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Abstract. The longestavailable hourly tide gaugerecordalongthe U.S. West
Coastat SanFranciscoyields meteorologically-forceshon-tideresidualgy NTR),
providing an estimateof the variationin “storminess”from 1858-2000. Mean
monthlypositive NTR (associateavith low sealevel pressureshon no substantial
changealongthecentralCaliforniacoastsincel858or overthelast50yr. However,
in contrast,the highest2% of extremewinter NTR levels exhibit a significant
increasingrendsinceabout1950. Extremewinter NTR alsoshav pronounced
guasi-periodidecadal-scalgariability thatis relatively consistenbver the last
140yr. Atmosphericsealevel pressureanomaliegassociatedvith yearshaving
high winter NTR) take the form of a distinct, large-scaleatmosphericirculation
pattern,with intensestorminessssociateavith a broad,southeasterly-displaced,
deepAleutianLow thatdirectsstormtrackstowardsthe Californiacoast.

1. Introduction

[1] Increaseccoastalerosionand flooding from intense
stormactiity alongthe Californiacoastoccurredduringthe
greatEl Nifio’sof 1982-83and1997-98.How doesthislevel
of “storminess”comparewith otherstrongEl Nifio’'s over
the pastcentury? Has storminessncreasedilongthe West
Coast? Knowing whetherstorminesss increasingis im-
portantfor coastalplanningandestablishingdesigncriteria
for future coastaddevelopmentaswell asbeinganindicator
of potentialanthropogenically-forcedr naturallyoccurring
climatechange.

[2] Meteorologically-forcedtorminesss associateavith
propagatinglow pressuresystems(cyclones)that can be
characterizethy variousaspect®f sealevel pressurgSLP),
wind speedandresultingsynopticchangesn sealevel. In
theextratropicalNorth Pacific, moststorminesss associated
with winter cyclones,usually characterizedyy low surface

pressuravith highwindsandprecipitation.Over the ocean,
cyclonescauseepisodicincreasesn oceansurfacegravity
wave enegy andelevatesealevels. Over land, the primary
indicator of storminesds accumulategrecipitationwhich
can be strongly influencedby topographyand relatedoro-
graphiceffects.Becausef spatialvariationandbecauses-
timatesof storminesaisingtheseparametersredependent
on boththeirintensityandduration,eachof thesemeasures
of storminesshassomavhat differenttemporaland ampli-
tudecharacteristics.

[3] An increasingtrend in the numberand intensity of
midlatitudecyclonesin the centralNorth Pacific in the last
50yr hasbeenidentified(GrahamandDiaz 2001),although
the trackingdomaindid notincludethe region within 5° of
the U.S. West Coast. Becausecyclonestendto turn north-
ward asthey matureandto decayasthey move eastvard
(Andesonand Gyakum1989),the impactof increasecty-
cloneactiity in the centralNorth Pacific on the WestCoast
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Figure 1. Locations of the San Franciscotide gauge

at Fort Point, Sausalito,and The Presidio, San Francisco
(Smith1980),justinsidethe GoldenGateBridge.

depend®nastormsbehaior in theextremeeasterrPacific,
which may differ substantiallyfrom it's openoceanchar
acteristics. Hindcastsof significantwave height (H;) us-
ing NationalCenterdfor EnvironmentalPrediction/National
Centerfor AtmosphericResearciNCEP/NCAR)reanaly-
siswind fields also shav increasingtrendsof extreme H,
over the past40yr (Wang and Swail 2000; Graham and
Diaz 2001), presumablyassociatedvith increasectyclone
intensity However, becausenodel-dervedhindcastglo not
modelshortperiod wave enegy reliably, the magnitudeof
wave andassociatedtormactiity atcoastalocationsfrom
suchhindcastsanbe uncertain. Thus,measuresf stormi-
nessat or nearthe WestCoastareinvaluablefor gagingthe
coastalulnerabilityto climatevariability.

[4] As an alternatve to uncertaintiesassociatedwith
both model-generatedindcastsand nearcoastalstormbe-
havior, the long-term variability of storminessalong the
California coastcan be estimatedfrom nearly continuous
hourly tide gaugedatafrom SanFrancisco(SFO)thatspan
the 1858-2000time period. The location of San Fran-
ciscoon the California coast(37.8°N, 122.68W) is sensi-
tive to changesin both the intensity and tracks of North
Pacific winter storms. Becausenon-tidal sealevel fluctua-
tions areforcedlargely by SLP andwind, andarereason-
ably well correlatedwith short-periodyravity wavesaswell
as precipitation,meteorologically-forcedvater level varia-
tion givesa useful compositeestimateof storminess.The
SFOhourly tide gaugerecordis uniquein North Americain
bothits lengthandcontinuity, andthusprovidesanunbiased
climate-relatedime seriesof sufiicient durationto investi-
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gateinterdecadabktorminesgclimate) variability alongthe
West Coast. Also, the hourly samplingrate allows better
characterizatiof synopticeventsthanmorecoarselysam-
pled pre-1948SLP and precipitationdata,which aregener
ally availableonly at daily resolution.

[5] Climate variability in the North Pacific driven by El
Nifo-forcedteleconnectiongrom the tropics hasbeenthe
subjectof numerousstudies(c.f. Bjerknes1969; Latif et
al. 1998). North Pacific climatevariability on decadatime
scalesandlongeris estimatedrom datasets,usually aug-
mentecby objective analysispf atmost100yr duration(e.g.
Trenberthand Hurrell 1994; Mantuaetal. 1997; Graham
and Diaz 2001). Hence , mostestimate®f interdecadatli-
matevariability arebasedn oceanicandmeteorologicdata
thatspanfew cycles(assumingeriodicity). Becauseentral
California coastalclimate variability is affectedby Pacific
basinscalephenomenahe SFOtide gaugerecordthatspans
140yearscanprovide anindependengstimateof relatively
long termclimatevariability in the easterrNorth Pacific.

Data Sour ces

[6] Hourly tide gaugedatafrom SanFrancisca SFO)were
obtainedfrom the National Oceanicand AtmosphericAd-
ministration(NOAA) NationalOcearService(NOS)Center
for OperationalOceanographi®roductsand Services(Co-
Ops). Thetide gaugedatawere collectedat threelocations
eastof the GoldenGate:Fort Point(Jun.1854- Nov. 1877),
Sausalito(Feh 1877 - Sep. 1897),and The Presidio(Jul.
1897- present)Fig. 1). Levelingto establishedenchmarks
from SanFranciscao Sausalitasshavs no elevation change
atSausalitdrom 1877to 1977(Smith 1980),indicatingthat
the tide gaugestationsare referredto a commonreference
datumandthat relative gaugeheightcomparisonsare con-
sistent.Dataprior to May 1858have unexplainedtrendsand
datumshiftsandarethereforenot considered.

[7] Otherdatausedin this studyincludehourly SLPand
wind speed(Ws) datafrom the SanFranciscanternational
Airport (1948 - 2000), obtainedfrom the NOAA National
Climatic Data Center(NCDC). Monthly precipitationdata
collectedat SanFranciscowere obtainedfrom SusTabata,
Institute of OceanScience,Sydng, BC, Canada(1850 -
1950), the Departmentof Water ResourcesStateof Cal-
ifornia (1951 - 1988), and the WesternRegional Climate
Center Reno,Nevada (1989 - 2000). Wave spectralden-
sity estimatesusedto determinehourly short period wave
heightestimatesvereobtainedor buoy 46026(1982- 2000)
from the NOAA NationalDataBuoy Center(NDBC). Buoy
46026is locatedaboutabout20km westof the GoldenGate
at(37.759N, -122.833W).
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Figure 2. (a) Representate tide gaugespectrum(blue)
with the associatedon-tide spectrum(red) obtainedfrom
a 4096hr dataseggmentat the beginning of 1870. (b) Ex-
pandedview of the first two tidal speciesshawving that the
non-tidefiltering methodologyproducesspectralestimates
virtually indistinguishabldrom the continuum.

2. Non-Tide Water Levels

[8] Tide gaugewater levels are dominatedby astronomi-
cally forcedoceantides (high amplitudeblue spectralines
in Fig. 2), but alsoincludeinternalwave enegy and over
tides that are generatedover relatively local topography
(Munk and Cartwright 1966) as well as meteorologically
forcedcomponentgFlick 1986).Otherfactorsaffectingwa-
ter levelsincludesteric,wind-forced,andatmospherigres-
surechangesssociatedvith seasonabariationandanoma-
lous climatic variationssuchasEl Nifio (Reidand Mantyla
1976). Theastronomicatidal constituentsary slightly over
time (Cartwright 1972), and the amountof internal wave
enegy found within the tidal speciesis difficult to esti-
mate.Theneedfor estimatinghesefactorsoverthe 140year
SFOdatarecordwaseliminatedby implementinga spectral
methodof tide constituentemoval that preseresestimates
of the meteorologically-forceddomponentsacrossthe tidal

species.

[9] Assumingthatthe continuumnon-tidalforcing varies
smoothlyacrossthe tidal speciesnon-tidewaterlevels are
obtainedwith frequeny domain operationsthat estimate
continuumspectrallevels within the tide bands. Sequen-
tial 4096-hrdatablocksweretransformedo the frequengy
domainby Fast Fourier Transform(FFT) after applying a
Hanningwindow to the demeanedjetrendediatasegment,
giving the amplitudespectrumin Fig. 2 (bluelines). Using
datablocksof this lengtheffectively actsasa highpasdilter
with abouta 6 monthperiod. Therangeof variability of both
therealandimaginarypartsof the resultingspectrunwere
estimatedor the 10 spectrakstimatedelown eachtide band,
about25% of the numberof spectralestimatesn eachtide
bandfor the bandwidthused(seePugh 1987 for tide band
frequencies).The varianceestimatefor eachtide bandwas
multiplied by n randomnumbersn the[-1,1] range where
n is the numberof spectralestimatesn eachrespectie tide
band. The trendsof the real and imaginary components
acrosghetide bandswereestimated . The randomizedrari-
anceestimatesverethenaddedto respectre trend-deved
amplitudeestimate®f therealandimaginarypartsfor each
spectralestimatan eachtide band. This filtering methodol-
ogy providesbothamplitudeandphaseestimatesacrosshe
tidal specieghatareconsistentvith thoseof the concurrent
non-tidecontinuum.The resultingnon-tideamplitudespec-
trum acrosghetidal speciegFig. 2, redlines)is essentially
indistinguishabldrom unmodifiedspectralestimateon ei-
thersideof thetide bands.InverseFFT of the modifiedtide
gaugespectrunto the time domainwith window correction
givesthenon-tidewaterlevel estimatefollowedby applica-
tion of a 3-pointtriangularfilter to suppressigh frequengy
processingrtifacts.

[10] Thestability of the phaseof thenon-tidewaterlevels
canbedemonstratetly comparinghenon-tidelevelsbefore
andafter introducing“glitches” in the raw data. Figure 3a
shavsaportionof SFOtide gaugedatafrom Jan.1900,with
circlesshaving actualdataamplitudes.The corresponding
non-tidelevelsareshavn in Fig. 3b (thin line with circles).
Thedatapointshaving solid circlesin Fig. 3awerereplaced
with thosein the squarega shift of 30.5cm (1 foot) in the
tide gaugedata). The resultingnon-tide amplitudesdiffer
markedly from theunmodifiednon-tidelevelsneartheglitch
points,with smalldifferencesat otherpointsresultingfrom
relatedchangesn the Fourier coeficients. Note thatthe as-
sociatedspikeshave the samesign andoccurat aboutsame
time asthe point shifts,indicatingthatthis filtering method-
ology producedittle if any phasedistortion. Suchspikesin
actualnon-tidedatawere usedto identify “glitches” in the
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raw tide gaugedataresultingfrom transcriptionranddataen-
try errors,with hundredsof correctionsnecessaryn there-
centlyavailablepre-1900data.Assumingthatnon-tidecon-
tinuum amplitudesvary relatively smoothlyin time (Munk
and Cartwright 1966),glitch pointsidentifiedwereinterac-
tively adjusteduntil the non-tideamplitudesin the vicinity
of theglitch pointshadthe samegenerakrendandcharacter
asnearbynon-tidelevels. This correctionmethodologyhas
theadwantageof needingno externaldatasets e.g. predicted
tide or SLR, to make necessaradjustmentshatare consis-
tentwith currentcontinuumcharacteristics.

[11] The non-tidespectrum(Fig. 2a, red line) provides
anestimateof meteorologicallyforcedwaterlevels. Succes-
sive 4096-hrdatablocks were processedvith a 50% over-
lap, with the exterior half of the overlappingdatadiscarded
to avoid window edgeeffects. Inspectionof resultingnon-
tide waterlevel datashovedno discontinuitiesor variability
that could be relatedto the processingnethodology This
is demonstratedn Fig. 4 for non-tide datathat spansthe
changein the tide gaugelocationin Nov. 1877 from Fort
Point on the southside of SanFranciscoBay to the north
side at Sausalito(seeFig. 1). Although high amplitude
non-tide water levels are obsened during winter months,
especiallyduring the very strong1877-1878El Nifio event
(QuinnandNeal 1987),no discerniblevariationis obsened
that can be attributed to the processingnethodology In-
deed,becausehe tide responsas mostlikely quite differ-
ent at Sausalitothan at San Francisco,this suggestshat
thisfiltering methodologycanbeappliedto commondatum-
referencedide gaugedatawhereappreciablehangesn lo-
cal bathymetryor shorelinesover time have affectedthe lo-
caltidal response.

[12] Non-tide residual(NTR) water levels are obtained
from the non-tidedataby bandpasg[1/30, 2.5] day~?!) fil-
tering both forward and reverse(ensuringno phasedistor
tion) usingalowpassChebyshe typel filter of order10and
a highpasslliptical filter of order6 (Krausset al. 1994),
chosenfor the necessargteepcutoff of the low frequeny
enegy. Although this filter combinationhassharpcutoffs,
no evidenceof “ringing” is obsened in the time domain
(seeFig. 5 below). This passbandaxcludesstericandother
sea-l@el variation at time scaleslonger than 30 daysand
short-periodvariation resulting from overtidesand minor
datairregularities. Thesecutoffs were chosento give suf-
ficienttemporalresolutionto accuratelystudyNTR changes
on synoptictime scales.

[13] NTR estimatesobtainedwith the abose methodol-
ogyincludevariability notrelatedto meteorologicaforcing.
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Figure3. (a) Raw tide gaugedatafor Jan.1-4,1900.Circles
indicateactualmeasurementsFilled circlesindicatemea-
surementshatwereshiftedto thelevelsof theadjacentots
enclosedy squares(b) Non-tidewaterlevels(thin line with

circles)determinedor the raw, unmodifiedtide gaugedata
in (a), andcorrespondingnon-tidewaterlevel estimateob-
tainedfor the samedatabut substitutingdatapoints at the
squaredor thefilled circles(thick solid line).
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Figure 4. Non-tide water levels encompassinghe time
period before and after the changein the tide gaugedata
sourcelocationin Nov. 1877 from Fort Pointto Sausalito
(seeFig. 1).
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Thesevariationsresultfrom boththeinclusionof sometidal

“cusp” enegy thatresultsfrom non-linearinteractionsbe-
tweenthe tidal constituentsand the lowest continuumfre-

guencies(Munk and Cartwright 1984) and the statistical
variability associatedvith the randomlygeneratedgpectral
estimatesacrossthe tidal species. To estimatethe impor-

tanceof thesefactors,10 NTR realizationswere computed
for theentiretide gaugerecordwith thetide bandsextended
about30%, i.e. 15% on both sidesof eachband,thus ex-

cluding most cusp frequencies. The 98" percentilelevel

was determinedrom the rankingof all NTR datafor each
realizationin orderto estimateaheimpactof NTR variability

on extremestorminessanalyses.The means(u) and stan-
darddeviations (o) weredeterminedor the 10 realizations
of the 98" percentilelevels and the associatednaximum
andminimumNTR valuesfor eachrealizationgiving [98¢":

p = 11.3837,0 = 0.0037]cm, [max.: 4 = 45.1836,0 =

0.0899]cm, and[min.: u = -28.0783,0c = 0.2569]cm, re-

spectvely. Thesevaluesshav very smallvariability anddif-

fer from thoseof the narrover tide bandNTR estimatesn

Fig 2 by lessthan 1%, suggestinghatthe NTR do not in-

clude substantialcusp enegy and that tidal speciesband-
limit selectionis not critical. Thus, the small variability

associateavith the filtering methodologyshouldnot affect
generalconclusionsabout storminessdeducedfrom NTR

variations.

3. Meteorologically-Forced Sea L evel Changes

[14] Variationin sealevel pressurg(SLP) causesan “in-
versebarometer’effecton tide gaugewaterlevels,with wa-
ter levels tendingto rise underlow SLP and be depressed
underhigh SLP (Cheltonand Davis1982).Becausehewa-
ter level responsdo meteorologicakventsdependon the
location of the centerof the low relative to the tide gauge,
the SLP gradient(andassociatedvind speedanddirection),
and the rate of storm movement, meteorologically-forced
water level fluctuationsat coastallocationscaninclude a
non-localcomponenthatreduceghe correlationwith SLP
Also, longshorewinds southof the tide gaugecangenerate
coastally-trappeavavesthat propagatenorthwardsandele-
vatewaterlevels (Enfieldand Allen 1980). Thesenon-local
factors,and presumablyalsothe effects of local winds, ap-
pearto reinforcethe local inversebarometereffect on San
Franciscosealevel anomaliesAs seenin Fig. 6abelow, the
ratio of NTR to [1/30,2.5] day ! bandpassiltered SLP is
about1.65cm/mb, substantiallylarger than the commonly
acceptedinversebarometricresponseof 1cm/mh  Thus,
NTR variationprovidesalocal-to-regionalscalemeasuref
storminess.The importanceof the regional componenbn

40 T

b i

.V\/Vvu

it \
]

N
o

o

lI
g ol
1 l\ s\ =

N A \\J A

NTR (cm) & 1000 - SLP (mb)
N
o

2 4 6 8 10 12 14 16 18 20 22 24 26 28

February 1998

Figure 5. Non-tide residuals(NTR, thick line) and SLP
(dot-dashedine) at SFOduring Feh 1998,a monthduring
El Nifio with exceptionally high storm actiity. Note that
1000- SLPis plotted, so SLP>0 correspondgo sealevel
pressurdessthan1000mb, i.e. anintensestorm. The 98t
percentilefrom the rankingof all hourly NTR 1858- 2000
(horizontaldashedine, NTR = 11.46) indicatesthe NTR
level usedto produceFigures7band7c.

NTR is demonstratedh Fig. 5 wherethe variationin NTR
(thick line) follows the variationin SLP (dot-dashedine),
but the relative amplitudesof the peaksdo not always cor-
respond.However, in generaljow SLP (i.e. intensestormi-
ness)correspondso high non-tideresiduals.

[15] After comparingseveralmeasuresf NTR with other
measuresf storminesgnot availablefor aslong atime pe-
riod), it becameapparenthatthe cumulatve NTR anomaly
calculatedasthesumof thehourly NTR > 0 (NTRp)within
amonthandnormalizedby the numberof hourly measure-
mentsin thatmonth, givesa reasonablestimateof stormi-
ness.Othermeasuresf storminesssuchasvariationin ei-
ther SLP, wind speedWs), or shortperiodsignificantwave
height (SP H,, waves having periodslessthan8s thatare
dominatedby regional wind stresscharacteristicspre also
subjectto ambiguitiesrelatedto the SLP gradientandstorm
propagatiorparametersand SP H,; canalsoincludea sig-
nificant non-localcomponent. For thesereasonsgcorrela-
tions of cumulatve hourly SLP, SP H,, andWs anomalies
with NTRp for winter months(Dec.-Mar) showv substantial
scatter(Fig. 6a-c). Comparisondor entire winter periods
weremadebecausehereis substantiajearto-yearvariabil-
ity for the individual months.Hourly SLR Ws, andSP H,
anomaliesvereobtainedirom differenceswith theirrespec-
tive seasonameans,followed by applicationof the same
[1/30,2.5] day~! bandpasdilter usedto obtainthe hourly
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Figure 6. Cumulatve winter anomaliesof (a) SLR (b) SP
H,, and(c) Wsversuswinter NTRp, with associate@®? in-
dicated. Correlationsbetweerthe non-NTRparametersire
shavnin (d), (e)and(f). NTRp, SLRE andWs spanthe1948-
1999time period,while SP H, from wave spectrakstimates
atNOAA buoy 46026areavailablefrom 1982onward. Plot-
ted for winter months(Dec. - Mar.) aresumsof SLP < 0,
Ws > 0, andSP H; > 0 hourly anomalieandNTR > 0,
eachnormalizedby the numberof available measurements
in eachwinter.
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NTR. Anomaliesof SPH, weredeterminedor all available
hourly wave spectrarom NOAA buoy 46026.

[16] The relatively high correlation(R? = 0.66) ob-
sened betweenwinter NTRp and negative SLP anomalies
(Fig. 6a) indicatesa close relationshipbetweenlow SLP
(storminessandhigh NTRp duringwintermonths.Correla-
tion of SLPwith SPH, (Fig. 6d) hassimilarscatterto thatof
NTRpvs. SPH; (Fig. 6b), consistentvith the obsenedre-
lationshipbetweerNTRp andSLP. Regionalrelatively high
SLP canresultin strongSLP gradientshatgeneratestrong
winds not associatedvith storminess.Consequentlycorre-
lation betweeranomaliesof Ws and SLP is poor on winter
time scales(Fig. 6e), andis consistenwith the low corre-
lation obsened betweenWs and NTRp (Fig. 6¢) and the
mauginal correlationobsened betweensealevel anomalies
andalongshorevind stressn the SanFranciscaegion (En-
fieldandAllen 1980). Thus,strongwindsarenotnecessarily
thebestmeasuraf intenseregional storms but arelikely to
generateshortperiodwavesasis evidencedby the compar
atively good correlationof Ws with SP H, (R? = 0.47,
Fig. 6f). BecauseelevatedSP H, doesoccurunderstrong
winds during storms,thereis somecorrelationbetweenSP
H, with NTRp (Fig. 6b) andSP H, with SLP (Fig. 6d). All
correlationsin Fig. 6 are consistentwith high NTRp being
mostcloselyassociateavith low SLP i.e. storminessSim-
ilar correlationsfor summemonths(June- Sept.) aresub-
stantiallyreducedyvith only correlationdetweerNTRpand
SLP(R? = 0.33) andbetweerWs andSPH, (R? = 0.11)
effectively differentfrom zero. The obsened relationship
betweerNTRpandlow SLPin Fig. 6asuggestshatthevari-
ationof NTRpcanbeusedasaproxyfor regionalstorminess
duringwinter monthsalongthe centralCaliforniacoast.

[17] The monthly NTRp (Fig. 7a) indicatethat elevated
levels of storminesshave occurredon humerousoccasions
over the past140yr, with high monthly NTRp levels often
occurring during strong El Nifios. Although the 1997-98
and1982-83El Nifiosproducechigh monthlyNTRp at San
Franciscosimilarly highNTRpalsooccurrecbnseveralear
lier occasions.However, not all strongEl Nifio’s coincide
with highNTRp, andseveralhigh NTRp occurredn non-El
Nifio years(comparegreendotsin Fig. 7awith NTRp lev-
els). This obsenation appeardo be in generalagreement
with studiessuggestinghat the North Pacific atmospheric
responseo warmingin the tropical Pacific is modulatedby
the phaserelationshipbetweenthe warming andthe North
Pacific Oscillation (Gershuna and Barnett 1998). In ary
case,linear leastsquaresanalysisindicatesno statistically
significantlong term trend in monthly NTRp, suggesting
thattherehasbeenno substantiathangdn storminesslong
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Figure 7. (a) Mean monthly positive non-tide residual
(NTR) waterlevelsfor thelast140years.(b) Cumulative ex-
tremeNTR (exceedingthe 98¢" percentilelevel of 11.5cm
for theentirehourly NTR time seriesseeFig. 5, dashedine)
during winter months(Dec. - Mar.), with it's 5-yr running
mean(redline). Leastsquaredrendestimategor the entire
winter recordand since 1948 (dashedines). (c) Cumula-
tive extremewinter hours(blue line) andevents(red line).
Dashedblue line indicateslessthan90% of the hourly data
wereavailable,indicatingthattheseperiodsmaybeunderes-
timated.Timesof strong,moderatelystrong,andverystrong
ElNifio’s (QuinnandNeal1987)areindicatedby greendots
(1998wasadded).

the centralCalifornia coasteitherfor the last 140yr or over
thelast50yr.

[18] The variation of extremeNTR over winter months
(Dec.-Mar) providesanalternatve comparisorof North Pa-
cific storminessvariability. NTR levels above the hourly
98th percentileresult from strong meteorologicalforcing,
thus giving a measureof stormswith high intensity (see
Fig. 5; we note that the 2 percentilelevel for SLP at San
Francisco1948-1999is 1008.6mb). Cumulative sumsof
NTR levels and the numberof hoursabove the 98" per
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centilethresholdfor all hourly NTR give magnitudeanddu-
ration measuresiespectiely, of extremewinter conditions.
A single extreme event occursfor the time NTR persists
above the hourly 98" percentilelevel. Thesecumulative
indices (Figures 7b and 7c) indicate that extreme stormi-
ness,comparedwith stormywinters prior to 1930, hasnot
increasedduring recentEl Nifios. Note that somewinters
have extreme NTR levels nearly 10% of the time. Simi-
lar to monthly NTRp, not all strongEl Nifioscoincidewith
high winter extremeNTR levels. Thereis arelatively small
increasingtrend in winter extremeNTR (0.56 cm/yr, thin
dashedine, Fig. 7b),amountingo anincreasef about13%
relative to the meanoverthe 140yr recordlength. However,
in contrastto monthly NTRp, thereis a substantialncreas-
ing trendin winter extreme NTR levels since about 1950
(thick dashedine, Fig. 7b). This obsenationis consistent
with similarincreasingrendsin winter seasurfacetempera-
ture,zonalwind shearandSLP obsenedoverthe North Pa-
cific from 1948onward (Grahamand Diaz 2001). We note
thatthetrendsobsenedin theseparameterdy Grahamand
Diaz (andin winter extremeNTR levels) arestronglyinflu-
encedby the limited recordlength available, in that, rela-
tive to 1948-1978therewasheightenedactiity in the last
two decadesNote thatthe extremeNTR dataalsoindicate
thatthis two-decadeperiodwasvery active, but not extraor
dinarily so comparedo pre-1948epochs.e.g. 1865-1915
(Fig. 7b), suggestinghatit is unlikely thattheseincreasing
trendswill persist.Interestinglyno comparablérendsin ei-
therwinter durationor the numberof winter events(Fig. 7¢)
areobsenred.

[19] Cumulative summer(June- Sept.) NTR exceeding
98tk percentildevel arenon-zerdor only 16 summerswith
the summerextremeNTR maximumlessthan 10% of the
meanof all winterextremeNTR. Thisunderscorewinteras
beingthe dominantstormseasorin the mid-latitudesof the
eastermNorth Pacific, andreinforcesthe useof winter NTR
asameasuraf climatic changesn theregion’s stormactiv-

ity.

[20] Sensitvity of the obsened long period variability
in NTR (Fig. 7b, red line) to the choiceof the acceptance
thresholdis demonstratedn Fig. 8 for 98, 95, 90, and 75
percentilesdeterminedrom the rankingof all hourly NTR
data. The thresholdlevel decreasesasthe percentilelevel
decreasesthus raising the cumulatve winter NTR. Simi-
larly, becauseestrictingthe 98t" percentildlevel to ranking
hourly datafrom just winter (Dec. - Mar.) months(dashed
line) is about25% higher than for the full-year (all data)
98" percentilelevel (thick solid line), the cumulative ex-
tremeNTR arelower. Only minor changesn the shapeof
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Figure8. 5-yrrunningmeanof cumulatve NTR exceeding
theindicatedpercentilehresholdevels. The 98" percentile
thresholdlevel for the bottom dashedine was determined
from therankingof hourly NTR estimategluringonly win-
termonths(Dec. - Mar.), while thresholdgor the upperfour
curveswere determinedrom rankingthe entire all-season
hourly NTR time series. The all-data98t" percentile(thick
solidline) curveis thesameasin Fig. 7b (redline).

the curvesareobsenedwith decreasingercentileandalso
for the Dec. - Mar. 98" percentilecurve (brokenline), in-
dicatingthatthe obsenedvariability of NTR is not sensitve
to thethresholdselected This strongresemblancef winter
NTR variability case(dashedine) to that of the all-season
casegeflectsthe dominatinginfluenceof winter conditions
in settingthe tempoof California coastalstorminess.The
consisteng of the variationsacrossseveral thresholdper
centilescanbe attributedto the relatively smoothlyvarying
characteristicef SLP, thedominantNTR forcing. The 98"
percentilelevel for the completehourly datasetwill bethe
referencelevel usedin all following discussionof winter
NTR.

[21] Intensestormeventscausethe greatestoastalero-
sion andhave the greatesimpacton coastalstructures.To
investigatewhether extreme storminess(as measuredby
winterNTR) hasincreasedincel860,runningsumswith 1-
yr stepsof winter NTR (blueline, Fig. 7b) andwinter events
(redline, Fig. 7c) weredeterminedor scalelengthsof 5, 10,
15, and20 years(Figures9aandb, respectiely). The pat-
tern of variability in Fig. 9 generallyfollows the 5-yr run-
ning meanof winter NTR in Fig. 7b, with distinctincreas-
ing trendsin cumulatve NTR at all four time scalesfrom
about19700onward. In contrast,the cumulatve numberof
eventsatthesetime scaleshaveflat to decreasingrendsdur-
ing the post-1970period. Thus, becausdewer eventsgen-
eratedhighercumulatve NTR, this suggestghat stormin-
tensitieshave increasediuringthelastthreedecadesHow-
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Figure 9. Runningsumsof (a) winter NTR and (b) the
numberof extreme events exceedingthe completehourly
98t" percentilethresholdlevel during winter months(Dec.
- Mar.). Sequentiasumswerecomputedwith 1-yr stepsfor
5,10, 15,and20-yrrecordlengths.

ever, asFig 5 shows, the numberof eventsis clearly more
sensitve to thresholdlevel selectionthancumulatve NTR.
Importantly thesecurvesall sharesimilar fluctuations,in-
dicatingthatthe history of variability is not an effect of the
filter structure Neithermeasuref variability in Fig. 9 indi-
catesary longtermtrendin extremestormines®verthelast
140yr.

4. Interdecadal Variability of Extreme
Stor miness

[22] Many climate-relatedparametershave a red spec-
trum, i.e. with enegy generallyincreasingwith increas-
ing period but with no significantpeaksin periodicity at
periodslongerthana few years(Wunsd 1992). Although
no significantlong-termtrendin extremestorminesss ob-
sened in Figures7 and 8, the 5-yr running meansdo ap-
pearto exhibit someperiodicity. The periodicity of extreme
stormineswariability wasinvestigatedy ensembleverag-
ing power spectraldensity (PSD) estimatesof the cumula-
tive monthly NTR exceedingthe 98¢ percentilelevel. The
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Figure 10. Long periodvariability from spectralestimates
of cumulative monthlyextremeNTR. Includedare95%con-
fidencelimits (dashedines) andthe 95% significancdevel
(horizontalline).

resulting monthly NTR time serieswas divided into five
28.2yr records gachdemeane@nddetrendedeforeappli-
cation of a Hanningwindow and obtainingFFT PSD esti-
mates. The resultingspectrum(Fig. 10) hasspectralpeaks
nearor above the 95%significancdevel at periodsnear0.5,
1,2,and15yr. Thesespectrapeaksareconsistentlypresent
for datarecordlengthsvaryingfrom 70to 20yr (i.e. dividing
the monthly NTR time seriesinto two to seven segments),
lending confidencethat thesepeaksare not processingar
tifacts. The dominantpeakat 1 yr periodicity shawvs the
significanceof the annualcycle, consistentwith the domi-
nanceof winter storminessn determiningthe long period
patternof extremeNTR variability demonstratedh Fig. 8.
The significantpeaknear2yr andthe minor peaknear4 yr
periodicitiesseemnto correspondo similar peaksobsenedin
theNov. - Mar. North Pacificindex spectrum(Trenberthand
Hurrel 1994). The spectrapeaknearQ.7yr is not presentt
all recordlengths,andthereforehaslesssignificance.The
fall-off in enepgy at periodsabove the 15yr peakis consis-
tentover all recordlengthsandin fact becomeanore pro-
nouncedasthe recordlengthincreasessuggestinghat the
spectrunof extremestorminesss notredandexhibits some
interdecadaperiodicity.

[23] The multi-yearpatternof storminessvariability can
alsobe characterizedby 5-yr runningmeanswith 1-yr steps
of winter extreme NTR. Winter NTR levels (Fig. 7b, red
line) andwinter NTR duration(Fig. 11a,solid line) suggest
interdecadaluasi-periodicity consistentwith the spectral
peaknear15yr periodin Fig. 10. Elevated5-yr meansob-
senedin thelast 10 yearscoincidewith persistentl Nifio
conditionsin the equatorialPacificin the early 1990s(Tren-
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Figure 11. (a) Runningmeans(5-yr) of total winter hours
thatNTR exceededhe98t* percentilgfNTRd,solidline, see
Fig. 7¢) and cumulatve winter precipitation(PPT, dashed
line) at SanFrancisco. Both shav distinctive patternsof

decadal-scaleariability. Thedurationof extremewaterlev-

els at SFO hasremainedremarkablyconsistentduring pe-

riods of heightenedstormactiity over the past140yr; (b)

Normalized5-yr runningmeansof winter extremeNTR and
the -NP and PDO indices. Note that-NP is plotted so that
NP troughscorrespondo high NTR episodes.

berth and Hoar 1996), and the strong 1997-98 El Nifio.
Post-1935 the peaksin the 5-yr meanwinter NTR occur
nearrecognizedtrongEl Nifios(QuinnandNeal1987),re-
flecting the heightened\orth Pacific storm actiity during
El Nifio episodes.The prominenceof this peakis a confir-
mationof the effect of the well known amplificationof the
winter AleutianLow systemn theNorth Pacificduringtrop-
ical Pacific warm episodegBjerknes1969; Mo and Liveze
1986;Graham1994)in affectingweathempatternsalongthe
Californiacoastoverthelast60yr.

[24] The significanceof interdecadapatternsof winter
NTR variability canbe assesselly comparisorwith other
climate-relatedpbarameters. Runningmeanswere obtained
for the cumulative winter (Dec.-Mar) extreme duration
NTR (NTRd) andthe meanwinter precipitationfor succes-
sive 5-yr periodswith 1-yr steps Althoughsomedifferences
areobsened,winter precipitationat SanFranciscdhaspeaks
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andtroughsin the5-yr runningmeangdashedine, Fig. 11a)
nearthoseof winter NTRd, with the patternof precipitation
variability even more closely matchingthat of winter NTR
levels(Fig. 7b). This obsenationis bornout by correlations
betweenthe normalized5-yr running meansof winter pre-
cipitationandwinter NTR (R? = 0.33) andof precipitation
andwinter NTRd (R? = 0.46), with expectedgoodcorrela-
tion obsenedbetweerNTR andNTRd (R? = 0.70). Simi-
lar patternsof interdecadavariability arealsoobsenedfrom
5-yr runningmeansof North Pacific seasurfacetemperature,
zonalwind sheayandSLP from 1948onward (Grahamand
Diaz 2001). The consisteng acrosstheseparametersug-
geststhat the variationin winter NTR levels at SFO gives
areasonablygoodestimateof interdecadastorminessrari-
ability overthe North Pacific.

[25] During the post-1935era, winter NTR variability
correspondseasonablyvell with the generalpatternof the
Pacific DecadalOscillation(PDO) (Mantuaetal. 1997)and
the North Pacific (NP) index (TrenberthandHurrell, 1994).
Normalized5-yr running meanswith 1-yr stepsof winter
(Dec.- Mar.) extremeNTR andwinter NP andPDOindices
(Fig. 11b) shav that relatively low storminesdevels from
themid-1940sto mid-1970soccurredduringthe cool phase
of the PDO underrelatively high mid-Pacific atmospheric
pressureasindicatedby the NP index. It shouldbe noted
that prior to 1935, the correspondencketweenthe NP and
PDO indiceswith NTR is not good (Fig. 11b). This sug-
geststhata majorchangen North Pacific stormtracksmay
have occurredduring the 1930s. Also notethe divergence
betweerthe NP andPDO indicesprior to about1920,sug-
gestingthat other componentof the climate systemwere
notfollowingthemodernteleconnectiopattern.Substantial
shiftsin North Pacific climate patternsandteleconnections
have beennotedin previousstudiesof ENSO(e.g.Hoerling
and Kumar 1997; McCabeand Dettinger 1999; Gershunw
and Barnett1998). The SFONTR-inferredstorminesghus
suggestbothmid-latitudeandtropicalassociationo quasi-
oscillatory interdecadalariability in the North Pacific, as
describedn previousstudiegLatif andBarnett1994;Miller
and Scneider2000).

[26] Doesthe patternin winter NTR variability at SFO
have broadsignificancehatextendsto atmospheriwariabil-
ity acrosghe North Pacific basin?To establisttherelation-
ship of storminessvariability at SFOto broadscaleatmo-
sphericcirculationpatterns SLP anomalycompositesvere
determinedor yearshaving exceptionallyhighandlow win-
ter NTR in Fig. 7b. Theseanomalieswere mappedover
a 5° latitude-longitudenorthernhemispheragrid. The sta-
tistical significanceof eachlocation's compositeanomaly
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Figure 12. Compositeof winter (DJF) SLP anomaliesor

post-190Gextremesof highandlow winter NTR. Wintersin-

cludedarethetop (n=14)andbottom(n=15) 10% of winter

extremeNTR in Fig. 7. Low pressurédashedontours)and
high pressurdsolid contourslanomalieshov thedominant
extremewinter patterns. Grid locationswhosecomposite
anomalyis significantlydifferentfrom thenull hypothesist

> 95% confidencearedesignatedy dots.

was judgedvia a null hypothesisby gaugingagainstthe
overall meananomaly(zero) using a 2-tailed t-test. Two
distinct SLP anomalypatternsemege: (a) a broadregion
of highly significantnegative anomaliesacrossmiddle lat-
itudesof the centraland easternNorth Pacific (high NTR,
Fig. 12a), and (b) a much wealer, more northerly Aleu-
tian low (low NTR, Fig. 12b). The high NTR composite
(Fig. 12a) featuresthe intensifiedand southerlydisplaced
Aleutian Low that is characteristicof the NorthernHemi-
sphereatmosphericirculation'sresponseo El Nifio (Bjerk-
nes1969;Namias1976). The atmospherigressuregattern
in Fig. 12ais clearly muchmorelikely to produceintense
storminesshoth in the centralNorth Pacific and along the
West Coast. This negative pressureanomalyis stationed
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muchfarthereastthanthe North Pacific Low patternasso-
ciatedwith the NP index (Trenberthand Hurrell 1994),in-

dicatingthe importanceof the easterrNorth Pacific regime.
The distinct contrastbetweencompositesassociatedwvith

highvs. low winter NTR demonstratethe stronginfluence
of broadscaleNorth Pacific atmosphericirculationin driv-

ing storminesslongthe Californiacoast,andalternatvely,

the utility of SanFranciscoNTR asan indicator of winter

stormines®verextensive regionsof theNorth Pacific Ocean
andwesternNorth America.

5. Implicationsfor Climate-Related Trends

[27] Pronouncednulti-year fluctuationsof SanFrancisco
winter sealevel extremenon-tidalresidualqFigures7b and
11) areprominentfeaturef thislong historicalrecord,evi-
dentlyreflectingpulsationsn winter climatepatternsacross
theNorth Pacific basin.Althoughheightenedtorminesdas
occurredduringthe lasttwo decadesthe actity levelsob-
senedarenot exceptionalcomparedo earlierperiodssuch
asthe early 1900's andthe late 19305 to early 1940s. The
recentheightenedstorminesgesultsin an increasingtrend
in extreme(high) sealevel residualsover the last 50 years.
Increasingrendsin climaterelatedvariableshave alsobeen
identified by recentstudiesof cyclonefrequeng (Graham
and Diaz 2001) and wave height (Allen and Komar 2000),
alsostronglyinfluencedby similar heightenedctuity in the
last two decades. Continuationof theseincreasingtrends
would have seriousconsequencdsr structuresandecosys-
temsalongthe West Coast. However, recentactiity seems
to have pealedduringthegreatEl Nifio eventof 1997-98.If
the obsened historical patternof interdecadalguasi-gclic
winter storminessoldstrue, the heightenedactivity during
thelate 1990's shouldsubsidefor the next decadeor so.
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