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ABSTRACT

Extreme weather events are rare but significantly impact society making their study of the utmost
importance. We have examined the synoptic features associatedwith a historic snowfall during February
19590n Mt. Shastain northern California. Betweenl13i 19 February, Mt. Shastareceived480cm of snowand
set a single snoweventrecord for the mountain. The analysis of this eventis challenging becauseof sparse
and coarseresolution atmospheric observationsand the absenceof satellite imagery; nonethelessthe analysis
has contributed to our understanding of synoptic and mesoscaledynamics associated with extreme
snowstormevents.We have usedan array of methodsranging from the National Centersfor Environmental
Prediction/National Center for Atmospheric Researchreanalysis datasets,analysis of regional sounding and
precipitation data, archived newspaper articles, and reminiscencesfrom long-term residents of the area.
Results indicate that a single mechanismis unable to produce a snowstorm of this magnitude. Synoptic
componentsthat phasedseveraldays prior to this eventwere the following: 1) amplification and breaking of
Rossbywaves,2) availability of extratropical moisture that included enhancedmidlevel moisture in the 850
600-hPa layer, 3) the transition from a meridional to zonal polar jet, and 4) an active subtropical jet stream.
The timing and phasing of the northern and southern branches of the polar jet stream led to an idealized
long-term juxtaposition of moisture and cold air. This optimal phasingwithin the circulation pattern waskey
to the production of record snowfall on Mt. Shasta.

1. Introduction entire state of California. This mountain is the

Snowfall on Mt. Shasta(41°N, 122°W), and its  penultimatepeakin the southernend of the Cascade
melt, is a critically importantsourceof water for the  Rangevolcanicchain(Fig. 1a).
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Figure 1. a) Location map of the Mount Shasta region. Black dots are weather stations referenced in Hansen and Underwood (2012). b)

The Mt. Shasta Old Ski Bowl chair lift after the 1959 snowstorm where record snowfall was measured (postcard courtegg of Gell

Siskiyou®Mt. Shasta Special Collectipre) Elevation profile starting at the eastern edge of the Pacific Ocean, from King Range eastward

to Winter Range. Note the complex terrain inland from the Pacific Ocean to Mt. Shasta, and the height oftdovBhals Midlevel

pressure levels and corresponding heights are identified froifv88thPa. VD refers to Van Dozer and MAD refers to the Mad River

basin.Image courtesy of Kelso Cartograplpo(tfolio.kelsocartography.com/index.php?album=B6sinverg. Click image foran external

version this applies to all figures hereafter

Eastwardprogressingstormsmust passover three
mountainrangesn orderto reachMt. ShastgFig. 1c).
These orographic barriers require the duration and
intensityof onesinglestormto bemoreanomalougor
anabundancef precipitationto reachMt. ShastaThe
volcanicconeof Shastarises3048m above mean sea
level and forms the apex for three adjoining
watersheds:the Klamath Watershed(north), Upper
Sacramentdsouth), and McCloud Watershed(east).
The SacramentoRiver is the longestriver entirely
within the stateof California(719km or447 mi) andit
is the major fluvial sourceof waterflow betweenthe
northernandcentralsectionof the state(Fig. 1¢).

Mt. Shasta has a long record of extreme
snowstormsOneof the mostfamousoccurredn April
1875 strandingJohn Muir and his guide for a night
(Muir 1877).In Januaryl890 one stormaccumulated
3.6 m of snow, halting railroad transportationand
trapping116 passengerfor over sixty hours(Southern

1932). Local newspapersdescribed this storm as
fié t h fercest storm that ever roared down the
SacramentaCanyord (Asbell 195%). Both of these
storms have been eclipsed by the recordbreaking
snowstornof 1959.

Betweenl3i 19 February1959,approximately4.8
m of snowfell on Mt. Shasté the greatestamountin
a single continuous snowstorm recorded in North
Americato thatdate.This recordwentunmatchedand
unbrokenuntil the early 1990s(Freeman 2011 The
snowfallin this extremeeventis a sizablefraction of
the averageyearly snowfall on Mt. Shasta.Extreme
(high impact) weathereventssuchas the 1959 storm
provide researcherswith a unique opportunity to
explorethe dynamicsof weathemphenomesd attimes
an exceptionaldisplay of the fusion among many
differentdynamicalprocessesWhile it is importantto
investigatetheseextremeevents,reliable observations
are missing becausethe eventsoccurredbefore this
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new age of technologically advanced instruments
( O0 Het ala2009; Dettinger 2011). Even in the
presenceof detailedjournals,suchasthoseavailable
from membersof the DonnerParty, reconstructiorof
weathereventshasprovedproblematic(Stewart1936;
DeVoto 1943).In this regard,we areindeedfortunate
in our study of the 1959 Mt. Shastasnowstorm;not
only havewe hadaccesgo reminiscencesf the 1959
storm from long-term residentsof the Mt. Shasta
region,we alsohavebeenableto accessoutineupper
air observationsthat commenceda decadeearlier.
These upperair data serve as valued input to the
reanalysis datasets that blend observations with
retrospective dynamical forecasts. We use these
datasetsto analyze key synoptic and mesoscale
atmospheriprocessegermanedo the 1959Mt. Shasta
snowstorm.

a. Summanyof the 1959stormevent

The Mt. ShastaOld Ski Bowl resortopenedthe
1958 59 ski seasorwith the first snowfallin January,
an unusually late start to the season.The resort is
situatedabovethe treeline (elevation~2987m) in an
arearoutinelyinundatedoy whiteouts,avalanchesand
road closures.The lack of snowpackin 1959 was of
sufficient concern that a local Klamath Native
American by the name of Ty-You-Na-Sch was
persuaded to perform the t r i baacgeid rock
ceremonyto bring snow to the Mt. Shastaregion
(Freeman 2011 The five-day stormbeganon Friday,
13 February and the first two days of the storm
brought83 cm of dry snowto Mt. ShasteCity. During
the following three days the temperaturesand the
water contentin the snow increased,causingfilead
heavysnowandslushd (Asbell 195%). The month of
Februaryrecordedhe greatessnowfall for thatmonth
in twenty yearsand the third greatestsince records
beganin 1888(Asbell 1960).

A A s n o wsetveerighdefined by Changnon
(2006) as having 15.2 cm or more of snow that falls
over a oneto-two-day period. In California, extreme
precipitation events usually occur over a threeday
period (Dettinger 2011). The 1959 storm had
continuoussnowfallfor six days,averaging80 cm dy*
(~3 cm hr'), as measuredat the Old Ski Bowl.
Snowfall produced 24-ft driftsd closing mountain
roadsand strandingski park employeesat the lodge
(Asbell 1960). Substantiasnowfall accumulatioralso
was recorded in the city of Mount Shasta
(approximatelyl 921 m lower thanthe Old Ski Bowl).
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Snowfall accumulationin the town of Mt. Shastafor
the month of Februaryaveragesl85 cm, placing the
February1959 period within the top 6% of its annual
snowfall (WRCC 2011). As a result of the heavy
snowfall in town (125 cm), structural damagewas
reportedat local businessesn Mt. Shastaand local
transportationwas paralyzed(Asbell 195%). Clearly,
the snowfall accumulation recorded during the
February 1959 storm period representecan extreme
snowfalleventfor both Mount ShastaCity andthe Old
Ski Bowl (Fig.1b).

b. WestCoastwinter stormpatterns

The dominant synoptic circulation patterns
associated with West Coast winter storms are
identified by: 1) Rossby wave orientation and
breaking, 2) existenceand location of atmospheric
rivers, 3) position of the southern/subtropicajet
stream/jetstreak,and4) location of the northern/polar
jet stream/jestreak.

Planetarycirculation patternsgenerallyinclude a
series of mid-latitude waves that circle both
hemispheres known as Rossby waves (RW),
following their discovery in the late1930s by C.
Rossbyandassociate$Rossbyet al. 1939; historically
reviewedby Platzmanl968).The readeris referredto
Holton (1983)for a thoroughdiscussiorof the RW in
the context of absolute and potential vorticity
conservationThe orientationof a RW canenhanceor
block the progressionof mid-latitude storms; in
particular,it canenhanceor impair moisturetransport
from lower latitudesand advectionof coolerair from
Arctic regions as it controls atmosphericsteering
patterns.The intensificationof a cycloneis associated
with the vertical coupling of upper and lower-level
potential vorticity (PV) maxima (Bosart and
Lackmann 1995) accompanying transient RW
propagation.

The RW trough axes can be oriented positively
(northeastsouthwest,  neutral (north-south), or
negatively (northwestsoutheagt which affects the
distributionof PV. RW breakingresultsin the shift of
the RW axis to a positivetilt causingthe overturning
of meridional PV, which occurs rapidly and is an
irreversible process (Mcintyre and Palmer 1983;
Abatzoglou and Magnusdottir 2006; Riviére and
Orlanski 2007; Strong and Magnusdottir2008). RW
breaking can significantly impact the largescale
latitudinal circulation from the extratropicsto the
tropics (Abatzoglou and Magnusdottir 2006). RW
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breaking cyclone development, and differential
meridionaltransportof heat,moisture andmomentum
are all strongly coupled phenomenaWeaver (1962)
analyzeda 1955flood eventthat affectedCaliforniad
focusingon low-latitude stormtypes.In this analyss,
Weaver discussedhe importanceof a RW blocking
patternassociatedvith moisturewavesalongwith the
rarity of having a storm centeredover the northern
two-thirds of California, a phenomenorsimilar to the
1959 storm. Recordsof heavy precipitation events
were categorized by Weaver (1962), but our
understandingof these moistureladen mid-latitude
cyclonescontinuesto expandwith the advancements
of technology(Dettinger2011).

Some of the first northweseérn United States
synopticwinter-stormclassificationwas performedby
Krick and Flemming (1954) and Weaver (1962)
identifying critical hydrologic storm patterns for
California. Krick and Flemming(1954) describedand
classified six common storm sequencesover the
eastern Pacific from 40 years of storm pattern
informationencompassin@899 1939.Weaver(1962)
analyzeda 1955 flood eventthat affected California
focusing on the low-latitude storm types using back
trajectories.Continueddiscussioraboutthis particular
storm by Weaver involved examplesof the strong
transportof moistair from lower latitudeswith a storm
patternreflecting what is colloquially known as the
pineappleexpresgattern.

Synoptiescalecirculation patternsassociatedvith
heavy winter seasonprecipitation in California are
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narrow, tropical low-level moisture plume, at
approximately1- 2.5 km altitude in the troposphere
(Ralphetal. 2004).Thesemid-latitudemoistureflows,
referred to as Afiat mos p h & re(ARs)Y) are
associatedvith heavy West Coastprecipitation(Zhu
and Newell 1998; Dettingeret al. 2004 Ralphet al.
2004; Neiman et al. 2008; Kaplan et al. 2009
Underwood et al. 2009. Globally, ARs transport
approximately90% of watervaporfrom low latitudes
to higher latitudes(Ralph et al. 2004). At any given
time, multiple rivers extendingfor 1000sof km may
be presentin the northern hemisphere(Zhu and
Newell 1998; Neiman et al. 2008; Dettinger 2011;
Dettingeret al.2012).TheseARs andtheir subsequent
precipitationcontributeto seasonasnowpackandcan
lead to high snowwater equivalentin the Sierra
Nevada(Guanet al. 2010).Presentday AR signalsare
identified with satelliteimagerybasedon thethickness
of the moistureplume,amountof watervapor,andthe
length of connectivity. The identification of historical
ARs requiresthe useof regionalsoundinggo identify
moisturerich surges(precipitablewater> 2 cm). The
AR, or group of ARs for this case study is/are
identifiable from 14-16 February 1959 between
latitudes 30°Ni 42°N (Dettinger 2011) and directly
west of Mt. Shasta(41°N) off the California and
Oregoncoass.

The combinationof ARs pairedwith 1) an active
polar cold pool/jet stream dropping southeastwards
from the Gulf of Alaska(PJ)and2) anactivesouthern
jet stream/subtropicaljet (STJ) extending west

commonlycalledthed p i n eeaxppri@B8 ma A g southwestward from Hawaii can enhance parcel

expres® referring to the geographicorigination of
moisture plumes that arrive from the tropics and/or
subtropics(Higgins et al. 2002; Dettingeret al. 2004

accelerationsthe vertical flux of water vapor, and
precipitation rates with substantialreleaseof latent
heat (Uccellini et al. 1987). Transversecirculations

2012 Dettinger 2011). The fi pi n eeaxppprl eeadjadent to elongated Pk and STk have been

patternwasfirst identified in 1959andwas described
in a NationalWeatherService(NWS) forecastprior to

the Mt. Shastastorm. ForecasteW. J. Denneyfrom

the SanFranciscoNWS office predictedthat the scale
of the1959i V a | e rDtaiysienthadthe potential
to affectregionsof California, Nevadaandldahowith

heavy precipitation, flooding of lower regions, and
hurricane strength winds (McLaughlin 2011). The
journal Monthly WeatherReviewdiscussedhe days
leadingup to this recordsnowfallwith cutoff lows and
high-overlow blocking events (i.e., Rex blocks)
contributing to the duration and magnitude of this
storm event ( O6 C o A9%D. rMoisture transport
within the mid-latitudesis sometimesdescribedas a
i wa rcamveyor b e | (Browning 1986) or as a

associatedwith upper and low-level ageostrophic
flow (Bjerknes 1951; Keyser and Shapiro 1986).
Vertical lifting requiredfor elevatedmoisturetransport
of the AR acrosscomplex topography(Fig. 1c) is
associated with jet-stream orientation, jet-streak
guadrantlocation (right entranceor left exit), and
convectiveoutflows and/orjetlet dynamics.Favorable
conditions for strong jet-stream formation are
commony found between regions of contrasting
temperaturdi.e., boundariesof very cold, dry Arctic
air and much warmetr moist air from subtropical
regiong. Jet streaks or jetlets are those segments
within the jet streamwherewinds attain their highest
speeds.A jetlet is a mesoscalewind featurethat is
formed by convectionassociatedvith the jet stream
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that triggers a midlevel jet streak (Hamilton et al.

1998) A jetletis formed by the releaseof latentheat
andthe resultantgeostrophicadjustmenin reactionto

heatingand pressureperturbationsLatentheatrelease
often occursin the poleward/leftexit region of the jet

streak along with positive vorticity advection and
subsequentifting. This convectiveoutflow in the left-

exit region of a large jet streakcan be adveced by

leftward-directedfinescalewind maxima in the mid-

to-upper troposphergKaplan et al. 1998). It is here
that copiousmoisturecanbe elevatedand transported
abovethe coastarangedowardsMt. Shasta.

For ARs to reach the west coast of California and

inland to Mt. Shasta, there needs to be additionag

lifting of ARs to midlevels (850600 hPa orl.54.5

km) by accompanying jet streaks and jetlets. Toévortex.pk/mouth.edl)l were used to recreate and

maintain the magnitude and duration of the 195
snowfall event there likely was phasing of the stream
(i.e., PJ and STJ Furthermore, mesoscale convective
systems providing additional lift must have formed
days pior to the snowfall event allowing for the
progression of AR moisture downstream and

convective lifting of moisture high enough (8800

hPa or1.54.5 km) to be transported across th
complex terrains of the Coastal Range, Trinity Alps

and Marble Mountas to Mt. Shasta.

The coarseresolutionof datasetsand infrequent
data availability create challenging conditions for
analysisof historicweatherevents.The useof regional
andlocal meteorologicatlata combinedwith personal
accountsand archivednews articles help to recreate
the historical weatherevents Moreover,the modern
analytical techniques allowed insight into the
complexityof this historicalevent.This analysisis the
first of a seriesof stormsthat will help forecasters
identify the specific atmosphericdynamicsassociated
with these extreme snowfall eventson Mt. Shasta,
California.

2. Atmospheric datasets/methodology

a. Synoptiescaleobservationateanalysisdata

The historic analysisof the 1959 snowstormis
limited to time-relative daily chartsfrom the National
Oceanic and Atmospheric Administration (NOAA)

€
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intervals(represente@sT-72, T-48, T-24 and T-00 h
prior to the first snowfall) (Kalnay et al. 1996). The
reanalysisplots usedin the analysisstart at T-192,
eightdaysprior to the storm.

b. Regional(mesea scale)observationabata

Longterm surface data were used to identify
periodsof rain and snowfall at Los Angeles(LAX),
Salinas (SAL), Sacramento (SAC), Santa Rosa
(SROSA), Redding (RED), and Arcata (HUM),
California. Monthly regional precipitation (rain and
snowfall) data from the Western Regional Climate
enter (WRCC 2011) provided a regional spatial
istribution of precipitation. Atmosphericradiosonde
datasetarchivedfrom PlymouthStateWeatherCenter

validate regional dynamicsat 0000 UTC and 1200

TC for Oakland, California (OAK station number

72493) Medford, Oregon (MFR station number
72597),Reno,Nevada(REV station number72489),
San Diego, California (NKX station number72293),
and Vandenberg,California (VBG Air Force Base
stationnumber72393).Thesedatawereusedto obtain

a regional perspective on the vertical moist

thermodynamic structure of the atmosphere for

integrated precipitable water, convective available
potentialenergy(CAPE), andthe vertical temperature
profile.

c. Historical archivesandlocal interviews

Historic surface data along with archived
newspapeirticlesfrom Northern California libraries
were usedto obtain a substantialrecord of the 1959
snowfall. Archival documentswere collected at the
College of the Si s k i Maunt sShasta Special
Collection Library in Weed, California. Regional
searchesvere conductedo contactpeopleliving in or
near Mt. Shastaat the time of the storm. Long-term
residentswith local knowledgewere surveyed.Thirty
surveys were sent out in the first stage of the
guestionnairaisinga snowballsurveyingtechniqué
a nonprobability methodusedwith populationsthat
areinaccessiblgStatSoft2010). This methodrelieson
referralsfrom initial subjectsto determineadditional

National Centers for Environmental deliction/ interviewees. In this case, the initial referrals
National Center for Atmospheric Researchsuggested ten more possible subjects for the
(NCEPNCAR) reanalysis database(grid of 2.5° questionnaire expanding the results to 34

latitude x 2.5 ° longitude) that were createdat 24-h

guestionnairegHanserandUnderwood2012).
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Figure 2. Northern branch composite anomaly (computed usingi8BI0 baseline) and mean pléds: a) 23 January 1959, mean 600
hPa geopotential heighggm); the letters H and L represent high and low pressbireFebruay 1959 composite mean Northern
Hemisphere 60®Pa geopotential heighlietter A represents the eastern Pacific Ridge and letter B the ridgétevetic/Europe;c) 8
Februaryl959 composite mean 25Pa zonal wind (m™Y; arrows represersthe meridionamovement of air northwarand southwarih
response to the blocking ridge; adjl 13 February 1959 composite mean of -68& geopotential heighggm), where the black line
represents the dominandge.Images courtesy Earth System Research Laborattanactive plotting and analysis wedige.

d. NCEP/NCAReanalysis

Time-relative analyses from the NOAA
NCEP/NCARreanalysiglatabaseverecreatedat 24-h
intervals (representecs T-192 to T-00 h prior to the
1959 snowstormevent) (Kalnay et al. 1996). Pacific
Basin plots allow synoptic signalsto be identified
using 17 pressurelevels and 28 sigma (terrain
following) levels. This analysismethodis similar to
the synoptiescale compositing proceduresused to
identify spill-overfloods (Underwoodet al. 2009)and
synoptic avalanche conditions (Hansen and

Underwood2012). The specific charts are: 250-hPa
geopotentiaheightsand winds, 600-hPageopotential
heights,500-hPageopotentiaheightsandwinds, 700-
hPa geopotetial heights and winds, 1000 500-hPa
columnthicknessesand precipitationrates(mm dy™).
Chartswere createdeight daysprior to thefirst period
of snowfallobservedatthe Old Ski Bowl.

3. Resultsand discussion

The 1959 analysis will identify synoptic
dynamic/thermodynamiteaturesand patternsfrom a

ISSN23256184,Vol. 1,No.5
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relatively low-to-high frequency perspectivestarting
with: a) analyss of the northern stream synoptic
dynamicseightdays(T-192h) prior to the snowevent,
b) analysisof the southernstreamsynopticdynamics
eight days (T-192 h) prior to the snow event, c)
phasingof the two streamgnorthernand southern)o
explain the dynamic forcing prior to and during the
13/ 18 Februarysnowfall event,and d) identification
of the mesoscaléorcing componenbf the phasingof
thetwo streamghreedaysbeforeandduringthe event
usingregionaldata.Herethetermfi s t r is defiméd
asa coherentzoneof propagatingRWs and/orupper
tropospheriavind/jet maximum.

a. ObservedPacific synopticoverviewfocusingon the
northern stream 8 days prior to the event (6
February 13 February1959)

During the first week of Februarythe eastern
PacificRW wasin retrogressionThe largescaleridge
remainedstationarybetween160°W and 125°W for
the majority of Januaryinto February blocking and
deflecting moisture and momentum poleward and
limiting the penetrationof cold Arctic air into lower
latitudes. This resulted in warmer than normal
temperature®n the westcoastof the United Statess
observedin Los Angeles and San Francisco with
temperature deviations of 3.2°C and 2.4°C,
respectively( O6 C o 1059h A deeperthan normal
polarvortex center(L), roughly 15 dambelownormal,
developedand maintainedits position over the Baffin
Islands in northeastern Canada blocking the
downstreanflow approachinghe north Atlantic (Fig.
2a).

For most of Januaryandinto the secondweek of
February low pressure over northeastern North
America continuedto be blocked by a strong ridge
over the Pacific and a secondridge over the Atlantic,
hindering any Arctic air from propagatingto lower
latitudes (Fig. 2b, Letter A). By early February,
however, a companionpolar vortex amplified over
northeasternSiberia and the Bering Sea creating a
balanced highlatitude Northern Hemispheric
circulation with two very long waves in quast
equilibrium (.e., a trough/ridgesystem over eastern
North America and the western Atlantic, and over
easternAsia and the westernPacific (Fig. 2b, Letter
B). During January1959 the Arctic Oscillation (AO)
index shifted from a negative monthly AO index
(-2.013) to a positive index (2.544) (NOAA 2012),
indicating a shift from high to low pressureover the
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Arctic region (Fig. 2a, Letter H), and leading to
displacemenbf Arctic air to lower latitudes(Fig. 2b)
during the month of February.A positive AO allows
for the northward progressionof storms bringing
wetter conditionsto higher latitudes such as Alaska
and Northern Europe. Areas located at mid-latitudes
(45°N) suchas California, Spain andthe Middle East
experiencedrier conditions (NOAA 2012). Although
the first week in Februaryreflectedthesedrier than
normal conditions,a shift in the AO index between
week 1 andweek 2 occurredto provide andtransport
moisturefrom thetropicsto mid-latitudes.

The longwave features enhancedthe eastern
Pacific jet streamby 8 February (Fig. 2c; T-168),
strengthening the preexisting steep meridional
geopotential height gradient over the central and
easternPacific betweenthe deepeningpolar vortex
over northern Siberia and high geopotentialheights
over Oceaniaand southeasterm\sia. The large polar
vortex remainedover the region becauseof blocking
downstream. The intensification of this vortex
contributedto the combination of Arctic air (over
Siberia) that spilled over warmer water (Pacific
Ocean)creatinga strongmoistureflux (Busingerand
Reed1989). Over the westernPacific, the jet at 250
hPa reachedan extreme magnitudeon 8 February
1959 (T-144) with maximumzonalwinds of 60 m s*
over southernJapan.The core of the jet remained
centeredoff the southeasrn coastof Japanbetween
120°E and 140°E for five days in responseto the
stationaryridge downstreangFig. 2c).

On9, 10, and 11 February,at 700-hPa,maximum
zonal winds rangedfrom 25i 30 m s and the low-
level jet below 700-hPaactively transportedmoisture
to higherlatitudes(40°Ni 60°N) dueto the meridional
deflectingeffect of the stationaryridge downstreanas
well as the transversecirculation in the new mid-to-
uppertropospheriget streak.On 12 February(T-48)
theridge amplified polewardof 60°N andtilted from a
negative/neutralto a positive (northeastsouthwest)
orientation resultingin a RW breakon 13 February
and baroclinic amplification of the trough
downstrearfeast of the wave break over the
northeaster®acificat approximatelyl40°W (Fig. 2d).
This positive tilt reflects the rapid overturning of
meridional PV previouslyidentified by Mclintyre and
Palmer(1983), Abatzoglouand Magnusdottir(2006),
Riviere and Orlanski (2007), and Strong and
Magnusdotti(2008).
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Figure 3. Southern branch composite anomaly (computed usindiP880 baseline) and mean plots fay:28 January 1959, mean 200

hPa zonal wind (m™Y; b) 5 February 1959 composite 2BBa zonal wind (m™; c) 31 January 1959 columnar precipitable water (kg

m?); and d) 6 February 1959 columnar precipitable water (K} images courtesy Earth Sgst Research Laboratory interactive plotting

and analysis webagge.

b. Synopticoverviewfocusingon the southernstream
8 daysprior to the event(6 February 13 February
1959)

The dominantsynopticfeatureof the southernjet
stream/STJs thelongevity of the streamcoupledwith
the transportof copiousmoistureto northernlatitudes.
The southerrstreamis animportantcomponentn this
s t o r forhation becauseit is associatedwith
sporadic periods of strong convection typically
followed by heavy precipitation. The activity in this
southerrstreanwasapparentisearly asthe lastweek
in January.The arrival of the first plume of moisture
(PW1) coincident with jet strengtheningbegan 28

JanuaryTheunbalancedlow of the jet wasconsistent
with the accelerationof air parcelswithin the exit
region. During this period, a strong zonal jet
(maximumcorevelocity of 70 m s?) elongatecbff the
eastcoastof Japanand propagatedover the Pacific
southof 35°N latitude (Fig. 3a).

The presenceof this jet 19 daysprior to the first
snowfallwasimportantto thelongerperiodorientation
and availability of the moisture for the Mt. Shasta
event.The southerrjet streamwasconsiderablyactive
eight days prior to and during the snowfall eventas
illustrated by anomaliesin 200-hPa wind velocities
(comparedto the 40-year climatology; Fig. 3b). A
moisttongueor river (PW1)wasalreadyestablishedin
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mid-latitudes over the Pacific awaiting subsequent
enhancement by future transverse ageostrophic
circulations accompanyinget streaksin advanceof
theMt. Shastasnowfallevent(Figs. 3¢ d).

During this period of time, an extensiveband of
moisturewascenterechear20°N to 20°Sand140°Eto
80°W (Fig. 3c¢). This plume of warm moist air (PW1)
wastransportechortheastwardby the low-level return
branchof the polarjet on 28 Januaryl959(T-456; Fig.
3a).Interestingly PW1nevermadelandfall duringthis
eightday periodbut continuedto elongatenorth of the
equatorialwarm pool of available moisture centered
southof the Hawaiianlslands.
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stationary position the previous week to a new
longitudeof 150°W (Fig. 4a).

The shift in position of the ridge and the
orientation(shifting positive) of the RW permittedthe
blockedcyclonic vorticity maxima(Fig. 4b) to plunge
southwardalong the west coast of North America.
Once this southward motion occurred, the original
moistureplume, PW1, provideda moisturesourcefor
transporto the northeast.

As the southernupperlevel jet strengthenedhe
low-level jet alsoincreasedn intensity,enhancinghe
eastnortheastward moisture transport towards the
California coast.The active southernstreamenhanced
convectionalong the California coastand contributed
to the CAPE observed in regional soundings,
(analyzedn the nextsection)by virtue of Fig. 4c. The
breaking(northeastwaraverturning)of theRW on 13
February (Fig. 4d; T-24) led to baroclinic
amplification of the trough that approachedhe West
Coastof the United Statesbringing colderair to lower
latitudesandthe readjustmenof the northernjet from
zonal to meridional flow (Fig. 4a). This phasing
between the decreasing heights strengthenedthe
north- southheightgradientwest of the Pacific Coast

resulting in an increasein the southernst r e a mé s

momentumi(e., jetogenesisFig. 4a).
d. Mesoscaldorcing beforeand during the event(11i
16 February1959)

The active southern stream trigged the

Figure 4. Northern and southern branch composite anoma|}/(jeve|0pment of a primary oceanic mesoscale

(computed using 1982010 baseline) and mean pldts: a) 13
February 1959 mean 2dtPa zonal wind (m™; b) 12 February
1959 composit@nomaly geopotential height () 13 February
1959 surface precipitation rate (myi'g; and d) 14 February 1959
surface precipitation rate (mmyd). OMCA refers to oceanic
mesoscale convective system. Images courtesyh E8ytstem
Research Laboratory interactigtotting and analysis web page.

c. Phasingof the northern and southernstreamprior
to and during the snowfall event(6 February 13
February1959)

Eight days prior to the snowfall event the
combination of 1) the northerns t r e stati@nary
ridge overthe Pacific, 2) the blockedPolarvortex,and
3) thesoutherrs t r eracirodlatingtropical moisture
and additional embedded convection collectively
remainedn a blocking pattern.By the secondwveekof
13 Februarythe west coastridge aloft andthe eastern
Pacific high retrogradedapproximatelyl5° from their

convectivesystemareaon 11 Februarysouth of the
Hawaiian Islands (20°N, 150°W) with an average
moist neutral lapse rate of -6.7C km™ between
700 400 hPa(Fig. 4c, labeledOMCA). Moist neutral
lapserates alsowereidentified by Ralphet al. (2004)
associatedwith West Coast high precipitation rates
and by Kaplan et al. (2009) associatedvith midlevel
moisture and Sierra Nevada leeside heavy
precipitation. The moist neutral lapse rates occurred
241 48 h prior to the onsetof the heavysnowfall at Mt.
Shasta. The subsequent downstream mesoscale
convectiveenvironmentwas validatedadditionally by
moist neutral lapserates until 14 February(Fig. 4d),
which was consistentwith the collective effect of
several oceanic mesoscale convective systemé
lifting/vertical transport of moisture to midlevek
identified in the Oakland, California (OAK), and
Medford, Oregon(MFR), soundingqFig. 5).
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Figure 5. Regional sounding dafar 10i 19 February 1959 from
Oakland,CA (OAK; black line) and Medford,OR (MFR; grey

line), showing: a) 1000600-mb thickness (m) where the black

dotted line is the 540t thickness value used tetect freezing
precipitation;b) Surface based CAPE (JRgand c) integrated
precipitable water (mm).

The offshore northern and southern stream
configuration began to affect onshore locations
identified at OAK and MFR on 0000 UTC 12
February with distinct changesin the atmospheric
thickness(Fig. 5a), CAPE (Fig. 5b), and integrated
precipitable water values (Fig. 5c) observedin the
verticalcolumnsat OAK andMFR.

Theincreaseof the atmospherithicknessoverthe
subsynoptic zoné including Mt. Shasté indicated
by the regional soundingson 12 February(Fig. 5a)
reflectsthe changen averagdemperatur@andaverage
moisturecontentbetweenl1000 hPaand 500 hPaand
was the result of the weakening of the ridge
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accompanyingthe RW and strengtheningof the
southern stream. The importance of the southern
st r et@ansposton 13 Februarywas identified by
warmer air observed at both OAK and MFR,
signifying the progressiorof warmermoist air inland
andto higherlatitudes.This warm, moistair createdan
environmentfavorable for additional convection as
inferred from observedregional CAPE values (Fig.
5b). These peak CAPE values correspondto the
proximity of the moisture plumes as they made
landfall consistentwith higher values of integrated
watervapor(Fig. 5c).

Three low-level ARs were identified during this
February storm by Dettinger (2011) at latitudes
appropriateto bring moistureto Mt. ShastaARs were
classifiedbasedon the integratedwater vapor greater
than 20 mm. The three ARs madecoastallandfall on
14 February(40°N), 15 February(42.5°N), and 16
February(30°N). The surgesof moisturefrom these
low-level ARs are indicated in Fig. 5c¢ with the
integratedwater vapor at both OAK and MFR, but
have precipitable water values less than 20 mm
becauseof the particularlatitude of the ARs andthe
interior setting of MFR. On 14 and 15 Februarythe
moist unstableair arrivedat 0000UTC at 950 hPafor
OAK and 850 hPafor MFR. The vertical wind shear
regimesat OAK showeda slight veeringpattern(7.5
m s™) from the surfaceto 600 hPaanda shift to strong
(40 m s*) westerly flow (Figs. 6a,c). The surface
winds at MFR were 15 m s* veeringto higherwinds
of 30 m s* at the moistlevel of 850 hPa(Figs. 6a d).
Veering vertical wind shear is consistent with
horizontalwarmadvection.

Perhapghe mostinterestingfeaturein Fig. 6 is the
warm/moistair layer generallylying at the baseof the
650' 850-hPa layers indicating an elevated warm,
moistair plumeabovethe low-level jet. This midlevel
warm moist plume enhancedby the midlevel jet
supportsthe CAPE buildup and moisteningof these
soundingsextendingupwardsfrom OAK to MFR in
time. This suggestselevated midlevel tropical air
extendingupstreamfrom Mt. Shastato north of the
Hawaiian Islands where earlier oceanic mesoscale
convectivesystemdevelopmentvasobservedFig. 6).
Evidenceof this elevatedwarm air supportsfindings
from Kaplanetal. (2009)thata midlevelriver is a key
componentto transportingmoisture inland at higher
elevations. The heaviest snowfall periods for this
storm took place in temporal proximity to these
featuresat 1800UTC 15 February(notethatdatawere
collectedat the sametime daily) with 61 cm recorded
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Figure 6. Regional soundings for: a) 0000 UTC 15 February 1959

from Oakland, b) 1200 UTC 15 February 1959 from Medford, c)
0000 UTC 16 February 1959 from Oakland, and d) closer view o
0000 UTC 16 February 1959 from Medford. Arrow indicates moist|
air between 6550 hPa. Rawinsondereated from NOAA Earth

System Research Laboratomyvfw.esrl.noaa.gov

at the OId Ski Bow! (Fig. 7a). In the City of Mount
Shastathe heaviestsnowfall centeredon 1800 UTC
13 Februarywith 68 cmrecordedn town (Fig. 7b).

During this heavyperiodof precipitationboth the
MFR andOAK rawinsondedataindicatedl) southerly
surfaceflow of 12.5 15 m s* with veeringsouthwest
winds in the columnat speedof 25 m s* recordedat
700 hPa, 2) CAPE values at MFR of 38 J kg*
indicating convective potential (Fig. 5b), and 3)
veeringflow from the surfaceto midlevek, indicative
of a midlevel jetlet accompanyinga warmair plume
andhorizontalwarmadvection(Figs. 6a d).

Themidlevelmoistair arrivedon Mt. Shastaatthe
Old Ski Bowl on 13 Februarybut the highest24-h
liquid contentwas observedbetweenl5- 16 February
with 11.43cm (4.5 in) of liquid (Fig. 8) falling and
closing Everitt Memorial Highway leading up to the
ski resort. The snow survey measuremeninonitored
by the California Departmentof Water Resourcedgor
Februaryl959measured!.6 m of snowat 2630m and
4.1 m of snowat 2030m.

The overallsnowdepthin Mount ShasteCity from
the February 1959 storm was acknowledgedin the
personal stories and experiencesprovided in the
surveys. Those who returnedthe surveys were,on
average about15 yearsold in 1959. Multiple stories
relatedthe experienceof being ableto walk out of a
secondstory window onto high snow banks.Another
story provided by a store merchant recalled the
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collapsingof roof topsof local businessandresidential
housesalong with the overall closure of the town
itself.

f

Figure 7. Total snowfall and temperature for a) Old Ski bowl and
b) Mount Shasta CityArrow indicates the time when the snow
started to fall and the duration of accumulation associated with this
storm.

4. Summary and condusion

The mostimportantfindings of this historic storm
analysisis the timing and phasingof the northernand
southernbranchesof the jet streamthat resuled in
sucha large volume of snowfalling on Mt. Shastaas
well as the extraordinarily long precursorperiod of
relatively stationary RW features. The synoptic
featuresincluding blocking patternsn the RW weeks
prior to the storm allowed for the accumulationof
moistureladen air from the tropics that eventually
reacked higherlatitudes(~ 40°N). The active southern
streand enhanced by the convection from the
Hawaiianlslandsnortheastwardo the regionwestof
the coast of Californiad contributed to the CAPE
observed in regional soundings. This midlevel
moisture plume, itself enhancedby the midlevel jet,
supportsthe CAPE buildup and moisteningof these
soundings from OAK to MFR. This midlevel
convective lift is very important becauseit is
necessaryo move moisturefrom low levels (1000
900 hPa)to midlevels(850' 600 hPa) thus makingit
possible to advect this moisture over the four
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