the curréMSL and
ReMSL rise rate In contrasttheNorth SpitRSL trendis greater than the GMSL or ReMSL
rise rates, indicating that Humboldt Bay is submergentjrafatt, has the highest RSL rise rate
in California.
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Figure2-8 (A) Relative sea level (RSL) change for Crescent City tideaimayeations fod933 to
2014record (B) RSL change tdumboldt BayNorth Spit tide gaugebservationdor 1977
to 2014 record.RSL changes (light blue lines) are monthly MSL values relative to the MSL
tidal datum (19822001 NTDHpr each tide gauge. RSL trends (dark blue lines) are the
linear regressiotn the monthly MSL values. Regional mean sed ®eMSL) trend (black
line) is the Burgette et al. (2009) ReM&te of 2.28 mm/yr, set to zero on June 1992.
Global mean sea level (GMSIhange(red line)isthe Church and White (201%®arly
averagereconstruction, set to zero ithe middle 0f1992.
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AverageSeasonal Cycle in the Humboldt Bay Region

The average seasor@lcle represents the losigrm average repeatable variatiorsea levels
from the effects ofeasonal cycles in climate patterns, ocean circulation, ocg#ame density
(sterig changes, and river dischargeith the steridensity changesom temperature and
salinity changes being the dominant faqt@ervas, 2009).In the Humboldt Bayegion and
PNW, winteroceantemperatures are warmand thus less denigan summer temperatsrand
density, primarilydue to upwellinghat brings the deeper colder ocean water to the surface
(Komar et al., 2011). The resultiagerage seasonal cyckEdure2-9) has higheMSL during
the winter period and lower levels in the summlargeneral, the seasonal cycle for Crescent
City and North Spit tide gauges are similar, with a total average séd#ter@nce in water
levels of approximatel§7 an. To demonstrate how EIl Nifio eventnaffect averagsealevels
over extended periogthemeanmonthlyMSL for the 183 EI Nifio are included olRigure2-9,
which shove thataveragemonthlywinter levels during thitarge EI Nifiowere abouf7 an
higher thamormal.
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Figure2-9 Longterm average seasonal cycles based on tide gauge observations for Crescent City 1933
to 2014 record (red line) and North Spit 1977 to 2014 record (blue line). The dashed black

line is themeanmonthly MSL for the 198BI Nifio

Hydrodynamic modelin@pas shown thdtorizontal temperature gradients develop in the spring
and summer periodsa Humboldt Bay (Anderson, 2010As solarradiation heatthe bay water,
horizontal gradients in temperature develop between the cold ocean water entdrag the
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through the deeper Entrance Bagd the warmeshallowerwatess of North Bay and South Bay
Model results show thadorth Bay and South Bay can #4° C and2.5° C warmer,

respectively, than the colder water in Entrance Bay for the spring and summabs (Ranire

2-10). Thispersistent temperature gradient in Humboldt Bay helps explain the elevated North
Spit seasonal cycle values compared to Crescent City for the months of April to QEtgbe
2-9). Even though the North Spit tide gauge is located in Entrance Bay and exposed daily to
cold ocean water, th@armer less dense water in North and S@&akisduring the spring and
summerstill influences the North Spitseasonal cycle compared to Crescent,@ityose

orientation directly exposes the tide gauge to colder, denser ocean water during this period

Theseasonal temperature patesimulatedn North and South Bays appear to be oppasite

the PNW Ocean with warmer temperatures in thee spring summer, and early fatleriods

than in the winter. Although not directly assessed in this studgvigrage seasonal cycle for

North Bay and South Bay may be opposite of the North Spit and Crescent City tide gauges, due
to the solar heating and warnweatertemperatures in the shallow baykere thermal expansion
could produce higher water levelaring the warmer months

20.0

Temperature (C)
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2009

Entrance Bay 24r North Bay 24hr South Bay 24r
— — —Entrance Bay 3day — — — North Bay 3eday — — —= South Bay 3@lay

Figure2-10 Simulated water temperature in Entrance Bajack lines)North Bay(red lines) and South
Bay(blue lines¥rom the Humboldt Bayhydrodynamicmodelfor January to July 2009
(Anderson, 2010)Results ardor 24-hr low-passfiltered (solid lines) an80-daylow-pass
filtered (dashed linesyolume averaged temperatures for each distinct bay.
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Relative Sea Level Rise and Vertical Land Motion Rates in the Humboldt Bay Region

As discussed earliethe RSL rise rate at North Spit tide gauge is greater than both the GMSL
and ReMSL rise rates dueltnd subsidence in and around Humboldt Bay better understand
how tectonidand motions affect RSL rise Humboldt Bay Cascadia Geosciences was
provided fundingrom the US.Fish & Wildlife ServiceCoastal Prograr(study plan at
http://www.hbv.cascadiageo.grgCascadia Geosciences (CG), along Wtrthern Hydrology
and EngineeringPacific Watershed Associatemnd researchers from Humboldt State
University, University of Oregon, and New Mexico State University are utilizing tide gauge
observations, benchmark level surveys, and GPS data to evaluate tectonic VLM and RSL rates in
Humboldt Bay. The tide gauge ahgis consisted of evaluating water level observations at the
NOAA Crescent City tide gaudactive) and fiveNOAA tide gaugesitesin Humboldt Bay

which includeNorth Spit(active), and four historigaugedocatedat Mad River Slough, Samoa,
Fields Lamling, and Hookton SloughFigure 2-1 shows theCrescent City tide gauge in relation
to Humboldt Bay andFigure2-11 shows the five Humboldt Bay tide gauge locations

?ields L'andjng

]

Hookton Slough

Googleearth

Figure2-11 FiveNOAAtide gaugdocationsin Humboldt Bayandmean high wateedge (blue line)
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The analysis approach relied on the ldegn Crescent City tide gauge (~8é&arg, and the

general approach dfitchell et al. (1994) and Burgette et al. (2009) to deterrRige and VLM

rates at the Humboldt Bay tidmuges, which alave records less than y€arsin length and

are considered toshort to directly determine rates. The analysis approach also relied on the
20th century ReMSL rise rate of 2.28 mm/yr (Burgette et al., 2009) for the PNW. Updated
estimates of VLM and RStates for the Crescent City and Humboldt Bay tide gauges (Patton et
al., 2014)are provided inmrable2-3. For a detailed discussion of the tide gauge anatysthods
andinterpretation of results, referencenbemade tahe Patton et al. (2014) work.

Table2-3 Summary of relative sea level (RSL) rise and vertical land motion (VLM) ratesdoent
Cityand the five Humboldt Bay tide gauges (Patton et al., 2(Rdyjional mean sea level
(ReMSL) rise is the Burgette et al. (2009) rate of 2.28ym Positive rates indicate upward
motion, and negative rates indicate downward motion.

AnnualRates (mm/yj)
TideGauge ReMSL VLM RSL
Crescent City 2.28 3.25 -0.97
North Spit (Humboldt Bay) 2.28 -2.33 4.61
Mad River Slough (Humboldt Bay) 2.28 -1.11 3.39
Samoa (Humboldt Bay) 2.28 -0.25 2.53
Fields Landing (Humboldt Bay) 2.28 -1.48 3.76
Hookton Slough (Humboldt Bay) 2.28 -3.56 5.84

Vertical land motion rates determined from the tide gauge analyaide2-3) generally agreed
within 1 mm/yr of the landevel VLM rates derived from thieenchmark survey analysis (Patton
et al., 2014). The north to south down trending VLM gradient controR 8terate variation in
Humboldt Bay, with the highest rates of VLM in sotitbhmboldt Bayat the Hookton Slough
gauge Adding the ReMSlof 2.28 mm/yr to the VLM rates ihable2-3 provide estimates of
RSL rise rates for Humbol@ay. For example, RStiserates for Mad River Slough, North

Spit, and Hookton Slough are approximately 3.8,afhd 58 mm/yr, respectively. Th&ectonic
deformationin HumboUt Bay increases the R3atesabove the RESL rate of 2.28 mm/yr,

with both the North Spit and Hookton Slough R@les being more than twice the regional rate.
These higher RStiserates indicate thahcreases in th&MSL and ReMSLwill affect

Humbold Bay faster than other parts of U.S. west coast; and within the bay, the south end will
be affected sooner than the north end.
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Sea Level RisErendsat the North Spit and Crescent City Tide Gauges

Due to the largenonthly MSLoscillations inherent iIPNW tide gauges caused by natural
climate and ocean variabilifg.g.Figure2-8), researches typically attemiotsmooththe
monthlyMSL dataprior to assessing decadal trend3neapproachs to remove the average
seasonal cycle from the monthly MSL values (e.g. Zervas, 2008)ever, Komar et al. (2011)
demonstrated that using theeragessummemonthly MSL (average summer MSlprovided the
statstically best RSL trends for PNW tide gauges. @heragesummermMSL valueconsists of
the threemonth average, centered on the unadjusted minimum monthly summer Fejuee
2-12 andFigure2-13 show the RSL trends for the Crescent City and North Spit tide gauge
observation record, respectivetgr bothsmoothing approaches described above.

30 4 RSL =0.92 mm/yr

Monthly MSL (cm)

1930 1940 1950 1960 1970 1980 1990 2000 2010
Year

--4A-- Monthly MSL Linear trend

‘e 30 RSL =0.97 mm/yr

O

20 A

N

= 10 -

& o g R 0 o

© ] o — - L0 : > l

g 0. 3o coxmne) TRy Bﬁp\pﬁw N mébmm,@cpm@?m i

< &P oS ° 5% & o
-20 ~ B
-30 T T T T T T T T

1930 1940 1950 1960 1970 1980 1990 2000 2010
Year

--©-- Average Summer MS| Linear trend

Figure2-12 Relative sea level (RSL) trends for Crescent City tide gauge using (A) monthly mean sea level
(MSL) with theaverage seasonal cycle removeahd (BaveragesummerMSL. Figures
reproduced from Patton et al. (2014).
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Figure2-13 Relative sea level (RSL) trends for North Spit tide gasigg (Amonthly mean sea level
(MSL) with the average seasonal cycle removed, and (B) average summer MSL. Figures
reproduced from Patton et al. (2014).

The figures clearly show that the average summer MSL approach of Komar et al. (2011)
significantly reducescatter compared to the monthly MSL approach, by removing much of the
data with extremseasonal and natural climatariability. The RSL trends for Crescent City
-0.92 mml/yr for the monthly MSL approach, a0dd7 mm/yr for the average summer MSL
appoach Figure2-12). Thesesimilar RSL trends can katributed to the 8Yyear observation
record length for Crescent City. In contrast, the North t8j® gaugeecord is relatively short
(~37years), and differences between the RSL trends (3.85 and 4.70 mm/yr) are much larger
(Figure2-13). However, the RSL trend of 4.70 mm/yr for the average summer MSL is close to
the RSL value of 4.61 mm/yT &ble2-3) determined by Patton et al. (2014)pdmstrating that

the summer MSL approach of Komar et al. (2011) may be best for estimating sea level change
trends, even for tide gauges with shorter records.
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To providefurtherinsight into decadal trends in sea level faethe Humboldt Bayegion the
estimated VLMrates(Table2-3) for the Crescent City and North Spit tide gauges were removed
from themonthly MSLrecord, whichessentially forcéothrecord to the ReMSL rate of 2.28
mm/yr. Figure2-14 show the geragesummer MSL seriedeveloped from the VLM adjusted
records for Crescei@ity and North Spjtrespectively Theaveragessummer MSL valuefollow
the ReMSL trenaver the observation record for both tide gayg#Boughnatural climate
variability andinterannual tanultidecadal trendsxistin the data scatter-or example, the
198283 and 1990&! Nifio eventsKigure2-7) generated summer MSL values that were
consistentlyabove the ReMSL trend. The averagemmer MSL values argmilar between tide
gauges for the period of record overlap (748 2014), with differenceperhapscontributable
to the different summer seasonal cgdier Crescent Cityand North SpitFigure2-9).
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Figure2-14 Average summer mean sea levels (MSL) fomtioathly MSL with thevertical land motion
(VLM)removedfor (A) Crescent City tide gauge (VLM of 3.25 mm/yr), and (B) North Spit
tide gauge (VLM oR.33 mm/yr). Removal of the VLM forced the sea letrehd (black
line)to the regional MSL (ReMSif)2.28 mm/yr The black dashed lines are the trend line
+one standard deviationX-SD, and thered line is the §earrunningaverage.
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The suppression of sea level rise along the U.S. west coast nddedrbyski et al. (2011)s

visible in the average summer MSL series for Crescent City and North SgatidesKigure

2-14) from about 1990 tthe mid2000s, as evidenced by the downward slope of tfre 5
runningaverage (red line) during this perioBurthermore, theffects of the PDO regimes on

the multidecadal sea level variation also describeBrbynirski et al. (2011areapparent in the
average summer MSL. For example, the 1960s to 1980 period of consistently low summer MSL
values coincides witthe 1950 to late 1970s cold phase of the PB@{re2-7). Likewise, the

period of high summer MSL values during the late 1980s to 2000 is congigitetdte 1970s to

late 1990s PDO warm phase.

Although the average summer MSeriesfor the Crescent City and North Spit tide gaugésw
interannual to multidecadal variations doeseasonal atmospherand ocean circulation
processege.g. upwelling, andnatural climate variabilitye.g. ENSO and PDQbhe extreme
high and low valuestill follow the ReMSL trend over the observation recofthis can be
clearlyseen as all theummer MSlLextremesloselytrackthe trend lineenvelopes (black
dashed lines) shown Figure2-14, which consist of the ReMSL trend + ostandard deviation
of the summer MSL values

Seal evel Height Variability

Sea level heights vary due to astronomical tides, storm suing stress effects, changes in
barometricpressure, seasonal cycles, and ENSO phases, which results in water levels reaching
higher levels over longer time scales (&agt al., 2008; Knowle2010). Figure2-15 shows

the hourlywater levels for the Crescent City tide gauge for the Z88R| Nifio years along

with the MSL and mean highérgh water (MHHW) tidal datum, the mean monthly maximum
water (MMMW), and thel0- and 10Gyr extreme high water level event8s noted by Cayan et

al. (2008), this sea level height variability is superimpasesiSL.

Most coastal damage to the U.S. inasast occurs when storm surge and high waves coincide
with high astronomical tides arfl Nifio events (Cayan et al., 2008; NRC, 2012). Extreme sea
level heights can occuvhen these forces coincide, which happened along the U.S. west coast
during the large 19883 and 19908 EIl Nifio events. For exampla,late January 1983 a large

El Nifio driven storm coincided with higher than normal astronomical high tides, and pcbduc
the highest water level of record at the Crescent City tide gaug@8 January 1988hich

exceeded the 10¢ear extreme exceedance probability e€igure2-15 andFigure2-16). The
peak hourly water levan 29 January 1988as66.2cm higher han theastronomical high tide

and on 26 Janua983,the peak hourly water level was 84.0 cm above the astronomical high
tide.

As GMSL and ReMSL rise increases over time, the sea level height variability described above
will also increase, and the incidence of extreme high water levels will beconeecommon
(NRC, 2012).
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Figure2-16 Qescent City tide gauge hourly water levels for January B988fioyear. Blue line is
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Projections of Sea Level Rise

As discussed previouslgpservations provide unequivocal evidence that the climate system is
warming and that GMSL has risen over théhaentury (NRC, 2012; IPCC, 2013b).

Projections ofuturesea level rise, both globally and regionally, are necessagequately
assess anplan for the effects and impacts to coastal areas from sea levePrigections of
futuresea level risgenerally depend athe understanding of contributions to sea level change,
the response of key geophysical processes, and assumptions regataag/adrming of the
climate system (NRC, 2012). This section provides an overview and summarizes recent
projections of GMSL rise, estimates of ReMSL rise for the Humboldtr8gign, and

adjustments tthisregional rate to providprojectiors of RSL rise forHumboldt Bay

Methods for Projecting~uture Sea Level Rise

Projections of 21st century sea level ase typically made using procebasedr physical
models,such aAtmospheréOcean General Circulation Models (AOGCMes)trapolating
observations, semgmpirical modelsor a combination of these approactdRC, 2012 Church
et al., 2013).These projections rely dhedifferentprocesses affecting sea level change
described previously, such as ocean thermal expansion or VLM, degéiniti@ projection is
for global, regional or relative sea level rise.

Processhased or physical basebjectionsof sea level rise attempt to describe the contributions
from the individual physical components that contribute to sea level rise (Cétuath2013).

The AOGCMs predict the response thie climatesystem and ocean to future scenarios of
greenhouse gas emissionBhese modelsan provide reasonable estimates of future sea level
rise from ocean volumeaensitychangg(steric), primarily fomthermosterioczolume changes due
to thermal expansianHowever, these models underestimate the ocean volume mass change
(barystatic) from melting land icas they do not fully account for rapid dynamical changes in
the Greenland and Antarctic ice stsg®RC, 2012 Church et al., 2003 The2007IPCCAR4
(Meehl et al., 2007projections(Figure2-17) used a combination of AOGCMs to estimate the
global ocean steric volume change, and ice sheet surfacdatasse and empirical models to
determine ocean volume mass chafigem melting lard icefor six different greenhouse gas
emission scenariosAs noted in NRC (2012t the time the AR4 projections were compiled,
observations ofapidland ice transfers at a global scale were just beginning, and these
projections did not include rapid/damical ice sheet contributions provide an upper bound for
sea level rise Consequently, th2007 IPCC AR4 sea level rise projections were considered too
low by theNRC (2012)andother researchers (elgahmstorf, 2007Pfeffer et al., 2008;
Vermeerand Rahmstorf2009 Jevrejeva et al., 2010; Grinsted et al., 2010

Extrapolation of exgting or past sea level rise rates can also be used to project future conditions,
assumingonstant observed ratesspecified rulesand hadeen used by invesatprs to project

the cryosphere (i.e. glaciers, ice caps, and ice sheets) contribution to projected future sea level
rise (NRC, 2012).
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Figure2-17 Projections and uncertainties (5 to 95% ranges) of global average sea level rise and its
components in 2090 to 2099 (relative to 1980 to 1999) for thesilssionscenarios.
(Figure fromMeehl et al. (2007)Figure 10.33)

Themotivation fordevelopment bsemiempirical models (e.g. Rahmstorf, 2007; Vermeer and

Rahmstorf; 2009Jevrejeva et al., 2010; Grinsted et al., 2048sprimarily due to the
limitations described abovier the proces$asedsea level rise projections the 2007 IPCC
AR4 (Meehl etal., 2007;NRC, 2012; Church et al., 2013). The samipirical models do not
explicitly account for the individual components of sea level rise, but are basedpbrysincal
concept that sea level risesthaeEar t h 6 s

2013). Semiempirical models are developadd calibrated to reproduce the observed past sea

cl

mat e

s y s 2; €mrclgetdl.,s

level recordo the temperature record. Consequelfftityre sea level rise projections assume
that the relationship between sea level and &atpre change of the past holdsanhe future

This relationship may not hold if the nonlinear physical processes, such as rapid dynamical ice
sheet contributions, do not scale to the calibration period of the past (NRC, 2012; Church et al.,

2013). Semiempirical projections of sea level riaezgenerally two or more times greater than

the proces$ased projections in the 2007 IPCC AR4 (NRC, 20¥3 noted in the 2013 IPCC
ARD5, despite the success of seampirical modeldo reproduce the sea levede observed in the

20thcentury consensus in the scientitommunity does not exist regarding their reliability and

confidence is low in their projections (Church et al., 2013).

Since completion of the 2007 IPCC AR4, a number of 2dsturyGMSL rise projectionsave
been developedsing modifications to the AR4 procesased estimates or seempirical
models driven byhe AR4 emission scenari@Sigure2-18). Thisfigure also includes the 2013
IPCC AR5processbhasedorojections (Church et al., 2013) for thew AR5 emission scenarios.
Both the procesbased estimates that include the extrapdlaryosphere rates and gemi
empirical models generate higher GMSL rise projections for the same AR4 emission scenarios
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compared to the procebsised modelsThe highest projected rangéGMSL rise is derived

from a combination of ocean thermal erp@nfrom the 2007 IPCC AR4&nd extrapolations of
possible glacier and ice sheet lossybgr2100(Pfeffer et al., 208). Theyconcluded that a total
GMSL rise of 200 cm by 2100 is possible, but requires glacier variables to quickly accelerate to
extrerely high limits However, he NRC (2012) concluded that tiiigure scenario is highly
unlikely andprobably not plausiblePfeffer et al. (208) alsoconcluded thaa GMSL rise

greater than 200 cm by 2100 is physically untenable.
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Figure2-18 Global mean sea level (GMSL) rise projectiongdar2100 from scientific literature since
the 2007 IPCC ARA4. Projectierguentiallyplotted by year of estimate. Range is the low
and high uncertainés (generally 5 to 95% range), and the projection is the projected
estimate for the A1B emission scenario from the 2007 IPCC ARA4, or the median value of the
range. Procesbased projections are blue bars, procéssedplusextrapolated
cryosphere projectins are green bars, and sesmpirical projectionsre red barsAlso
provided are theprocessbased 2013 IPCC AR5 projectifirghe AR5 emission scenarios.

Global Mean Seaevel RiseProjectionsand Scenarios
This section provides a brief overviewtbe mostecent 21st century projectioasdscenarios

of GMSL rise published since 2012.

NOAA (2012) Global Mean Sea Level Rise Scenarios

In 2012, NOAArecommended set ofsea level rise scenarios for the United States National
Climate Assessment (Paet al., 2012)Unlike projections of sea level rise, the scenarios do
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not attempt to predict future conditions, but describe potential future conditions that Sgaport
level rise vulnerability assessments, planning@esion making under uncertaintFour

scenarios were developed based on a synthesis of future estimates of GMSL rise by 2100 from
the scientific literatureconsistent witlFigure2-18, that reflect different degrees of ocean

warming andnelting land ic§Table2-4).

Table2-4 NOAA (2012) global mean sea lev@&M\SI) rise scenarios byear2100 (Parris et al., 2012).

GMSL rise byear2100(cm)
Scenario Relative toyear 1992 Relative toyear2000
Highest 200 197
IntermediateHigh 120 117
IntermediateLow 50 47
Lowest 20 17

!As reported by Parris et al. (201ZMade relative toyear2000 by applying 1993010 satellite
altimetry GMSL rate of 3.2 mm/yTéble2-1) for 8 years.

TheHighestScenario of GMSL rise was based on Bfeffer et al. (2008¢stimate of maximum
possible glacier and ice sheet loss by 2@ should be used when there is little tolee for

risk. The Intermediateligh Scenario was based on the average of the upper end ef semi
empirical model projections, and the Intermediatev Scenario was based on the upper end of
the 2007 IPCC ARA4 projectiong.he Lowest Scenario was based dmear extrapolation of the
20th century GMSL rate of ~1.7 mm/y&Given the range of GMSL rise projections used in
developing the scenarios, the authors concluded that they have very high confidence (>9 in 10
chance) that GMSL will rise at lea®® an and no more thand® cmby 2100 (Parris et al.,

2012).

National Research Council (2D11Global Mean Sea Level Rise Projections

California Executive Order-33-08, issuedy Governor Schwarzenegger2008, directetate
agencies to plan for sea level rise and coastal impact, aisd requested the National

Research Council (NRC) to assess sea level rise along the @o@stifornia, Oregon and
Washington.The final NRC report, Sekevel Rise for the Coasts Galifornia, Oregon, and
Washingtonwas released in June 2012, and provides the most comprehensive assessment of
future sea level rise rates for the U.S. west coast conducted to date. Projectemkewél rise

for California, Oregon and Washington werovidedor the years 2030, 2050 and 210the
Coastal and Ocean Working Group of the California Climate Action TearrG&ED Sea Level
Rise Guidance Documen¥arch2013), and the California Coastal Commisdimaft Sea Level
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Rise Policy Guidance (Qaiber 2013) have been updated with the scientific findings of the NRC
(2012) report for California.

The NRC (2012) GMSL rise projectionBable2-5) consisted of the ocean volume density

change (steric) component predicted from the AOGCMs in the 2007 IPCC AR4 for the A1B
emission scenario, arahextrapolated land ice (cryosphere) component using the best available
information for glaciers, ice caps, ame sheets. The NRC projections did not incluskervoir

storage and groundwater extraction as recent estimates suggested that these components summed
to near zero. The NRC (2012) GMSL rise projection for 2Hd§ufe2-18) is generally lower

than the seraempirical estimates and higher than the protes®d projectionsAlso provided

in Table2-5 for comparisons the 2013 IPCC AR5 (Church et al., 2013) GMSL rise projection

for the A1B emission scenario from the 2007 AR4

Table2-5 Sumnary of global mean sea level (GMSL) rise projecijionsm)from NRC (2012) and
2013 IPC AR5 (Church et al., 2018)ative to year 2000The AR5 projection is for the A1B
emission scenario from the 2007 IPCC ARda from Table 5.2 of NRC (2012); aatld@
13.50f Church et al. (2013)nd datadownloadedfrom https://www.ipcc.ch/report/ar5.

NRC (2012) rofection | gpicdion scenaritrom 2007 AR
Year Projection Range Projection Range
2030 13.5+1.8 8.3-23.2 11.0 7.5¢14.4
2050 28.0+3.2 17.6-48.2 21.9 15.6¢ 28.6
2100 82.7+10.6 50.4-140.2 58.4 40.4¢ 784

'Projections for years 2030 and 2050 calculated from downloaded data and basedyeartentered
average (Church et al., 2013)R5 projections are relative to 198805, pojections naderelative to
year2000 by applying 1992010 satellitealtimetry GM% rate of 3.2 mm/yrTable2-1) for 5 years.

IPCC Fifth Assessment Report (2013) Global Mean Sea Level Rise Projections

In 2013, the IPCC released its Fifth Assessment Report (AR5) on climate change. As part of the
2013scientificwork supporting the AR5, new GMSL rise projections were developed for four

new greenhouse gas emission scenarios (Church et al., 2013). Theamawnosthe

Representative Concentration Pathways (RCPs), represent future emissions and concentrations of
greenhouse gases, aerosols, and other climate drileesRCPs represent a set of mitigation
scenarios, which include implied policy actionsgtthave different targets in terms of

greenhouse gas emissions aadiative forcing at year 21q@PCC, 2013b) RCP2.6 represents

an emissiomitigation scenario leading to very loadiativeforcing (2.6 W/nf), RCP4.5 and

RCP6.0 represent two stabilikat scenarios with intermediatadiativeforcing (4.5 and 6.5

W/m?, respectively, and RCP8.5 represents a very high greenhouse gas emission scenario with
high radiativeforcing (8.5W/m?).
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Church et al. (2013)oted thatonfidencdn projections of fture GMSL rise has increasetse

the 2007 IPCC AR4, due to the improved understanding of the compainieinig sea level
changethe ability to reproduce observed GMSL change since 1993 from the observed budget
(Table2-2 andFigure2-5), the improved ability of procedsased models to reproduce
observations, and the inclusion of ice sheet dynamical chaSgesmingthe components of
ocean thermal expansion predicted byAlR¥GCMs, glacier mass loss predicted by the global
glacier models with AOGCM input, and land water storageounts for about 65% of the
observed GMSL rise for 1901 to 1990 (Church et al., 2018j.tHe 1993 to 2010 peripthe

sum of the modeled compantsaccounts for approximately 90% of the obsersattllite
altimetryrate of3.2 mm/yr and is consistent with tH#28 mm/yr rate for théde gage
reconstructionable2-2). The difference between the observed and total modeled GMSL rise
can be attributed tmeltingice sheets, anahclusion ofthe observe@reenland and Antarctica

ice sheet contributiorir@ble2-2) further improves the agreement with the 3.2 mm/yr altimetry
rate(Church et al., 2013)This improved agreement between observations and prbeses
models provides confidence in the AR5 projections of 21st century GMSL rise.

The 2A3IPCC AR5 (Churchet al., 2@3) projectiondor 21stcentury GMSL risarepresented

in Table2-6 andFigure2-19. The AR5 projections wegresented fothe periods of 2046 to

2065 2081 to 2100and year 210€elative tothe 1986 t02005period To allow comparison

with the NRC (2012) projections, estimates for the years 2030 and 2050 were developed using
available dataownloadedrom the IPCC AR5.Table2-7 compares thestimatedAR5 median
projection and range to the NRC (2012) projections.

The 2013 IPCC AR5 projectismof GMSL rise by 2100Kigure2-18) is lower than the semi
empirical estimates and the NRC (2012) estimates, but higher than the 2007 IPCC AR4
projection. The larger AR5 prajgons compared to AR4 are primarily due to improved
modeling of the land ice contributions (Church et al., 2013).

Table2-6 Summary of median values and likely ranges of global mean sea level (GMSL) rise
projections (in cm) from 2013 IPCC A&3he four RCP emission scenar{@urch et al.,
2013) relative to year 2000Data from Table 13.5 and data downloaded from
https://www.ipcc.ch/report/ar5.

Year RCP2.6 RCP4.5 RCP6.0 RCP8.5
2030 11.3[7.7t014.9]| 11.3[7.9t014.7]| 10.9[7.4t0 14.3]| 12.0[8.5 to 15.5]
2050 20.4 [14.1 to 26.9] 21.5[15.3 to 28.0]| 20.4 [14.3 to 26.8]| 24.3 [17.6 to 31.3]
2100 42.4[26.4 10 59.4]| 51.4 [34.4 t0 69.4] 53.4[36.4 to 71.4]| 72.4 [50.4 to 96.4]

Projections for years 2030 and 2050 calculated from downloaded data and baseeyeartentered
average (Church et al., 2012)R5 projections are relative to 1980805, projectionsnade relative to
year2000 by applying 1993010 sitellite altimetry GMSL rate of 3.2 mm/yTgble2-1) for 5 years.
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Figure2-19 Projections from procesBased models with likely ranges and median values for global
mean sea leveglGMSLJise and its contributions in 2082100 relative to 19862005 for
the four RCP scenarios and scenario SRES A1B used in the AR4. The contrimtices fr
sheets include the contributions from isheet rapid dynamical change, which are also
shown separately(Figure from Church et al. (2013), Figure 13.10)

Table2-7 Summary of global mean sea level (@Yisse projections (in cm) from NRC (2012) and
2013 IPCC AR5 (Church et al., 2013) relative@02000. Data compiled frofable2-5

and Table2-6.
NRC (2012) projection 2013 IPCC AR5 projectibn
Year Projection Range Median Projection Range
2030 13.5+1.8 8.3-23.2 11.3 7.4¢ 155
2050 28.0+3.2 17.6-48.2 21.0 14.1¢31.3
2100 82.7+10.6 50.4-140.2 52.4 26.4¢96.4
]

Projection is median value of the RCP median projections, and range is the lowest and highest range
value for each year frorable2-6.

Given the higher confidence in the AR5 projections, the auttsluded that for each RCP
emission scenario the 21sentury GMSL rise is likely (66 to 100% probability) te within the
range given by the prosebased models (Church et &Q13). The authors further concluded

that the only process that could substantially increase GMSL rise above the likely range during
the 21st century is the collapse of the mabasedsectors of the Antarctic ice she&lthough
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the contribution to GMSL rise from a collapse of the Antarctic ice sheet cannot currently be
guantified, due to a lack of consensus in the scientific literature, there is medium confidence that
if a collapse wee initiated it would not exceed several tenths of a meter during the 21st century
(Church et al., 2013).

It is worth notingthat a30 cm(0.3 n) increase in GMSL rise from the collapse of the Antarctic
ice sheet would essentially make the 2013 IPCC ARS projections consistent with the NRC
(2012) projections by 2100 éble2-7). For example, the AR5 projected median value would
increase from 52.4 to 82.4 cm, which is essentially the same as the NRC projectiamf 82lde
cm. Likewise, the AR5 high range projection would increase 96.4 to &@6.dlose to the

1402 cm NRC high range value.

RegionalSea Level Riserojectionsfor the Humboldt Bay Region

The NRC (2012) report provided sea level rise projections for California, Oregon and
Washington that varied from the GMSL rise projections due to ocean dynamical processes, steric
density variations, sea level fingerprint effectsh@fmass redistribution of melting land i@nd

VLM. The NRCdetermined sea level rigeojectionsfor four regions of the U.Svest coast

(Seattle, Newport, San Francisco, and Los Angeles) based on the influence of these regional
processesand represent the most comprehensive regional projections to date

To provide estimates of ReMSlseprojections fothe Humboldt Bay region, which is defined

in this report to not include VLMffects the NRC (2012) regional projections were modified to
remove their VLMcomponent For example, north of Cape Mendocino, the NRC assumed that
all areas had an upward VLM of 1 mm/yr, which is inconsistent with the obsgovetuvard

VLM in Humboldt Bay [Table2-3). Modifications consisted of removing the NRC estimates of
VLM for Newport (1 mm/yr, upward VLM) and San Franciseb.$ mm/yr, downward VLM),

and then averaging the resulting values to progiReMSL rise projection for thelumboldt

Bay region Table2-8).

Table2-8 Regional mean sea level (ReMSL) rise projecfiarsm)for the Humboldt Bay region, and
for comparison fie NRC (2012) global mean sea level (GMSL) rise projection

ReMSL rise projectiofor the L
Humboldt Bay regioh Projection
NRC (2012) GMS percent
Year Projection Range rise projectian difference’
2030 9.9 3.9¢21.3 135 -27.0
2050 21.4 10.9¢ 46.2 28.0 -23.8
2100 75.1 38.6¢ 137.9 82.7 9.2

'ReMSL mjectionis the averaged NR012) projections for Newport and San Francisco with the

vertical land motion removedPercent differencearerelative tothe GMSL rise projection.
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The modified ReMSL rise projection for the Humboldt Bay region differ from the NRC (2012)
GMSL riseprojectiondue to theeffects ofregional dynamical ocean and steric volume change,
and the mass volume redistribution of the melting land ice due to the sea level fingerprints.
These combined processes lowex ReMSL rise projection for théumboldt Bay region
compared to the GMSL pjextion (Table2-8), primarily due to the sea level fingerprint effects
(NRC, 2012). The percent differences are greatest for the 2030 (~27%) &n@-20%)
projections, with the ReMSL projection being approximately 9% less by 2100.

The 2013 IPCC AR5 (Church et al., 2013) also provided regional projections of sea level rise for
the RCP scenarios for the 2081 to 2100 period that included the effeetgonal dynamical

ocean and steric volume changes, ice sheet mass redistribution, and atmospheric loading.
Although not as detailed and at a coarser resolution than the NRC (2@ii)alprojections,

the AR5projections also indicate thag¢a levetise for theHumboldt Bay regiomill be lower

than the GMSL rise projection. The percent differences ranged from 0 to ~11% letbgethan
GMSL riseprojectionfor the 2081 to 210periodrelative to 1986 to 2005, with higher

differencedor the higher IEP scenarios.

Relative Sea Level Rise Projectionsttoe Humboldt Bay Region

The relative sea level (RSL) rise is what coastal areas experience and is the most important
guantityfor assessing and planning for twastal impacts from sea level change (\R012;
Church et al., 2013)The modified ReMSL rise projections for the Humboldt Bay regiable
2-8) can be made to RSL rise projectionsHamboldt Bay by simply adding the VLM
estimates for the bay é&ble2-3) to the ReMSL valuesTable2-9 lists the RSLrise projections
adjusted fothe North Spi(-2.33 mm/yr), Mad River Slough-@.11mm/yr), and Hookton

Slough ¢3.56mm/yr) downwardVLMs. Figure2-20 showsa temporal plot of how the North
Spit VLM rate of-2.33 mm/yr combines with the ReMSL rise projection (fit to a second order
eqguation) to provide the RSiseprojection for North Spit.

Table2-9 Relative sea level (RSL) rise projections (in cm) in Humboldt Bay adjusted for North Spit,
Mad River Slough, and Hookton Sloulgiwnwardvertical land motios (VLM).

North Spit Mad River Slough Hookton Slough
(VLM =2.33mm/yr) (VLM =1.11mmlyr) (VLM =3.56mm/yr)
Year Projection Range Projection Range Projection Range
2030 16.9 12.5¢27.4 13.3 8.9¢23.8 20.6 16.2¢31.1
2050 33.0 21.6¢58.3 26.9 15.5¢52.2 39.1 27.7¢64.4
2100 98.4 61.5¢161.2 86.2 49.3¢ 149.0 110.7 73.8¢173.5
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Figure2-20 Humboldt Bay&gional mean sea level (ReMSL) rise projedtiased on modified NRC
(2012) projections) with vertical land motion (VLM) remowgdM for North Spit-2.33
mm/yr, downward motion), and relative sea level (RSL) rise projection for North Spit.

The observed north to soulownwardVLM gradient in Humbd&ldt Bay (Table2-3) produces a
gradient in the RSL rise projectionBaple2-9), with the south end of the bay having higR&L
projections than the north en@he VLM rates in Humboldt Bay not only create the highest
observed RSL rise rates in California, but over the-kemgn also generate higher RSL rise
projections that will affect Humboldt Bay faster than other parts of the U.S. west coast. For
example, tk large downward VLM for Hookton Slough creates a high R&iprojection of
approximately 174 cm by 2100, which is only 26 less tharthe highest projected GMSL rise
of 200 cm due to the maximum possible glacier and ice sheet loss postulated byeP&tffer
(2008).
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3  Hydrodynamic ModeMethods and Configuration

The hydrodynamic model used for the Humboldt Bay $tdrlelingis theEnvironmental Fluid
Dynamics Code (EFDQpodeloriginally developed at the Virginia Institute of Marine Science

by Dr. John Hamrick (Hamrick, 1992). Tetra Tech, Inc. continued development of EFDC with
support from the U.S. Environmental Protection Agency (EPAROBY, the EPA released a

public domain version of EFDC, EFBEPA Version 1.01 (EFDC_EPA), which is pafta suite

of models recommended by the EPA for total maximum daily load (TMDL) development.
EFDC_EPA is a multifunctional surface water modeling system for simulatingdhremsional

(3D) or twodimensional (2D) flow, transport and biogeochemical pgses in surface waters
including rivers, lakes, wetlands, estuaries and coastal regions. The EFDC model dynamically
couples hydrodynamics and salinity and temperature transport, and can internally link to
cohesive and neoohesive sediment transport, waded sediment toxic contaminant transport

and fate, dye transport, and water quality and eutrophicatiemsdels. Various enhancements

to the EFDC hydrodynamic code include hydraulic structure representation, vegetation resistance
(Moustafaand Hamrick 2000, and wetting and drying (Ji et al., 2001). Full documentation of
the EFDC model can be found in Hamrick (1992) and Tetra Tech (2007a, 2007b and 2007c).

Dynamic Solutiondnternational, LLC (DSI) has made a number of enhancements to the
EFDC_EPAcode, and has its own open source version of EFDC (EFDC_DSI). The primary
enhancements of EFDC_DSI include (1) dynamic memory allocation, (2) enhanced heat
exchange modeling options, (3) Lagrangian particle trackingrsadel, (4) internal winadvave
geneation submodel, and (5) the development of a mthtieaded version of EFDC
(EFDC_DSI_OMBR thatsignificantlydecreasesomputational time. DSI has also developed a
windowsbased GUI (EFDC_Explorer7.1) for pr@and pos{processing of the various EFDC
mocels (Craig, 2013)Both EFDC_Explorer7.1 and EFDC_DSI_OM¥ere usedn this study.

Model Formulation

The governing hydrodynamic equations in EFDC ardhreedimensional turbuleneer
Reynoldsaveragedquations of motion formraincompressibleyariable density fluid (Hamrick,
1992) EFDC assumegdin, 2000; Ji, 2008)1) the Boussinesq approximation appropriate(2)

the hydrostatic pressure assumption describes the vertical pressure distribution, and (3) eddy
viscosityconceptadequatelylescribes turbulent mixingro account for realistic boundarieket
hydrodynamic equations are formulated in curviliredhogonal horizontal coordinates and a
sigma or stretched vertical coordinafehetransformecdhydrodynamic equations faontinuity
andmomentum and thesalinity andtemperaturéransportequations ar@Hamrick, 1992; Ji,

2008):
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And for salinity and temperature transport
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wheret is time,u andv are horizontal velocities in curvilinearthogonal horizontal coordinates
(X, y), m¢andm, are the curvilineaorthogonal coordinate systemetric coefficients and are the
square roots of the diagonal components of the metric tensam amam, is the Jacobian or
square root of the metric tensor determinate. The sigma coordinase$ a time variable
mapping or stretching transformation to provide uniform resolution in the vertical given by:

__{z+n) ©)

(z+h)

wherez* is the orighal physical vertical coordinate, ahld andg are the physical vertical
coordinates of the bottom topography and free surface, respectively. Totalkdlepth+(g) is
the sum of the depth below and the free surface displacement relative to the usdlisturb
physical vertical coordinate* = 0. The vertical velocityw) in the sigma coordinate is related
to the physical vertical velocity* by:
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In the continuity equation (1§, represents water gains or losses, such as rainfall, evaporation,
groundwater interaction and water withdrawals. In the momentum equdEigrsand3), g is
gravitational acceleratioffijs the Coriolis parametef, is vertical turbulent momentumixing
coefficientor eddy viscosity, an@, andQ, are additional forces or momentum sources/sinks
such as subgrid scale horizontal diffusion and vegetation resistance. The physical gressure (
excess of the reference density hydrostatic pressgreenby:

o= fogHr(l- 2 _ gr- 2) (11)

wherej o is thereferencalensity. Buoyancyh) in equation (4) is the normalized deviation of
density from the reference value, watensity { ) is a function of temperaturé@)(and salinity

(S in equation (5), antl; and{, are vertical shear stresses in the horizontal (x,y) direction in
eqguation (6).In the transport equation for salinity (7) and temperatureA@8} the vertical
turbulent mass diffusivityQs andQy include subgrid scale horizontal diffusiondaconstituent
sources and sinks, aig in the temperature equation represents heating from solar radiation.

Solution of the momentum equations (2 and 3) and transport equations (7 and 8) requires
specification of the vertical turbulent viscosiy and mass diffusivity4,). The second

moment turbulence closure model developed by Mellor and Yamada (1982) and modified by
Galperin et al. (1988) and Blumberg et al. (1992) is used in EFDC to providedhdA,
coefficients. The model relatés andA, to vertical turbulence intensity and turbulence length
scale via transport equations (Hamrick, 1992; Ji, 2008).

In EFDC, additional horizontal viscosity or diffusivity, respectively, in the momentum equations
(2 and 3) and transport equations (7 anda® be calculated using the Smadgeky subgrid

scale formula (Smogorinsky, 1963), which relates horizontal mixing to the model grid size and
current shear (Ji, 2008).

Vertical Boundary ©nditions

Vertical boundary conditions for the momentum equatiare based on specifying the kinematic
shear stresses equation §) at the bedz= 0) and water surface € 1) as (Hamrick, 1992;
Hamrick and Mills, 2000; Ji, 2008):

(txz'tyz): (tbx'tby):Cb\/ Uy + Vi (ubl ’Vbl) (12)
(tXZ’l‘yZ):(tSX’tSy):CS VUV%I+VV5 (UW’VW) (13)
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where(J, and(), are bottom shear stressblsand(y, are surface shear stressagsandvy are
velocities at the midpoint of the bottom layel; andV,, are wind velocity components at 10 m
above the water surface. The bottom drag coefficiégti§ given by:
2
Com—t s (14)
|n%8
882 0

z,2

wherek is the von Karman constant (0.4), is the dimensionless bottom layer thickness,

& & TOis the dimensionless roughness height, @nid the bottom roughness height. The
wind stress coefficientd) is given by:

C. = 0.001%5;%).8+ 0.65/U2 +V?2 8 (15)

wherej 5 is air density.

For temperature transport modeling, the NOAA Geophysical Fluid Dynamics Laboratory
atmospheric heat exchange model (Rosati and Miyakoda, 1988) or {Q&JBE-W2

equilibrium temperature metho@i@@ig 2013;Cole andWells, 2013 can be implemented for the
water surface boundary condition.

Numerical $lution

The numerical schend the hydrodynamic equations usexondorder accuratspatialfinite
differencingon a staggered or C gridime integraton uses a secorafder accurate, threene

level or twatime level finitedifference scheme with an exteriadernal mode splitting

procedure which separates the external free surface gravity wave (barotrophic mode) from the
internal shear (baroclinic nde). The semimplicit, external mode solution uses a

preconditiord conjugate gradient procedure to compute the 2D water surface elevations,
allowingrelatively large time steps constrained only by the stability criteria of thednagr
upwindadvection scheme (Smolagwicz and Margolin, 1993) or the explicit central difference
approach used for nonlinear accelerations (Jin et al., 2000). The internal mode equations are
solved at the external mode time step, and are implicit with respeatitaldiffusion.

The transport equations for salinity, temperature, turbulence intensity and length scale, and other
constituents are solved using a high order upwind scheme (Smolarkiewicz and Clark, 1986;
Smolarkiewicz and Grabowski, 1990) known asrthétidimensional positive definite advective
transport algorithm (MPDATA), which is firgirder accurate in space and secorder accurate

in time (Hamrick, 1992). To minimize numerical diffusion, MPDATA within EFDC employs an
optional antidiffusive carection and flux limiter calculation (Smolarkiewicz and Grabowski,

1990).
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Further details of the EFDC model formulation, finite difference numerical schemes, underlying
assumptions and parameter representations may be found in Hamrick (1992) aneédretra T
(2007a, 2007b and 2007c).

Model Grid

The model domain encompasses Humboldt Bay within the existing shoreline (Laird, 2013), the
larger slough and lower tributary systems (e.g. Mad River Slough, Freshwater Creek, Elk River),
and a portion of the opartean immediately outside of the entrance charnglfe3-1). The

model grid is based on a previously developed 3D hydrodynamic and transporfanodel
Humboldt Bay (Anderson, 2010), but was configured as a 2D model f&a0@w long SLR
simulations to increase computational efficiency. The curvilloeidnogonal grid consists of

1,560 horizontal cells and one vertical layer, with an average antlabgeviation of 2.3

degrees. Grid cells had an average size of 205.6 by 219angmgin size from 12.7 to 678.8

m in the xdirection and 25.8 to 514.7 m in thediection.

A

N o

10 km

Figure3-1 Humboldt Bay hydrodynamic model gddmain
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Elevations were assigned to the grid cells usingHiln@boldt Bayproject DEM developed by
PWA (2014) as part of the over&8LR vulnerabilitywork (Figure3-2).

Bottom Elev (m)
-21.9 [Time 4743] 3.8

| — ]

3.12 Kilometers

Figure3-2 Humboldt Bay hydrodynamic model grid and bottom elevatignsreferenced tdNAVD88

The grid configuration required 2se®nd time step to satisfy the CourdfriedrichLewy
(CFL) criteria and reduce oscillations in the solution field. TheyGmulations required
approximatelyl55CPU hours on a Pentiugi2 GHz 6Core Pentium Process(verclocked to
4.8 GHz)using the DSI multthreaded version of EFDC (EFDC_DSI_OMM)odel results
were output at 1Einute intervals.

Model parameters and Initial conditions

Model parameterélable3-1) were based on values from a previously developed and semi
calibrated threglimensional EFDC hydrodynamic and transport model of Humboldt Bay
(Anderson, 2010).
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The adjusted parameter representing bottom drag (or frigidhe total effective roughness

height (%), which represents the total roughness due to skin friction and form drag. A constant
Zy of 0.005 m was used for the entire model domain. Horizontal eddy viscosity was set to zero
for the SLR simulations. Was assumed that the numerical diffusion associated with the EFDC

model (Hamrick, 1992) is likely similar in magnitude as realistic eddy viscosity values.

Table3-1 Key EFDC model parameters

Parameter Value Source/Description

Based on Anderson (2010), aralibrated within

Effective roughness heighto}Z 0.005m range of literature values (Ji 2008, Tetra Tech 20

Horizontal eddy viscosity 0 Assumed zero
Wet/dry depth 001l m Adjusted for mode_l stabilitywithin range of
bathymetric data accuracy
Model time step 2 sec Adjusted for model stability

For each EFDC model run, the model was spprior 7 days prior to the effective start date of
each SLR simulation. The water fage elevation was set to the value taken from the ocean
boundary condition at the start of thel@y spinup period. The initial velocities were set as
zero. The fay model spirup period was of adequate length to remove the initial condition
effects fom the water surface elevation solution field.
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4 Hydrodynamic ModelOceanBoundaryCondition

Thedeveloped Humboldt Ba3D model was drivennly by a 100yr long hourly sedevel
heightseries (1913 to 2012} the ocean boundaryreshwater ifbws tributary to Humboldt

Bay were not includedThe effects of internally generated wind waves on predicted water levels
in Humboldt Bay for the 109r simulations were not directly assesséuatlusion of these

effects where beyond tlseope andunding available for this study.

Tidal Observations

The ocean boundary of the model domain is locapgmtoximatelyl.8 km west ofthe Humboldt
Bay entranceRigure3-1). TheNational Oceanic and AtmospheAdministration (NOAA)
Center for Operational Oceanographic Products and Service®©f&3Jcurrentlyoperates two
tide gauge in the Humboldt Bay regiafor near the model domainjth waterlevel
observationsKigurel-1 andTable4-1): North Spit NOAA tide gauge9418767)ocatedinterior
to Humboldt Bayand3.7 km from the entrance, and Crescent City (NOtde cauge9419750)
located109km north of the entrance.

TheCrescent Cityide gaugehas a much longer record of hourly water level observations than
theNorth Spitgauge The monthly highest water level observations are derived from the hourly
and sixminute tidalobservations (NOAA, 2013 Verified sixminute water level observations

are available for th&lorth Spit and Crescent Cigauge, but cover a much shorter observation
period beginning idanuary 1996Due to the longer period of tidal observations, the Crescent
City hourly water level data was used to develop the ocean hyurwiadition(Table4-1). This
approach allowed the North Spit tidal observations to serve as a calibration/validation data set
interior to Humboldt Ry.

Table4-1 NOAA tideggauges and data summariy the Humboldt Bay regiothroughyear2012

Verified Hourly Water Level Verified Monthly Highest Water Leve
Observations Observations
NOAATIde Gauge Period Number Period Number

193304-11 to 194310-11;
194501-20 to 194706-01;

Crescent City |195004-01 to 196403-28; 193301-01 to 194712-31;

(9419750) 196407-31 t0197901-26; 639011 195001-01 t02012-12-31 867
197908-01 to 200608-31;
2001-01-01 to201212-31
North Spit 1977-09-01 to 197712-31,
(9418767) 199301-01 t0201212-31 | 174,509 19780501 t0201212-31 409
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Water levels recorded at the NOAYauge include the combined effects of astronomical tides

and nontidal sea level$\ontidal sea levels occur from local weather events such as storm surge,
wind stress effects, and changes in barometric pressure; from larger interannual to decadal
climate patterns such as the El Nifiouthern Oscillation (ENSO); and from decadal or longe
climate variability such as the Pacific Decadal Oscillation (Cayan et al.; Bo@®irski et al.,

2011; NRC, 2012), all of which can increase or decrease the astronomical tide levels. The
recorded water levels do not include wave effects, but mayinantanited amount of wave

setup dependingontiggug® s exposure to ocean waves ( NOAA,
tide gaugas located inside Humboldt Bay and generally protected from ocean swell, the water
level observations probably do not inclugignificant wave effects. However, the Crescent City
tide gaugdocation within the Crescent City Harbor, and the haborientation to the open

ocean may allow some wave setup effect in the tidal observations. NOAA (2013) notes that the
water levelsecorded at a NOAAaugeapproximatelycorrespond to what FEMA defines as still
water elevation, and are not the a¥nual chance BF&hich include wave effects.

100-year LongDetrendedHourly Seal_evelHeightSeries

For predicting water levelsn Humbold Bay, the2D model was forced by 100yr long (19137
2012)detrendedhourly sea level height series (200HSLH series) developeah data from the
NOAA Crescent Citytide gauge The 100yr HSLH series consists of 639,011 hourly water
level observationsTable4-1) and 246,373 holy water level predictions with the lortgrm

SLR andVLM signal removeddetrendeylfrom the entire seriesThe 100yr HSLH series
includes the sea level height variability inherent in the historical Crescent City observed tidal
record, and isf adequate lengtto make reliable estimates of extreimgh water levels (e.g.
100-yr extremehigh water level). Theentire100-yr HSLH seriespanned 10years (1912 to
2012) with the 1912 tide levels used for model spinup.

Hourly water level predictions were based on NOAA hindcast astronomical tide predictions for
Crescent City, and @evelopedhontidalsea level mdel following the general approach of

Cayan et al. (2008). This approadtes multilinear regression to relat®ntidalsea level

residuals taveather(wind andsea level pressurand ENSO variability The general procedure

to develop thdourly water level predictions for Crescent City follows.

1. Hourly observations and hindcasted tide predictions for Crescent City were downloaded
from theNOAA CO-OPS websitehttp://tidesandcurrents.noaa.gpveferenced tthe
tide gauges station datuf8TND). Thehourly observations werdetrendedising least
squares linar regression to remove the SLR and VLM signal from the. date
regression was on the hourly water level residgaiterated by sulatcting the NDAA
Crescent City mean sea level (MSidal datumvalue of 225.4 cn(19832001 NTDBH
from the hourly observationDdrending the hourly dateffectively references the data
to the middle of the current 19€901NTDE (Flick et al.,2013) which for this work
referencesnidnight on 2 July 1992The NOAA hindcastedidal predictiongyenerally
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reproduce NOAA published tiddatumfor the currentt9832001NTDE.
Consequentlytiwas assumed for this work that the NOAAetmiedictionsrepresent
detrendedhstronomicahindcasted tid@redictions over the 1913012 periodeferenced
to the 19832001 NTDE.
. Hourly detrendedhontidalsea level residuals were determined by subtracting the NOAA
hindcasted astronomical tide predictions fromdba&endedvater level observations
from step 1 above.
. Nontidalsea level modehdependent variablellected for analysis includeind
velocity, sea level pressufaverse barometer effecnd ENSO variabilitgxtracted
from variousreanalysis datassfor two time periods19121949 and 195@012. For the
19121949period
1 6-hour wind velocity (vand vdirection) and sea level pressuP@th Century
Reanalysis V2lata(Compo et al., 2011) provided by the NOAA Office of
Oceanic &Atmospheric Researclkarth System Research Laboratory, Physical
Sciences DivisionNOAA/OAR/ESRLPSD. All NOAA/OAR/ESRLPSDdata
weredownloaded fronmttp://www.esrl.noaa.gov/psd
1 Monthly ENSO variabilityover NINO 3.4Region monthly sea surface
temperature anomalies averaged over the NINO 3.4 extracted region (120°W to
170°W longitude, 5°S to 5°N latitud&pm Kaplan SST V2 datéKaplan et al.,
1998)provided by NOAA/OAR/ESRIPSD
For the19502012period
91 6-hour wind velocity (vand vdirection) and sea level pressuCEP/NCAR
Reanalysis 1 dat@&alnay et al. 1996 provided byNOAA/OAR/ESRLPSD
1 Monthly ENSO variabilityfor NINO 3.4 region monthly3-month averagedea
surface temperature anatiesfor the NINO 3.4 region from ERSST.V3B dataset
(19812010 base periogrovided bythe NOAA National Weather Surface
Climate Prediction Center (downloaded fraiip://www.cpc.ncep.noaa.gpv
. Seasonal muHiinear regression modelgere developed fawo time periods (13-
1949, and 195Q@012) relating the observedourly nontidal sea level residuals from step
2 (dependent variable) to theh6ur wind velocity (vand wdirection) 6-hoursea level
pressure, and monthly ENSO values from step 3 (independent varightes)y
estimates of thendependent variables wedetermined from the-Bour and monthly
values using linear interpolatio.he seasonal periods were Septeritvevember(fall),
DecembeiFebruary(winter), MarchMay (spring) and Jun€dugust(summer) Seasonal
regressionmodels provided betteorrelations between predicted and observed nontidal
residuals than an annual model.
. The final hourlydetrendedvaterlevel predicionsfor Crescent Cityonsisted of
combiningthe NOAA hindcasted tide predictiorfstep 1)with the hourlydetrended
nontidal sea level predictions (step 4).
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To create the 109r HSLH serieg19132012)the 639,011detrendedourly water level
observatnswere combined with th246,373 hourly water level predictians

Adequacy of 10§/r Hourly Sea Level Heigl&eries

Since the Humboldt Bay 2D model is driven solely by theYWfOBSLH seriesthe createdL00-
yr series was assessed against water yarvations at the Crescent City tgkeuge This
section describes treecuracyof the 100yr HSLH seriescomparingpredictionsto observations
with a focus on

1 Hourly nontidal sea level andater level predictioequations and statistics.

1 Assumption oftatiorarity at middle of the 1983 to 2001 NTDE (midnight on 2 July
1992).

1 Annual extreme high water estimates using generalized extreme value analysis.

The seasonal nontidal sea level model rrdgar regression equations and generaletation
and fit statisticselated toobservations for the two model periods are summarizédlte4-2.

Table4-2  Multi-linear regressiomelationsfor the NOAACrescent Cityide gauge(941975( nontidal
sea level residualéndependent variablegm) based on reanalysis datasets for ENSO
variability, sea level pressure andand vwind velocity(independent variables)

Multi -linear RegressionCoefficients' Regressioratistics”
SE of
Model Regressior] Number
Period | NINO 3.4 SLP u_Vw v_Vw INT R (cm) of Obs
19331949
SepNov 3.07 -1.14 -0.16 0.68 1162.71 0.76 6.53 4,463
DecFeb 3.43 -1.31 -0.32 0.81 1329.29 0.85 8.40 4,427
Mar-May 3.25 -1.38 -0.29 0.61 1404.50 0.75 8.31 4,988
JunAug 0.95 -0.87 -0.84 0.73 889.52 0.53 5.55 4,739
19502012
SepNov 2.52 -1.28 -0.12 0.19 1303.60 0.74 7.10 21,774
DecFeb 3.00 -1.50 -0.08 0.40 1523.62 | 0.85 8.90 21,860
Mar-May 2.81 -1.44 -0.20 0.28 1466.01 0.76 8.39 22,201
JunAug 1.71 -1.10 -0.43 0.05 1121.04 0.53 5.96 22,048

!SLP is sea level pressure, u_Vw and v_Vw-areduvdirection wind velocity components, respectively,
and NTis intercept.’R is correlation coefficient, SE is standard eramd Qvsis observations
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Correlation plots are shown kFigure4-1 for the nontidal sea level prediction®bservations,

and statistics are summarizedTiable4-3. Correlation coefficients (Rfpr the seasonal

regession relations range from 53% to 85%twiigher values for the winteigll, and spring
seasongperiods Table4-2), respectively, when storms agdlNifio conditions more

significantly affect sea levels. The standard error of the regressions (SE) range from 5.6 to 8.4
cm for the 1933 to 1949 period, and 6.0 to 9.0 cm for the 1950 to 2012 period, with the highest
SE occurring in the winter season.

The standard deviations of the nontidal sea level predictions are similar to, but smaller than
observations, with a correlation coefficient of approximately 79% for both model pefaile (

4-3). These results are consistent with the nontidal sea level model develdpaydoyet al.

(2008) for Crescent City, which hath R value of 82% between observed and predimatidal

sea leved. Thecorrelaton plots Figure4-1) showthat predicted nontidal sea levels slightly
underestimate and overestimate the higher and lower observations, respeCinelikely
explanation for this is the-Bour wind velocity and sea level pressure Reanalysis data, which are
6-hour averages that would tend to reduce peak values and raise low values that occur over
shorter time scales (e.g. hourly).

Overall, the developed nontidal sea level models generally appear to reproduce observed
nontidal sea level variability using the three independent variables of seéadevel pressure
and ENSO variabilityKigure4-2).
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Figure4-1 Predicted and observed nontidal sea level residual (NTSLR) correlations IR &xe
Crescent City tidgauge(9419750) for the twanulti-linear regression modegderiods Plot
Ashows theNTSLRorrelationfrom the regression model developed for ti€33-1949
period, andplot Bshows theNTSLRorrelation for the 1952012 period regressiomodel.
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Table4-3 Summary statistics farontidal sea level residuals from theulti-linear regression models

and water level predictionfor the NOAACrescent Cityide gauge(9419750).

Statistics forHourly Nontidal Sea kevel

Statistics forWater Level Predictions

Predictions (astronomial tide plus nontidal sea leve

SD ofObs | SD of Pred SD of Obs | SD of Pred
Model Period R (cm) (cm) R (cm) (cm)
19331949 0.785 11.78 9.25 0.994 65.43 65.46
19502012 0.788 12.45 9.81 0.993 66.06 65.83

'Ris correlation coefficient, SD is standard deviati®is is observation, and Pred is prediction
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Figure4-2 Time series of pedicted andobserved nontidal sea level resids@NTSLRpr the NOAA
Crescent City tidgauge(9419750) for twdel Nifioperiods OctoberDecember 1940A),
andJanuaryMarch 1983 B).
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The predicted hourly watéevels (astronomical tide plus nontidal sea lewadjeused to fill

data gaps in the 10¢r HSLH series. Statistics for thénourly water level predictions with
observations are summarizedTiable4-3. Figure4-3 shows correlation plots opredicted and
observed water levefor the two model periodsThe high correlation coefficient of 99% for

both model periods indicate that predichexlirly water level variability is essentially the same as
observedwith the largest difference in standard deviations between predictiondse/ations

of only 0.23cm (Table4-3).
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Figure4-3 Predicted and observeldourly water leve(WL)correlations for theNOAACrescent City
tide gauge(9419750) for the twamulti-linear regression modgleriods Plot Ashows the
water level correlation for the regression model developed for1883-1949period, and
plot Bshows the water level coetation for the 1952012 period regression model.

Figure4-4 shows monthiMSL estimated from the hourly observations, both reported and
detrended, and from the final 190 HSLH series. Thebservedvater levels (An Figure4-4),
prior to detrending, exhibit an overall downward trend in the momt8y. showing the
combned effects oSLR and VLM andindicates the RSL risieend for the Crescent City tide
gauge Derending the hourly observationB (n Figure4-4) removes the RStisetrend and
createsstatiorary monthly MSLabout the reported NOAMSL for the1983-2001 NTDE. The
monthlyMSL from the 100yr HSLH seriesC in Figure4-4) alsoindicate astatiorary series
from the combined detrended observed jarradlicted sea levels.
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