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Abstract. The longestavailablehourly tide gaugerecordalongthe U.S. West
Coastat SanFranciscoyieldsmeteorologically-forcednon-tideresiduals(NTR),
providing an estimateof the variationin “storminess”from 1858-2000.Mean
monthlypositiveNTR (associatedwith low sealevel pressure)show nosubstantial
changealongthecentralCaliforniacoastsince1858or overthelast50yr. However,
in contrast,the highest2% of extremewinter NTR levels exhibit a significant
increasingtrendsinceabout1950. Extremewinter NTR alsoshow pronounced
quasi-periodicdecadal-scalevariability that is relatively consistentover the last
140yr. Atmosphericsealevel pressureanomalies(associatedwith yearshaving
high winter NTR) take theform of a distinct, large-scaleatmosphericcirculation
pattern,with intensestorminessassociatedwith a broad,southeasterly-displaced,
deepAleutianLow thatdirectsstormtrackstowardstheCaliforniacoast.

1. Introduction

[1] Increasedcoastalerosionandflooding from intense
stormactivity alongtheCaliforniacoastoccurredduringthe
greatEl Niño’sof 1982-83and1997-98.How doesthislevel
of “storminess”comparewith otherstrongEl Niño’s over
the pastcentury?Hasstorminessincreasedalongthe West
Coast? Knowing whetherstorminessis increasingis im-
portantfor coastalplanningandestablishingdesigncriteria
for futurecoastaldevelopment,aswell asbeinganindicator
of potentialanthropogenically-forcedor naturallyoccurring
climatechange.

[2] Meteorologically-forcedstorminessis associatedwith
propagatinglow pressuresystems(cyclones) that can be
characterizedby variousaspectsof sealevel pressure(SLP),
wind speed,andresultingsynopticchangesin sealevel. In
theextratropicalNorthPacific,moststorminessis associated
with winter cyclones,usuallycharacterizedby low surface

pressurewith high windsandprecipitation.Over theocean,
cyclonescauseepisodicincreasesin oceansurfacegravity
wave energy andelevatesealevels. Over land, theprimary
indicatorof storminessis accumulatedprecipitationwhich
canbe strongly influencedby topographyandrelatedoro-
graphiceffects.Becauseof spatialvariationandbecausees-
timatesof storminessusingtheseparametersaredependent
on boththeir intensityandduration,eachof thesemeasures
of storminesshassomewhat different temporalandampli-
tudecharacteristics.

[3] An increasingtrend in the numberand intensity of
midlatitudecyclonesin the centralNorth Pacific in the last
50yr hasbeenidentified(GrahamandDiaz2001),although
thetrackingdomaindid not includetheregion within

���
of

the U.S. WestCoast. Becausecyclonestendto turn north-
ward as they matureand to decayas they move eastward
(Andersonand Gyakum1989),the impactof increasedcy-
cloneactivity in thecentralNorth Pacific on theWestCoast
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Figure 1. Locations of the San Franciscotide gauge
at Fort Point, Sausalito,and The Presidio,SanFrancisco
(Smith,1980),just insidetheGoldenGateBridge.

dependsonastorm’sbehavior in theextremeeasternPacific,
which may differ substantiallyfrom it’s openoceanchar-
acteristics. Hindcastsof significantwave height ( ��� ) us-
ing NationalCentersfor EnvironmentalPrediction/National
Centerfor AtmosphericResearch(NCEP/NCAR)reanaly-
sis wind fields alsoshow increasingtrendsof extreme ���
over the past 40yr (Wang and Swail 2000; Graham and
Diaz 2001),presumablyassociatedwith increasedcyclone
intensity. However, becausemodel-derivedhindcastsdo not
modelshortperiodwave energy reliably, the magnitudeof
wave andassociatedstormactivity at coastallocationsfrom
suchhindcastscanbeuncertain.Thus,measuresof stormi-
nessat or neartheWestCoastareinvaluablefor gagingthe
coastalvulnerabilityto climatevariability.

[4] As an alternative to uncertaintiesassociatedwith
both model-generatedhindcastsandnear-coastalstormbe-
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-
cisco on the California coast(37.8� N, 122.6� W) is sensi-
tive to changesin both the intensity and tracks of North
Pacific winter storms. Becausenon-tidalsealevel fluctua-
tions are forced largely by SLP andwind, andarereason-
ably well correlatedwith short-periodgravity wavesaswell
asprecipitation,meteorologically-forcedwater level varia-
tion givesa usefulcompositeestimateof storminess.The
SFOhourly tidegaugerecordis uniquein NorthAmericain
bothits lengthandcontinuity, andthusprovidesanunbiased
climate-relatedtime seriesof sufficient durationto investi-

gateinterdecadalstorminess(climate)variability alongthe
West Coast. Also, the hourly samplingrate allows better
characterizationof synopticeventsthanmorecoarselysam-
pledpre-1948SLPandprecipitationdata,which aregener-
ally availableonly at daily resolution.

[5] Climatevariability in the North Pacific driven by El
Niño-forcedteleconnectionsfrom the tropics hasbeenthe
subjectof numerousstudies(c.f. Bjerknes1969; Latif et
al. 1998). North Pacific climatevariability on decadaltime
scalesand longer is estimatedfrom datasets,usuallyaug-
mentedby objectiveanalysis,of atmost100yr duration(e.g.
Trenberthand Hurrell 1994;Mantuaet al. 1997; Graham
andDiaz 2001). Hence,mostestimatesof interdecadalcli-
matevariability arebasedon oceanicandmeteorologicdata
thatspanfew cycles(assumingperiodicity).Becausecentral
California coastalclimate variability is affectedby Pacific
basinscalephenomena,theSFOtidegaugerecordthatspans
140yearscanprovide anindependentestimateof relatively
long termclimatevariability in theeasternNorthPacific.

Data Sources

[6] Hourly tide gaugedatafrom SanFrancisco(SFO)were
obtainedfrom the NationalOceanicandAtmosphericAd-
ministration(NOAA) NationalOceanService(NOS)Center
for OperationalOceanographicProductsandServices(Co-
Ops). The tide gaugedatawerecollectedat threelocations
eastof theGoldenGate:Fort Point(Jun.1854- Nov. 1877),
Sausalito(Feb. 1877- Sep. 1897),andThe Presidio(Jul.
1897- present)(Fig. 1). Levelingto establishedbenchmarks
from SanFranciscoto Sausalitoshows no elevationchange
atSausalitofrom 1877to 1977(Smith, 1980),indicatingthat
the tide gaugestationsarereferredto a commonreference
datumandthat relative gaugeheightcomparisonsarecon-
sistent.Dataprior to May 1858haveunexplainedtrendsand
datumshiftsandarethereforenot considered.

[7] Otherdatausedin this studyincludehourly SLPand
wind speed(Ws) datafrom theSanFranciscoInternational
Airport (1948 - 2000),obtainedfrom the NOAA National
Climatic DataCenter(NCDC). Monthly precipitationdata
collectedat SanFranciscowereobtainedfrom SusTabata,
Institute of OceanScience,Sydney, BC, Canada(1850 -
1950), the Departmentof Water Resources,Stateof Cal-
ifornia (1951 - 1988), and the WesternRegional Climate
Center, Reno,Nevada(1989 - 2000). Wave spectralden-
sity estimatesusedto determinehourly short period wave
heightestimateswereobtainedfor buoy 46026(1982- 2000)
from theNOAA NationalDataBuoy Center(NDBC). Buoy
46026is locatedaboutabout20km westof theGoldenGate
at (37.759� N, -122.833� W).
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Figure 2. (a) Representative tide gaugespectrum(blue)
with the associatednon-tidespectrum(red) obtainedfrom
a 4096hr datasegmentat the beginning of 1870. (b) Ex-
pandedview of the first two tidal speciesshowing that the
non-tidefiltering methodologyproducesspectralestimates
virtually indistinguishablefrom thecontinuum.

2. Non-Tide Water Levels

[8] Tide gaugewater levels are dominatedby astronomi-
cally forcedoceantides(high amplitudeblue spectrallines
in Fig. 2), but also includeinternalwave energy andover-
tides that are generatedover relatively local topography
(Munk and Cartwright 1966) as well as meteorologically
forcedcomponents(Flick 1986).Otherfactorsaffectingwa-
ter levelsincludesteric,wind-forced,andatmosphericpres-
surechangesassociatedwith seasonalvariationandanoma-
lousclimatic variationssuchasEl Niño (ReidandMantyla
1976).Theastronomicaltidal constituentsvaryslightly over
time (Cartwright 1972), and the amountof internal wave
energy found within the tidal speciesis difficult to esti-
mate.Theneedfor estimatingthesefactorsoverthe140year
SFOdatarecordwaseliminatedby implementinga spectral
methodof tide constituentremoval thatpreservesestimates
of the meteorologically-forcedcomponentsacrossthe tidal

species.

[9] Assumingthatthecontinuumnon-tidalforcingvaries
smoothlyacrossthe tidal species,non-tidewater levels are
obtainedwith frequency domain operationsthat estimate
continuumspectrallevels within the tide bands. Sequen-
tial 4096-hrdatablocksweretransformedto the frequency
domainby Fast Fourier Transform(FFT) after applying a
Hanningwindow to thedemeaned,detrendeddatasegment,
giving theamplitudespectrumin Fig. 2 (blue lines). Using
datablocksof this lengtheffectively actsasa highpassfilter
with abouta6 monthperiod.Therangeof variability of both
the realandimaginarypartsof the resultingspectrumwere
estimatedfor the10spectralestimatesbelow eachtideband,
about25%of the numberof spectralestimatesin eachtide
bandfor the bandwidthused(seePugh1987for tide band
frequencies).Thevarianceestimatefor eachtide bandwas
multiplied by � randomnumbersin the[-1,1] range,where
� is thenumberof spectralestimatesin eachrespective tide
band. The trendsof the real and imaginary components
acrossthetide bandswereestimated.Therandomizedvari-
anceestimateswerethenaddedto respective trend-derived
amplitudeestimatesof therealandimaginarypartsfor each
spectralestimatein eachtide band.This filtering methodol-
ogy providesbothamplitudeandphaseestimatesacrossthe
tidal speciesthatareconsistentwith thoseof theconcurrent
non-tidecontinuum.Theresultingnon-tideamplitudespec-
trum acrossthetidal species(Fig. 2, redlines) is essentially
indistinguishablefrom unmodifiedspectralestimateson ei-
thersideof thetide bands.InverseFFT of themodifiedtide
gaugespectrumto thetime domainwith window correction
givesthenon-tidewaterlevel estimate,followedby applica-
tion of a 3-point triangularfilter to suppresshigh frequency
processingartifacts.

[10] Thestabilityof thephaseof thenon-tidewaterlevels
canbedemonstratedbycomparingthenon-tidelevelsbefore
andafter introducing“glitches” in the raw data. Figure3a
showsaportionof SFOtidegaugedatafrom Jan.1900,with
circlesshowing actualdataamplitudes.The corresponding
non-tidelevelsareshown in Fig. 3b (thin line with circles).
Thedatapointshaving solidcirclesin Fig. 3awerereplaced
with thosein the squares(a shift of 30.5cm (1 foot) in the
tide gaugedata). The resultingnon-tideamplitudesdiffer
markedlyfrom theunmodifiednon-tidelevelsneartheglitch
points,with smalldifferencesat otherpointsresultingfrom
relatedchangesin theFouriercoefficients.Notethattheas-
sociatedspikeshave thesamesignandoccurat aboutsame
timeasthepoint shifts,indicatingthatthis filtering method-
ology produceslittle if any phasedistortion. Suchspikesin
actualnon-tidedatawereusedto identify “glitches” in the
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raw tidegaugedataresultingfrom transcriptionanddataen-
try errors,with hundredsof correctionsnecessaryin there-
centlyavailablepre-1900data.Assumingthatnon-tidecon-
tinuum amplitudesvary relatively smoothlyin time (Munk
andCartwright 1966),glitch pointsidentifiedwereinterac-
tively adjusteduntil the non-tideamplitudesin the vicinity
of theglitch pointshadthesamegeneraltrendandcharacter
asnearbynon-tidelevels. This correctionmethodologyhas
theadvantageof needingnoexternaldatasets,e.g.predicted
tide or SLP, to make necessaryadjustmentsthatareconsis-
tentwith currentcontinuumcharacteristics.

[11] The non-tidespectrum(Fig. 2a, red line) provides
anestimateof meteorologicallyforcedwaterlevels.Succes-
sive 4096-hrdatablockswereprocessedwith a 50% over-
lap, with theexterior half of theoverlappingdatadiscarded
to avoid window edgeeffects. Inspectionof resultingnon-
tidewaterlevel datashowednodiscontinuitiesor variability
that could be relatedto the processingmethodology. This
is demonstratedin Fig. 4 for non-tidedata that spansthe
changein the tide gaugelocation in Nov. 1877 from Fort
Point on the southsideof SanFranciscoBay to the north
side at Sausalito(seeFig. 1). Although high amplitude
non-tide water levels are observed during winter months,
especiallyduring the very strong1877-1878El Niño event
(QuinnandNeal1987),no discerniblevariationis observed
that can be attributed to the processingmethodology. In-
deed,becausethe tide responseis most likely quite differ-
ent at Sausalitothan at San Francisco,this suggeststhat
thisfiltering methodologycanbeappliedto commondatum-
referencedtide gaugedatawhereappreciablechangesin lo-
cal bathymetryor shorelinesover time have affectedthe lo-
cal tidal response.

[12] Non-tide residual(NTR) water levels are obtained
from the non-tidedataby bandpass( 	�

����������� ��������� ��! ) fil-
tering both forward andreverse(ensuringno phasedistor-
tion) usinga lowpassChebyshev typeI filter of order10and
a highpasselliptical filter of order6 (Krausset al. 1994),
chosenfor the necessarysteepcutoff of the low frequency
energy. Although this filter combinationhassharpcutoffs,
no evidenceof “ringing” is observed in the time domain
(seeFig. 5 below). This passbandexcludesstericandother
sea-level variation at time scaleslonger than 30 daysand
short-periodvariation resulting from overtidesand minor
datairregularities. Thesecutoffs werechosento give suf-
ficient temporalresolutionto accuratelystudyNTR changes
on synoptictimescales.

[13] NTR estimatesobtainedwith the above methodol-
ogy includevariability not relatedto meteorologicalforcing.
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Figure 3. (a)Raw tidegaugedatafor Jan.1-4,1900.Circles
indicateactualmeasurements.Filled circles indicatemea-
surementsthatwereshiftedto thelevelsof theadjacentdots
enclosedbysquares.(b)Non-tidewaterlevels(thin linewith
circles)determinedfor the raw, unmodifiedtide gaugedata
in (a), andcorrespondingnon-tidewaterlevel estimatesob-
tainedfor the samedatabut substitutingdatapointsat the
squaresfor thefilled circles(thick solid line).
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Figure 4. Non-tide water levels encompassingthe time
period beforeand after the changein the tide gaugedata
sourcelocation in Nov. 1877 from Fort Point to Sausalito
(seeFig. 1).
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Thesevariationsresultfrom boththeinclusionof sometidal
“cusp” energy that resultsfrom non-linearinteractionsbe-
tweenthe tidal constituentsand the lowestcontinuumfre-
quencies(Munk and Cartwright 1984) and the statistical
variability associatedwith the randomlygeneratedspectral
estimatesacrossthe tidal species. To estimatethe impor-
tanceof thesefactors,10 NTR realizationswerecomputed
for theentiretidegaugerecordwith thetidebandsextended
about30%, i.e. 15% on both sidesof eachband,thusex-
cluding most cusp frequencies. The "�#%$'& percentilelevel
wasdeterminedfrom the rankingof all NTR datafor each
realizationin orderto estimatetheimpactof NTR variability
on extremestorminessanalyses.The means( ( ) andstan-
darddeviations( ) ) weredeterminedfor the10 realizations
of the "�#%$'& percentilelevels and the associatedmaximum
andminimumNTR valuesfor eachrealization,giving [ "�#*$'& :
(,+ 11.3837,)-+ 0.0037]cm, [max.: (,+ 45.1836,)-+
0.0899]cm, and[min.: (.+ -28.0783,).+ 0.2569]cm, re-
spectively. Thesevaluesshow verysmallvariability anddif-
fer from thoseof the narrower tide bandNTR estimatesin
Fig 2 by lessthan1%, suggestingthat the NTR do not in-
clude substantialcuspenergy and that tidal speciesband-
limit selectionis not critical. Thus, the small variability
associatedwith the filtering methodologyshouldnot affect
generalconclusionsabout storminessdeducedfrom NTR
variations.

3. Meteorologically-Forced Sea Level Changes

[14] Variation in sealevel pressure(SLP) causesan “in-
versebarometer”effecton tidegaugewaterlevels,with wa-
ter levels tendingto rise underlow SLP andbe depressed
underhighSLP(CheltonandDavis1982).Becausethewa-
ter level responseto meteorologicaleventsdependson the
locationof the centerof the low relative to the tide gauge,
theSLPgradient(andassociatedwind speedanddirection),
and the rate of storm movement,meteorologically-forced
water level fluctuationsat coastallocationscan include a
non-localcomponentthat reducesthecorrelationwith SLP.
Also, longshorewindssouthof thetide gaugecangenerate
coastally-trappedwavesthatpropagatenorthwardsandele-
vatewaterlevels(EnfieldandAllen 1980). Thesenon-local
factors,andpresumablyalsotheeffectsof local winds,ap-
pearto reinforcethe local inversebarometereffect on San
Franciscosealevel anomalies.As seenin Fig. 6abelow, the
ratio of NTR to /10�243�5�6�7�8 9�:
;�<�=�>�? bandpassfiltered SLP is
about1.65cm/mb, substantiallylarger than the commonly
acceptedinversebarometricresponseof 1cm/mb. Thus,
NTR variationprovidesa local-to-regionalscalemeasureof
storminess.The importanceof the regional componenton
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(dot-dashedline) at SFOduringFeb. 1998,a monthduring
El Niño with exceptionallyhigh storm activity. Note that
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pressurelessthan1000mb, i.e. an intensestorm. The "�#%$'&
percentilefrom the rankingof all hourly NTR 1858- 2000
(horizontaldashedline, NTR = 11.46) indicatesthe NTR
level usedto produceFigures7b and7c.

NTR is demonstratedin Fig. 5 wherethe variationin NTR
(thick line) follows the variation in SLP (dot-dashedline),
but the relative amplitudesof the peaksdo not alwayscor-
respond.However, in general,low SLP(i.e. intensestormi-
ness)correspondsto highnon-tideresiduals.

[15] After comparingseveralmeasuresof NTR with other
measuresof storminess(not availablefor aslong a time pe-
riod), it becameapparentthatthecumulativeNTR anomaly,
calculatedasthesumof thehourlyNTR @A5 (NTRp)within
a monthandnormalizedby thenumberof hourly measure-
mentsin thatmonth,givesa reasonableestimateof stormi-
ness.Othermeasuresof storminess,suchasvariationin ei-
therSLP, wind speed(Ws), or shortperiodsignificantwave
height (SP B�C , waveshaving periodslessthan8s that are
dominatedby regional wind stresscharacteristics)arealso
subjectto ambiguitiesrelatedto theSLPgradientandstorm
propagationparameters,andSP B C canalsoincludea sig-
nificant non-localcomponent. For thesereasons,correla-
tions of cumulative hourly SLP, SP B C , andWs anomalies
with NTRp for winter months(Dec.-Mar.) show substantial
scatter(Fig. 6a-c). Comparisonsfor entire winter periods
weremadebecausethereis substantialyear-to-yearvariabil-
ity for the individual months.Hourly SLP, Ws, andSP B�C
anomalieswereobtainedfrom differenceswith their respec-
tive seasonalmeans,followed by applicationof the same
/10�243�5�6�7�8 9�:
;�<�= >�? bandpassfilter usedto obtain the hourly
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Figure 6. Cumulative winter anomaliesof (a) SLP, (b) SPD�E
, and(c) WsversuswinterNTRp,with associatedFHG in-

dicated.Correlationsbetweenthenon-NTRparametersare
shown in (d), (e)and(f). NTRp,SLP, andWsspanthe1948-
1999timeperiod,while SP

D�E
from wavespectralestimates

atNOAA buoy 46026areavailablefrom 1982onward.Plot-
ted for winter months(Dec. - Mar.) aresumsof SLP I-J ,
Ws KLJ , andSP

D E K,J hourly anomaliesandNTR KMJ ,
eachnormalizedby the numberof availablemeasurements
in eachwinter.

NTR. Anomaliesof SP
D�E

weredeterminedfor all available
hourly wavespectrafrom NOAA buoy 46026.

[16] The relatively high correlation( FHGONPJ�Q R�R ) ob-
served betweenwinter NTRp andnegative SLP anomalies
(Fig. 6a) indicatesa close relationshipbetweenlow SLP
(storminess)andhighNTRpduringwintermonths.Correla-
tion of SLPwith SP

D E
(Fig.6d)hassimilarscatterto thatof

NTRp vs. SP
D�E

(Fig. 6b), consistentwith theobservedre-
lationshipbetweenNTRp andSLP. Regionalrelatively high
SLPcanresultin strongSLPgradientsthatgeneratestrong
windsnot associatedwith storminess.Consequently, corre-
lation betweenanomaliesof Ws andSLPis pooron winter
time scales(Fig. 6e), and is consistentwith the low corre-
lation observed betweenWs and NTRp (Fig. 6c) and the
marginal correlationobservedbetweensealevel anomalies
andalongshorewind stressin theSanFranciscoregion(En-
fieldandAllen1980).Thus,strongwindsarenotnecessarily
thebestmeasureof intenseregionalstorms,but arelikely to
generateshortperiodwavesasis evidencedby thecompar-
atively good correlationof Ws with SP

D E
( FHGSNTJ�Q UWV ,

Fig. 6f). BecauseelevatedSP
D�E

doesoccurunderstrong
winds during storms,thereis somecorrelationbetweenSPD�E

with NTRp (Fig. 6b) andSP
D�E

with SLP(Fig. 6d). All
correlationsin Fig. 6 areconsistentwith high NTRp being
mostcloselyassociatedwith low SLP, i.e. storminess.Sim-
ilar correlationsfor summermonths(June- Sept.) aresub-
stantiallyreduced,with only correlationsbetweenNTRpand
SLP( FHGXNYJ�Q Z�Z ) andbetweenWs andSP

D E
( FHG[NYJ�Q]\�\ )

effectively different from zero. The observed relationship
betweenNTRpandlow SLPin Fig.6asuggeststhatthevari-
ationof NTRpcanbeusedasaproxyfor regionalstorminess
duringwintermonthsalongthecentralCaliforniacoast.

[17] The monthly NTRp (Fig. 7a) indicatethat elevated
levels of storminesshave occurredon numerousoccasions
over the past140yr, with high monthly NTRp levels often
occurringduring strongEl Niños. Although the 1997-98
and1982-83El Niñosproducedhigh monthlyNTRp at San
Francisco,similarlyhighNTRpalsooccurredonseveralear-
lier occasions.However, not all strongEl Niño’s coincide
with highNTRp,andseveralhighNTRpoccurredin non-El
Niño years(comparegreendotsin Fig. 7a with NTRp lev-
els). This observation appearsto be in generalagreement
with studiessuggestingthat the North Pacific atmospheric
responseto warmingin thetropicalPacific is modulatedby
the phaserelationshipbetweenthe warmingandthe North
Pacific Oscillation (Gershunov and Barnett 1998). In any
case,linear leastsquaresanalysisindicatesno statistically
significant long term trend in monthly NTRp, suggesting
thattherehasbeennosubstantialchangein storminessalong
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Figure 7. (a) Mean monthly positive non-tide residual
(NTR) waterlevelsfor thelast140years.(b) Cumulativeex-
tremeNTR (exceedingthe ^�_*`'a percentilelevel of 11.5cm
for theentirehourlyNTRtimeseries,seeFig.5,dashedline)
during winter months(Dec. - Mar.), with it’s 5-yr running
mean(redline). Leastsquarestrendestimatesfor theentire
winter recordand since1948 (dashedlines). (c) Cumula-
tive extremewinter hours(blue line) andevents(red line).
Dashedblue line indicateslessthan90%of thehourly data
wereavailable,indicatingthattheseperiodsmaybeunderes-
timated.Timesof strong,moderatelystrong,andverystrong
El Niño’s(QuinnandNeal1987)areindicatedby greendots
(1998wasadded).

thecentralCaliforniacoasteitherfor the last140yr or over
thelast50yr.

[18] The variationof extremeNTR over winter months
(Dec.-Mar.) providesanalternativecomparisonof NorthPa-
cific storminessvariability. NTR levels above the hourly
^�_ `'a percentileresult from strongmeteorologicalforcing,
thus giving a measureof stormswith high intensity (see
Fig. 5; we note that the b percentilelevel for SLP at San
Francisco1948-1999is 1008.6mb). Cumulative sumsof
NTR levels and the numberof hoursabove the ^�_*`'a per-

centilethresholdfor all hourlyNTR givemagnitudeanddu-
rationmeasures,respectively, of extremewinter conditions.
A single extremeevent occursfor the time NTR persists
above the hourly ^�_%`'a percentilelevel. Thesecumulative
indices (Figures7b and 7c) indicate that extremestormi-
ness,comparedwith stormywintersprior to 1930,hasnot
increasedduring recentEl Niños. Note that somewinters
have extremeNTR levels nearly 10% of the time. Simi-
lar to monthlyNTRp, not all strongEl Niñoscoincidewith
high winter extremeNTR levels. Thereis a relatively small
increasingtrend in winter extremeNTR (0.56 cm/yr, thin
dashedline, Fig.7b),amountingto anincreaseof about13%
relative to themeanover the140yr recordlength.However,
in contrastto monthlyNTRp, thereis a substantialincreas-
ing trend in winter extremeNTR levels sinceabout1950
(thick dashedline, Fig. 7b). This observation is consistent
with similar increasingtrendsin winterseasurfacetempera-
ture,zonalwind shear, andSLPobservedovertheNorthPa-
cific from 1948onward(GrahamandDiaz 2001). We note
thatthetrendsobservedin theseparametersby Grahamand
Diaz (andin winter extremeNTR levels)arestronglyinflu-
encedby the limited recordlength available, in that, rela-
tive to 1948-1978,therewasheightenedactivity in the last
two decades.Note that theextremeNTR dataalsoindicate
thatthis two-decadeperiodwasveryactive,but not extraor-
dinarily so comparedto pre-1948epochs,e.g. 1865-1915
(Fig. 7b), suggestingthat it is unlikely that theseincreasing
trendswill persist.Interestingly, nocomparabletrendsin ei-
therwinterdurationor thenumberof winterevents(Fig. 7c)
areobserved.

[19] Cumulative summer(June- Sept.) NTR exceeding
^�_*`'a percentilelevel arenon-zerofor only 16summers,with
the summerextremeNTR maximumlessthan10% of the
meanof all winterextremeNTR. Thisunderscoreswinteras
beingthedominantstormseasonin themid-latitudesof the
easternNorth Pacific,andreinforcestheuseof winter NTR
asameasureof climaticchangesin theregion’sstormactiv-
ity.

[20] Sensitivity of the observed long period variability
in NTR (Fig. 7b, red line) to the choiceof the acceptance
thresholdis demonstratedin Fig. 8 for 98, 95, 90, and75
percentilesdeterminedfrom the rankingof all hourly NTR
data. The thresholdlevel decreasesas the percentilelevel
decreases,thus raising the cumulative winter NTR. Simi-
larly, becauserestrictingthe ^�_*`'a percentilelevel to ranking
hourly datafrom just winter (Dec. - Mar.) months(dashed
line) is about25% higher than for the full-year (all data)
^�_*`'a percentilelevel (thick solid line), the cumulative ex-
tremeNTR arelower. Only minor changesin the shapeof
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Figure 8. 5-yr runningmeansof cumulativeNTR exceeding
theindicatedpercentilethresholdlevels.The c�d*e'f percentile
thresholdlevel for the bottomdashedline wasdetermined
from therankingof hourly NTR estimatesduringonly win-
termonths(Dec.- Mar.), while thresholdsfor theupperfour
curvesweredeterminedfrom ranking the entireall-season
hourly NTR time series.Theall-datac�d e'f percentile(thick
solid line) curve is thesameasin Fig. 7b (redline).

thecurvesareobservedwith decreasingpercentileandalso
for the Dec. - Mar. c�d%e'f percentilecurve (brokenline), in-
dicatingthattheobservedvariability of NTR is notsensitive
to thethresholdselected.This strongresemblanceof winter
NTR variability case(dashedline) to that of the all-season
casesreflectsthedominatinginfluenceof winter conditions
in settingthe tempoof California coastalstorminess.The
consistency of the variationsacrossseveral thresholdper-
centilescanbeattributedto therelatively smoothlyvarying
characteristicsof SLP, thedominantNTR forcing. The c�d*e'f
percentilelevel for thecompletehourly datasetwill be the
referencelevel usedin all following discussionsof winter
NTR.

[21] Intensestormeventscausethe greatestcoastalero-
sion andhave the greatestimpacton coastalstructures.To
investigatewhether extreme storminess(as measuredby
winterNTR) hasincreasedsince1860,runningsumswith 1-
yr stepsof winterNTR (blueline, Fig. 7b)andwinterevents
(redline, Fig. 7c)weredeterminedfor scalelengthsof 5, 10,
15, and20 years(Figures9aandb, respectively). Thepat-
tern of variability in Fig. 9 generallyfollows the 5-yr run-
ning meanof winter NTR in Fig. 7b, with distinct increas-
ing trendsin cumulative NTR at all four time scalesfrom
about1970onward. In contrast,the cumulative numberof
eventsat thesetimescaleshaveflat to decreasingtrendsdur-
ing the post-1970period. Thus,becausefewer eventsgen-
eratedhighercumulative NTR, this suggeststhat stormin-
tensitieshave increasedduringthelastthreedecades.How-
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Figure 9. Running sumsof (a) winter NTR and (b) the
numberof extremeeventsexceedingthe completehourly
c�d e'f percentilethresholdlevel during winter months(Dec.
- Mar.). Sequentialsumswerecomputedwith 1-yr stepsfor
5, 10,15,and20-yr recordlengths.

ever, asFig 5 shows, the numberof eventsis clearly more
sensitive to thresholdlevel selectionthancumulative NTR.
Importantly, thesecurvesall sharesimilar fluctuations,in-
dicatingthat thehistoryof variability is not aneffect of the
filter structure.Neithermeasureof variability in Fig. 9 indi-
catesany longtermtrendin extremestorminessoverthelast
140yr.

4. Interdecadal Variability of Extreme
Storminess

[22] Many climate-relatedparametershave a red spec-
trum, i.e. with energy generallyincreasingwith increas-
ing period but with no significant peaksin periodicity at
periodslonger thana few years(Wunsch 1992). Although
no significantlong-termtrendin extremestorminessis ob-
served in Figures7 and 8, the 5-yr running meansdo ap-
pearto exhibit someperiodicity. Theperiodicityof extreme
storminessvariability wasinvestigatedby ensembleaverag-
ing power spectraldensity(PSD)estimatesof the cumula-
tive monthlyNTR exceedingthe c�d e'f percentilelevel. The
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Figure 10. Long periodvariability from spectralestimates
of cumulativemonthlyextremeNTR.Includedare95%con-
fidencelimits (dashedlines)andthe95%significancelevel
(horizontalline).

resulting monthly NTR time serieswas divided into five
28.2yr records,eachdemeanedanddetrendedbeforeappli-
cationof a Hanningwindow andobtainingFFT PSDesti-
mates.The resultingspectrum(Fig. 10) hasspectralpeaks
nearor abovethe95%significancelevel atperiodsnear0.5,
1, 2, and15yr. Thesespectralpeaksareconsistentlypresent
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 shows the
significanceof the annualcycle, consistentwith the domi-
nanceof winter storminessin determiningthe long period
patternof extremeNTR variability demonstratedin Fig. 8.
Thesignificantpeaknear2yr andthe minor peaknear4yr
periodicitiesseemtocorrespondtosimilarpeaksobservedin
theNov. - Mar. NorthPacificindex spectrum(Trenberthand
Hurrel 1994).Thespectralpeaknear0.7yr is not presentat
all recordlengths,andthereforehaslesssignificance.The
fall-off in energy at periodsabove the 15yr peakis consis-
tent over all recordlengthsandin fact becomesmorepro-
nouncedasthe recordlength increases,suggestingthat the
spectrumof extremestorminessis not redandexhibitssome
interdecadalperiodicity.

[23] Themulti-yearpatternof storminessvariability can
alsobecharacterizedby 5-yr runningmeanswith 1-yr steps
of winter extremeNTR. Winter NTR levels (Fig. 7b, red
line) andwinter NTR duration(Fig. 11a,solid line) suggest
interdecadalquasi-periodicity, consistentwith the spectral
peaknear15yr periodin Fig. 10. Elevated5-yr meansob-
served in the last10 yearscoincidewith persistentEl Niño
conditionsin theequatorialPacific in theearly1990s(Tren-
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Figure 11. (a) Runningmeans(5-yr) of total winter hours
thatNTRexceededtheg�h*i'j percentile(NTRd,solidline,see
Fig. 7c) and cumulative winter precipitation(PPT, dashed
line) at SanFrancisco. Both show distinctive patternsof
decadal-scalevariability. Thedurationof extremewaterlev-
els at SFOhasremainedremarkablyconsistentduring pe-
riods of heightenedstormactivity over the past140yr; (b)
Normalized5-yr runningmeansof winterextremeNTR and
the -NP andPDO indices. Note that -NP is plottedso that
NP troughscorrespondto highNTR episodes.

berth and Hoar 1996), and the strong 1997-98El Niño.
Post-1935,the peaksin the 5-yr meanwinter NTR occur
nearrecognizedstrongEl Niños(QuinnandNeal1987),re-
flecting the heightenedNorth Pacific stormactivity during
El Niño episodes.The prominenceof this peakis a confir-
mationof the effect of the well known amplificationof the
winterAleutianLow systemin theNorthPacificduringtrop-
ical Pacific warmepisodes(Bjerknes1969;Mo andLivezey
1986;Graham1994)in affectingweatherpatternsalongthe
Californiacoastover thelast60yr.

[24] The significanceof interdecadalpatternsof winter
NTR variability canbe assessedby comparisonwith other
climate-relatedparameters.Runningmeanswereobtained
for the cumulative winter (Dec.-Mar.) extreme duration
NTR (NTRd) andthemeanwinter precipitationfor succes-
sive5-yr periodswith 1-yr steps.Althoughsomedifferences
areobserved,winterprecipitationatSanFranciscohaspeaks
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andtroughsin the5-yr runningmeans(dashedline,Fig.11a)
nearthoseof winter NTRd,with thepatternof precipitation
variability even morecloselymatchingthat of winter NTR
levels(Fig. 7b). Thisobservationis bornout by correlations
betweenthe normalized5-yr runningmeansof winter pre-
cipitationandwinter NTR ( kHlnmpo�q r�r ) andof precipitation
andwinterNTRd ( k l mpo�q s�t ), with expectedgoodcorrela-
tion observedbetweenNTR andNTRd ( k l mSo�qvu4o ). Simi-
lar patternsof interdecadalvariabilityarealsoobservedfrom
5-yr runningmeansof NorthPacificseasurfacetemperature,
zonalwind shear, andSLPfrom 1948onward(Grahamand
Diaz 2001). The consistency acrosstheseparameterssug-
geststhat the variation in winter NTR levels at SFOgives
a reasonablygoodestimateof interdecadalstorminessvari-
ability over theNorthPacific.

[25] During the post-1935era, winter NTR variability
correspondsreasonablywell with thegeneralpatternof the
PacificDecadalOscillation(PDO)(Mantuaetal. 1997)and
theNorth Pacific (NP) index (TrenberthandHurrell, 1994).
Normalized5-yr running meanswith 1-yr stepsof winter
(Dec.- Mar.) extremeNTR andwinterNPandPDOindices
(Fig. 11b) show that relatively low storminesslevels from
themid-1940sto mid-1970soccurredduringthecool phase
of the PDO underrelatively high mid-Pacific atmospheric
pressureas indicatedby the NP index. It shouldbe noted
thatprior to 1935,the correspondencebetweenthe NP and
PDO indiceswith NTR is not good (Fig. 11b). This sug-
geststhata majorchangein North Pacific stormtracksmay
have occurredduring the 1930s. Also note the divergence
betweentheNP andPDOindicesprior to about1920,sug-
gestingthat other componentsof the climate systemwere
notfollowing themodernteleconnectionpattern.Substantial
shifts in North Pacific climatepatternsandteleconnections
havebeennotedin previousstudiesof ENSO(e.g.Hoerling
andKumar1997;McCabeandDettinger 1999;Gershunov
andBarnett1998). TheSFONTR-inferredstorminessthus
suggestsbothmid-latitudeandtropicalassociationsto quasi-
oscillatory interdecadalvariability in the North Pacific, as
describedin previousstudies(Latif andBarnett1994;Miller
andSchneider2000).

[26] Doesthe patternin winter NTR variability at SFO
havebroadsignificancethatextendsto atmosphericvariabil-
ity acrosstheNorth Pacific basin?To establishtherelation-
ship of storminessvariability at SFOto broadscaleatmo-
sphericcirculationpatterns,SLPanomalycompositeswere
determinedfor yearshaving exceptionallyhighandlow win-
ter NTR in Fig. 7b. Theseanomalieswere mappedover
a 5w latitude-longitudenorthernhemispheregrid. The sta-
tistical significanceof eachlocation’s compositeanomaly
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Figure 12. Compositesof winter (DJF)SLPanomaliesfor
post-1900extremesof highandlow winterNTR.Wintersin-
cludedarethetop (n=14)andbottom(n=15)10%of winter
extremeNTR in Fig. 7. Low pressure(dashedcontours)and
highpressure(solidcontours)anomaliesshow thedominant
extremewinter patterns. Grid locationswhosecomposite
anomalyis significantlydifferentfrom thenull hypothesisatxAy�z {

confidencearedesignatedby dots.

was judged via a null hypothesisby gaugingagainstthe
overall meananomaly(zero) using a 2-tailed t-test. Two
distinct SLP anomalypatternsemerge: (a) a broadregion
of highly significantnegative anomaliesacrossmiddle lat-
itudesof the centralandeasternNorth Pacific (high NTR,
Fig. 12a), and (b) a much weaker, 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-
sphereatmosphericcirculation’sresponseto El Niño(Bjerk-
nes1969;Namias1976). Theatmosphericpressurepattern
in Fig. 12a is clearly muchmore likely to produceintense
storminessboth in the centralNorth Pacific andalong the
West Coast. This negative pressureanomalyis stationed
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muchfarthereastthanthe North Pacific Low patternasso-
ciatedwith theNP index (TrenberthandHurrell 1994),in-
dicatingtheimportanceof theeasternNorth Pacific regime.
The distinct contrastbetweencompositesassociatedwith
high vs. low winter NTR demonstratesthestronginfluence
of broadscaleNorthPacificatmosphericcirculationin driv-
ing storminessalongtheCaliforniacoast,andalternatively,
the utility of SanFranciscoNTR asan indicatorof winter
storminessoverextensiveregionsof theNorthPacificOcean
andwesternNorthAmerica.

5. Implications for Climate-Related Trends

[27] Pronouncedmulti-yearfluctuationsof SanFrancisco
winter sealevel extremenon-tidalresiduals(Figures7b and
11)areprominentfeaturesof this longhistoricalrecord,evi-
dentlyreflectingpulsationsin winter climatepatternsacross
theNorthPacificbasin.Althoughheightenedstorminesshas
occurredduringthe last two decades,theactivity levelsob-
servedarenot exceptionalcomparedto earlierperiodssuch
astheearly1900’s andthe late1930’s to early1940’s. The
recentheightenedstorminessresultsin an increasingtrend
in extreme(high) sealevel residualsover the last 50 years.
Increasingtrendsin climaterelatedvariableshavealsobeen
identifiedby recentstudiesof cyclonefrequency (Graham
and Diaz 2001)andwave height(Allen and Komar 2000),
alsostronglyinfluencedby similarheightenedactivity in the
last two decades.Continuationof theseincreasingtrends
would have seriousconsequencesfor structuresandecosys-
temsalongtheWestCoast.However, recentactivity seems
to havepeakedduringthegreatEl Niñoeventof 1997-98.If
the observedhistoricalpatternof interdecadal,quasi-cyclic
winter storminessholdstrue,theheightenedactivity during
thelate1990’sshouldsubsidefor thenext decadeor so.
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