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ABSTRACT

Forecasting precipitation distributions associated wathl-seasorb00-hPa cutoff
cyclones can be a challenge in the Northeast United Sta®)s Although the structure
and evolution of cutoff cyclones have been extensively documented, dtongca
precipitation associated with cutoff cyclones remains diffigiten that cutoff cyclones
are generally slow moving and can have varying precipitation distributions throughout
their lifetimes The purpose of this thesis is to identify key syneptiale and mesoscale
features that differentiate between various precipitation distributions associated with
coolseason 50@Pa cutoff cyclones in the Northeast US. The results of this thesis
provide toolsto increase situational awareness an attemptto improve future
precipitation forecasts associated with cutoff cyclones in the Northeast US.

Eight years (200007) of 506hPa cutoff cyclones in the Northeast US are
examined to determine the influence of ENSO and the MJO on cutoff cyclone frequency.
Cutoff cyclones are defined as cyclones that mairaa®®m geopotentiaheight rise in
all directionsat 500 hPdor at least three consecutigealysis timegi.e., a 12h period)
Statistically significant results were obtained only when considerieg cttmbined
influence of ENSO and the MJO on cutoff cyclone frequency, with cutoff cyclone
frequency maximized wheenhanced convection associated with the M3 over the
Maritime Continent during ENSO cooliray over the Western Hemisphere during ENSO
warming.

This thesis presents cyclenglative composites of 384 cutoff cyclone days that

occurred in the Northeast US during the 200420®8/09 cool seasons. Cutoff cyclone



days were placed into 15 composite categories according to precipitation amduhe

tilt and structure of the cutoff cyclone at 500 hPa. The average location of cutoff
cyclones within each of the composite categories indicates that there was a distinct
difference in location of cutoff cyclones between precipitation amount caéegarith

cutoff cyclones associated with heavy precipitatis®5( mm) typically located west of

the Northeast US. Schematic diagrams depicting the key syssualie features that
affect precipitation distributions, includingpperlevel and lowlevel je streaksmidlevel
absolute vorticity maximasurface fronts, and regions gireexisting moisture, are
presented for each of the composite categories.

Case study analyses of three cutoff cyclone events that were associated with
precipitation forecastim challenges and varying precipitation distributions are conducted.
The events occurred on:i 2 February 2009,14 January 2010, and 16 March 2010.

The 2 3 February 2009 cutoff cyclone event was associated with light precipitaton (
mm) throughouthe Northeast US, whilehé 14 January 2010 anthe 12/ 16 March
2010 cutoff cyclone events were badtmg-duration cutoff cyclonesssociated with
heavy precipitation(>25 mm) andvarying daily precipitation distributions. Synoptic
scale features, inclutg upperlevel and lowlevel jet streaks, midlevel absolute vorticity
maxima, regions of temperature advection, regions of-léwel frontogenesis, and
regions of moisture advectiofgr each day of the cutoff cyclone eveatg examined to
determine theirespective roles in contributing to the observed precipitation distributions.
In addition, modification of the lovevel flow by he topography of the Northeast US
and lakeeffect precipitation played a role in altering the mesoscale distributions of

precipitation associated with the latter two cutoff cyclone events and is also considered.
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1. Introduction

1.1 Overview

Forecasting precipitation distributions associated wahl-seasorb00-hPa cutoff
cyclones can be a challenge in the Northeast United Std&)s Cutoff cyclones are
cold-core cyclonic vortices that are displaced from riian westerly steering flow and
as a result are often associated with slow eastward movement (e.g., Palmén 1949; Palmén
and Nagler 1949; Bell and Bosart 1989). Althoughsgtracture anckvolution of cutoff
cyclones have been extensively documented, wumemerical weather prediction
(NWP) models still have difficulty forecasting the track and strength of cutoff cyclones
(e.g.,Hawes and Colucci 1986; Ceppa and Colucci 1989). Furthermore, while model
forecasts of wind and geopotential height fields hawatinually improved over the
years, improvements in quantitative precipitation forecasts (QPFs) have légged
Sanders 1979Bosart 1980;Charba and Klein 1980; Gyakum and Samuels 1987,
Jensenius 199@®Ison etal. 1995; Fritsch et al. 1998yarranting further study of the
dynamic and thermodynamprocesses that contribute to heavy precipitation associated
with various weather systems, including cutoff cyclones

A recent study found that approximately 30% of the annual precipitation in the
Northeas US can be attributed to 500Pa cutoff cyclones (Aiyyer and Atall&2002)

The physiography of the NortheadS frequently complicates observed precipitation
patterns due to terrainduced precipitation enhancement and suppressicaddition to

mesosale circulations arising from differential roughness and heating acro$sviaed



boundaries (e.g., Opitz et al. 1995; Smith et al. 2002; St. Jean et al. 2004). Due to their
slow-moving nature and interaction with the complex topography of the Nortb&ast
cutoff cyclones are often associated with varying precipitation distribytions posing
additional forecasting challenges. Therefore, there is a need to further investigate
synopticscale and mesoscale processes associated with cutoff cyclohdsatthao
varying precipitation distributions in the Northeast US.

It is well known that tropical phenomena, includiBgNifioi Southern Oscillation
(ENSO) and the MaddenJulian oscillation (MJO), oén influence weather in the
midlatitudes throughatmosyeric teleconnections. Past studies have shown that the
linkage between the tromi@nd extratropics occurs as a result of the development of
atmospheric Rossby wave trains (e.g., Sardeshmukh and Hoskins 1988; Kim et al. 2006).
In general, both ENS@ndthe MJOare stronger and more active during the Northern
Hemisphere winterhence itfollows that these phenomemaay affect the occurrencef o
coolseason cutoftyclones in theNortheastUS. No previously published studies have
examined theombinedrelaionship between ENS@nd the MJCandthe frequency of
500-hPacutoff cyclones in the NortheastS; however,knowing if such a relationship
exists would be beneficiafor forecasters by providing an indication of the likelihamid
cutoff cyclone occurrenosith a lead time obne to twoweeks.

The goal of the current studys to identify key synoptiecscaleand mesoscale
featureghat differentiate between vausprecipitation distributions associated with 500
hPa cutoff cyclonesn the Northeast US This goal will be achieved by compositing
cutoff cyclones of similaprecipitation amount, tilt, anstructureand byconductingcase

study analysesof three cutoff cyclone evens associatedwith varying precipitation



distributions that proved to be a challertg forecast.n addition, the influence of ENSO
and the MJn cutoff cyclone frequency will be examined to determindikieéhood of
cutoff cyclone occurrence during the active phases of these tropictds Ideally, this
study aims toprovide took to increase forecaster situational awarernasan attempt
improve future precipitation forecastsassociated wittb00-hPa cutoff cyclonesin the

Northeast US

1.2 Literature Review

1.2.10verview of Cutoff Cyclones

Observations of midopospheric cwff cyclones have been documented
extensively since the late 194(0s.g., Hsieh 1949 Palmén 1949; Palmén and Nagler
1949. These arly studies described observations of cold vortices within the background
westerly flow cutting off from the source of polair to the norti{Fig. 1.J). Since cutoff
cyclones are separated from the main flow, they are often observed to have slower
forward speeds than the background westerly flow (eBgll and Bosart 1989
Petterssen (1956ection 12.Bdescribedmidlevd cutoff cyclones as being characterized
by a symmetric distribution of temperature which reaches a minimum in the core. On
isobaric maps, cutoff cyclones can be identified as closed contours of geopotential height
associated with a cymhic circulation Fig. 1.2. In addition, it is widely recognized that
cutoff cyclones may also be represented as a maximum (minimum) in potential vorticity

(potential temperature) on an isentropic (potential vorticity, PV) surface the



associateayclonic circulationcan be attributed to the presencepbsitive PV anomaly
at midlevels in the vicinity of the cutoff cyclor{e.g., Kleinschmidt 1957 section 47
Hoskins et al. 198 Bell and Keyser 1993olton 2004, section 6.3.3 The process of

cutoff cyclone inteasificationcan be explainedsing the principle of P¥¢onservation

P=(xg+ f )% g“—d§=Constant (1.1
¢ HP=
wherePi s the isentropi c ¢ o0 ayidrelatieetvaticity onr m o f

isentropic surfacesf is the Coriolis parameterg is gravity, andi pd/pp may be
approximated by td/ pj which representthe finite distance between isentropic surfaces
measured in g@ssure unitgHolton 2004, section 4.3) As an exampleconsider a
hypothetical situation describing a mechanism for the intensification of a preexisting
cutoff cyclone. In this hypothetical situatioan isolated air massontained within a
cutoff cycloneis displaced equatorward as it undergoes vertical stretchirgguming
t h alanddiare constanf,will decreaseas the air mass mosequatorwarcandUp will
increaseas the column depth increases due to stretchimgrefore, tomaintan PV
conservationgs must also increase which acts to strengthethe cycloniccirculation
associated with the cutoff cyclone

Several past studies have found that common precursors for cutoff cyclone
development include a largemplitude ridge upstream and a broad trough in place where
the cutoff cyclone eventually develofs.g, Keyser and Shapiro 1986; Bell and Bosart
1993; Bell and Keyser 1993; Bell and Bosart 1994Preceding cutoff cyclone
development, ahortwave trough embedded within the laigmale trough amplifies as a
northwesterly uppelevel jet streak begins to me toward the base of the trougfihe
cutoff cyclone develops when the shasve trough breaks off from the main flow as the

4



jet streak enters the base of theyescaletrough. Finally, the cutoff cyclone eventually
becomes reabsorbed into the maiowflasthe jet moves into the southwesterly flow
downstream of thdargescale trough axis. Thorncroft et al. (1993) described two
nonlinearbaroclinic scenarios that could lead to cutoff ope development. In tHeC1
scenario, a positively tilted, thimg trough becomes separated from the main flow as
anticyclonic wave breaking occurs and a cutoff cyclone desgekquatorward of the
mean jet Fig. 1.39. TheLC2 scenario involves a negatively tilted trough that becomes
wrapped up in its own cyclonidrculation, leading to a cutoff cyclone north of the jet
axis Fig. 1.3b. Cutoff cyclones are also occasionally observed to support the
maintenance of atmospheric blocking@.d.,, Rex 1950). Colucci (1985, 1987)
documentedeveralcases of cutoff cyclorsghat lead to the developmeott Rex (1950)
blocking patterns at 500 hP&aShutts (1983) theorized thatitoff cyclones help blocking
systems persist by acting as a source of energysnd

Northern Hemispheric and regional climatologies of cutoff cyclireguency
have beerthoroughly documented Parker et al. (1989) examined H@Pa cyclones
throughout the western half of the Northern Hemisphere and concluded that they are
relativelyinfrequent events that occur less than 10% of the time. Bell andtBb389)
were among thefirst to investigate 50®Pacutoff cyclone frequency and locations of
genesis/lysis for the entire Northern Hemisphere. irT$tedy identified several regions
of maxima incutoff cyclone frequency,including a region extending savard from
eastern Canada atide Northeast US across the North Atlantic. Bell and Bosart (1989)
also determined thatutoff cyclone genesis and lysis regions are typically located

equatorward of the main belt of westerlies, indicating these systemare generally



slow-moving features. Nieto et al. (2002) examined 41 years of uppsel cutoff
cyclonesthroughout the Northern Hemisphemad found that they are generally short
duration events, lasting two to three days on average, and usually navdnaard or
westward movement.More recently,Smith et al. (2002, 2003) examined csehson
(October May) 500-hPa cutoff cyclones in theNorthern Hemisphere and identified
several regions of favored cutoff cyclone activity across North Amenctuding the
southwest US, Hudson Bay, and tegion encompassing tiNortheast US and Canadian
Maritimes. In addition these studes found that within theNortheast US, theres an
observedncrease in cutoff cyclonfequencycoinciding with a southward shitturing

the fall months.

1.2.2 Cutoff Cyclones and Precipitation

Palmén (1949) recognized thatidtroposphericcutoff cyclones are important
weathemproducers in the midtitudes. Hsieh (1949) was one of the first to document the
precipitation distrilntion associated with a cutoff cyclone, noting that precipitatvas
distributed asymmetrically about the systelmght precipitationwas found taccur near
the core of the cyclone while heavy precipitation was observed southeast of the cyclone
center within the surface warm sect¢Fig. 1.4. Jorgensen et al. (1967) examined
precipitation amount and location for winter season-i7R@ cutoff cyclones in the
western US. THeresults showed that as cyclone strength increases, the areal extent of
the preipitation increases as well and precipitation tends to be focused in the eastern

guadrants of the cyclone. In comparison, for weak systems the precipitation is generally



located near the center of the cyclone in the southwest quadrant. Klein et a). (1968
expanded upon this work by examining precipitation associated with cutoff cyclones at
additional levelsi(e., 850, 500, and 300 hPa). The most interysdones at 500 hPa
were found to have precipitation most commonly occurring in the southeast duadran
approximately 5Ffrom the center of the cyclon&if. 1.5, while for weak systems the
precipitation was generally located near the center of the cyclone in the southwest
guadraninot shown) Opitz et al. (1995¢onfirmedthese resultsjeterminingtha heavy
precipitation is most likely to occur within the warm sector of extratropscaface
cyclones where moisture andermodynamianstability are maximized. Furthermore,
Aiyyer and Atallah (2002) concluded that tlptimal location for cutoff cycloes
producing heavy precipitation in the Northeast US is to the westsafetion,implying
that the heavy precipitation occurs east of the cyctener

Fracasso (2004) examined climatologies of precipitation distributions associated
with 500-hPacutdf cyclones in the Northeast US during the cool season (Od¢tulagy).
Average daily precipitation amounts associated with-season cutoff cyclones were
found to reach a maximum in November, decrease during the winter, and increase again
slightly during the $ring months. In addition, Ftasso (2004) observed enhanced
precipitation amounts collocated with higher terraimdicative ofthe modification of
low-level flow by the topography of the Northedd. Aiyyer and Atallah (2002) also
emphasized th@mportance ofphysiographicinfluences on precipitation distributions,
notingthat during the cool season the precipitation is strongly modified by upslope flow

and lakeeffect enhancement.



1.2.3 Forecast Issues Associated with Cutoff Cyclones

Historicdly, forecasters have had difficulty determining the direction speked
of movement of coeseason cutoff cyclones (Vore and McCarter 1956). Ceppa and
Colucci (1989) examined the predictability of S8Pacutoff cyclones and found that
although these stams are generally persistenWP modelsat the timewere just as
likely to incorrectly forecast existing systems as they were newly developing systems.
Thesemodelswere also found to havetandency to overforecast geopotential heights
associated withb00-hPa cutoff cyclones, with an average forecast error of +4 dam
(Hawes and Colucci 1986; Ceppa and Colucci 1989).

Despite thesdorecastissues,model forecasts of 50mPa geopotential height
fields havesteadily improved over the lasteveral decadesiowever, improvements in
QPFs have displayed slower progresbig. 1.6. Jensenius (1990) evaluatéde
performance of pastWP modelsduring the cool seasand found that they performed
poorly in forecasting precipitation amount and areal extent, edlgebeyond the @
forecast Gyakum and Samuels (1987) found that forecasters consisteetlgrecased
precipitation amountduring the 198485 cool seasaon Olson et al. (1995) showed that
overforecasting precipitationontinual to be the cas@to the following decadewith
forecastes displaying a tendency to oWerecast the areal extent of one inch of
precipitation by about 25%V erification of 24-h 1-in. QPFfor NWP modelsin recent
years shows a steady improvement for both the NAM and GFS wltheat score of
around 0.19 in 2000 increasingaomound0.25 by 2006 (Figl.7). In addition,since 1998

the GFS has consistently shown slight improvememver the NAM while



Hydrometeorological Prediction CentdidRC) forecasters continue to maintagneater
skill thanboth models Fritsch et al(1998 recognized thatantinual advances in QRF
remain crucial in forecasting higmpact weather events and require improved
understanding of synoptscale and mesoscale processes that lead to heavyitatemip
Forecasts of precipitation associated with cutoff cyclones can be especially
challenging in the Northeast US. As discussed in section 1.2.2el@hflow associated
with cutoff cyclones came modified bythe complexterrainof the NortheastsS (Fig.
1.8), acting to locally enhancer suppresgrecipitation Opitz et al. (1995) examined
cases of heavy precipitation in the eastern US and found thaevel convergence
attributed to sea and lake breezes can enhance precipitation along caBti@nestudy
also found that precipitation distributions can be significamtbdulatedby orographic
effects in the vicinity of the Appalachian Mountains. Northwesterlylvel flow west
of cutoff cyclones has been obsentedead toenhancement gbrecipitation along the
mountain ranges of the Northeast US as the result of upslopg$limith et al. 2002;
Sisson et al. 2004St. Jearet al. 2004). Conversely, terrain shadowing fiequently
observedon the leeward side of mountain rangekere dowrslope flow suppresses
precipitation. Novak et al. (2004) found that banded precipitation can pdsiional
challengesn forecasting precipitatioduring the cool season. The study determined that
frontogenesis in the presence ofoist symmetricinstablity can force mesoscale
precipitation bands, which can locally enhance precipitation. These precipitation bands
were found to most commonly occur in the northwest quadrant of developing cyclones.
Recently, several studies have proposed the useaifast standardized anomaly

fields to aid inidentifying heavy precipitation events associated with East Coast winter



cyclones. Grumm and Hart (2001) argued that extreme weather events are often
associated with significant flow departures from climatojdiperefore, ramination of
the associated flow anomalies could provide forecasters with increased recognition of
potentially highimpact systemsStandard&zedanomalies fofields such as 50Gnd 700
hPa geopotential height, 268nd 856hPa windcomporents and sea level pressure can
be calculated using:

N=Xie) [/ @ 1.2
As defined byGrumm and Hart (2001), N ihe standardized anomal¥,is a parameter
value at a given grig o i nid the 2¥&ay running mean of the given parametertfat
gridp o i nt jstha gridooink 2kday running standard deviation. Thstudy defined
thet erm Aanasmaldepsadt ure of more than N2.5
climatology (i.e., the 3@Qear mean), indicating a situation that ocdass tharl6% of
the time. Using this methodology, Grumm et al. (2002) determined that heavy
precipitation events in the Northeast W@# associated with the strongest ksvel
easterly wind anomalies when compared to other regions in the US. Stu&tuwsmioh
(2004) supported this result, finding that extreme precipitation eaeataore likely to
occur when 85MPa zonal wind anomalieseT 40 or below. Anomalous easterly lew
level winds enhance precipitation by advecting Atlantic moisture into the Norti8ast
by providing forcing for ascent throudtictional convergencelong coastlinesand by
strengthening lowevel frontogenesis (Samt and Grumm 2006). Junker et al. (2008)
concludedthat model forecasts of standardized anomatiag beuseful in indentifying
extreme rainfall events in northern California. ¥Heund that théneaviest precipitation

eventsare generallyassociated i large, slowmoving standardized anomalies bbth
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geopotential height and precipitable water. Junker et al. (2009) argued that the use of
standardized anomaly forecasts will increase confidence in issuing forecasts of heavy

precipitation amounts and eg&meprecipitationevents.

1.2.4The Influence of ENSO and the MJO

Several past studies have examined seasonal teleconnections associated with
tropical modes, including ENSO and the MJO, and extratropicabsphericirculation
patterns. The linkagleetween the tropics and extratropics often occurs as a result of the
development of Rossby wave trains (e.g., Sardeshmukh and HoskinsBl&88and
Hartmann 1995Kim et al. 2006). Largscale divergence aloft originating from deep
moist convection inhe tropics initiates the development of Rossby wave trains that
extend poleward and eastward into theaxopics Fig. 19). This extratropical response
due totropical heatings found to be strongest in the Northern Hemisphere during boreal
winter (Jn and Hoskins 1995)Such Rossby wave trains have been observed throughout
the globe in regions includingsia, the North Pacific, North Americandthe Atlantic
Ocean €.g.,Matthews et al. 2004).

Noel and Changnon (1998) examined the teleconnectionebat ENSO and
winter surfacecyclone frequency in the US and concluded that during the warm phase of
ENSO theras a significant increase in overall cyclone activity in New England. Hirsh et
al. (2001) found that durinthe warm phase of ENS@ast Coastvinter storms are 44%
more frequent than during ENSO neutral conditioB&ce 50enPa cutoff cyclones are

often linked to surface cyclones, the resoft®loel and Chiagnon (1998) and Hirsh et al.
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(2001) suggest that 508Pa cutoff cyclones may be moreeduent duringhe warm
phase of ENSGs well. In comparison, both studies found that a relationship between
surface cycloneccurrence andhe cool phase of ENS@ not as evident. However,
changes in the frequency of cyclones cannot be attributecklgntiir ENSOconditions
since other extratropical teleconnectioagy( the North Atlantic Oscillation, the Pacific
North American pattern) can affedtet ENSO teleconnection with nhaditude weather
(Noel and Changnoh998)

The MJO is characterized by aastwarepropagating region of deep moist
convection and a timgcale of 3060 days (Madden and Julian 1972, 199%Matthews et
al. (2004) foundthat whenenhanced convection associated vilte MJO is over the
Indian Ocean dargescale trough (ridge) $ in place over western (eastern) North
Americg and whenenhanced convection associated wittie MJO is over the western
Pacific Ocean there islargescaleridge (trough)in placeover western (eastern) North
America This relationshipsuggests that @re may be an increased frequency of cutoff
cyclones in the Northeast US whenhanced convection associated viite MJO is
located over the western Pacific Ocean and a trough is in place oveadtegn US
Jones et al. (2004) found that during acphases of the MJO, predictability increassgd
two to threedays for several synoptic fields, including 50®a geopotential height,
suggesting that awareness of the location and strength of the MJO may improve forecasts
of 500-hPa cutoff cyclones

Relatively few studieshave examined the combined maittude influence of
ENSO and the MJO Changes in sea surface temperature associatedheitfarious

phaseof ENSO modify the environment in which deep moist convection develops, thus
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affecting the MJO. &hl and Matthews (2007) found that ENSO modulates the lifetime

of the MJO, withshorter MJO lifetimeobserved duringhe warm phase of ENS@Que to

warm sea surface temperatures extendanthér eastwhich results in faster eastward
propagation of the MJORoundy et al. (2010) investigated changes in global circulation
patterns due to the MJO during various phases of ENSO and determined that when the
two modesare simultaneously active they need to be considered together to determine
thar effect on midlatude weather patternsTherefore, investigation of theombined
influenceof ENSOand the MJQon 50GhPa cutoff cyclone frequency in the Na#st

US may provide forecastemsith increased lead time as to thikelihood of cutoff

cyclone occurrence.

1.3Study Goals

The primary goals of this study at@ (1) determine ifENSO and the MJ@an
provide increased lead time as to the likelihood of-BB& cutoff cyclone occurrence in
the Northeast US; (2) examine five cool seasons ofh0® cutoff cyclonesn the
NortheastUS and identify keysynopticscale patternslifferentiating between various
precipitation distributions; and®) determine how synoptiscale and mesoscdieatures
associated with 5608Pa cutoff cyclones affect precipitation distribusan the Northeast
US through case study analysesdifficult-to-forecast cutoff cyclonevens as well as
cutoff cycloneevens associated with varying precipitation distributions. The ultimate
objective of this research is to incorporate tnd#icipatel findings into operational

forecasting at the National Weather Service Weather Forecast Offices throughout the
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NortheastUS in order to increaséorecastersituational awareness and improfegure
precipitation forecasts associated with $(a cutoff cyones.

The data and methods used in this study are described in chapter 2. A discussion
of the influencesof ENSO and the MJ@n 508hPa cutoff cyclone frequency in the
NortheastUS is presented in chapter 3. Chapter 4 focuses on composites -Geasa
500-hPa cutoff cyclones categorized precipitation amount, tiltstructure and discusses
common features differentiating between precipitation distributi@ase stug analyses
of three cutoff cyclone evens associated with varying precipitation distitions are
described in detail in chapter 5. Finally, chap&@@and 7 includea research summary

and key conclusions.
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Fig. 1.1 Schematic representation of the development of avwtex as shown by the
height contours (solid lines) anslotherms (dashed lines) on an isobaric surface in the
middle troposphergFigure and caption from Hsiel949, Fig. 114 c.)

CLOSED CIRCULATION OPEN CIRCULATION

Fig. 1.2. Sample 50BPa geopotential height analyses illustrating the objective method
used to identify closed circulahacenters. (a) Three sample radial arms used to identify a
30 m closed contour around the cyclone center point A. Geopotential heights rise to at
least 30 m larger than that of the point A before decreasing along each radial arm. Point
A is therefore idenfied as a closed cyclonic circulation center. (b) As in (a) except that
geopotential heights along the radial arm do not exceed 30 m higher than the point A
before decreasing. Point A is therefore not identified as a closed circulation center.
(Figure anccaption from Bell and Bosait989, Fig. 1d.)
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Fig. 1.3. Schematic of a R¥ contour in an Atlantic storm track sharing its main
characteristics with (a) an L&¥pe life cycle and (b) an LG®pe life cycle. The dashed
line marks the approximate ptiesh of the mean jet at each stag@igure and caption
from Thorncroft et al1993 Fig. 12gb.)

500mb

Fig. 1.4. Schematic representation of the distribution of precipitation relative to the
isobaric contours (solid lines) of the surface of the cold doRelatively light
precipitation occurs in the stippled area, with heavier precipitation occurring in the
hatched area(Figure and caption frorHsien1949 Fig. 13)
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Fig. 1.5. Areas of maximum frequency of occurrence of measurable precipitation with
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Fig. 1.7. Annual threat scores of 2#1-in. Day 1 QPF since 1993 for the NAM (green),

GFS(blue), and HPC forecasters (redligure from
http://'www.hpc.ncep.noaa.gov/htnfipcverif.shtml)
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Fig. 1.8: Key mountain ranges (blue) and valleys (yellow) of the Northeast US.
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Fig. 19. Longitudé latitude schematico f the day 15ional wikd 0. 24
perturbation for the heating on a Decenilt@bruary zonal flow. The contour interval is

0.5 m &*. The zero contour is not shown, and negative contours are da$hgare and

caption from Jin and Hoskins 1995g. 8)
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2. Data and Methodology

2.1 Data Sources

2.1.1The Influence of ENSO and the MJO

A list of all 500-hPa cutoff cyclones observed in the Northern Hemisphere from
2000 through 2007 was obtained from a dataset compigsgttivelyby Scalora (2009).

This dataset inclded the date, timg€0000, 0600, 1200, or 1800 UTC), locatiam
latitudé longitude coordinatesand minimum geopotential height value for each cutoff
cyclone.

ENSO phasesfor all weeks from 2000 through 200¥ere determined using
weekly Nfo-3.4 sea surface temperature anomalies (SSTA), obtained from the Climate
Prediction Center. The NiA®4 SSTA data are available online at
http://www.cpc.noaa.gov/data/indices/

The daily phase and amplitude of the M¥@re determined from an index
devdoped by Wheeler and Hendon (2004), hereafterOd/HThe index is determined by
considering 85hPa zonal wind, 258Pa zonal wind, andaily averaged totabutgoing
longwave radiatiofOLR). WHO04 identified eight phases of the Mi@atare indicative
of the locationof enhanced convection associated with the Midg the equator, with
phase 1 representing the MJO located off the east coast of Africa and increasing values
representing regions progressivelyrtiaer east (Fig. 2.1). Archidedata for the MO

phase and amplitude were obtained from the Bureaustéddology, available online at
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http://www.cawcr.gov.au/bmrc/dr/cfstaff/ matw/maproom/RMM/.  From the daily
MJO data, the weekly MJO phase and amplitude were determined for each week from

2000 though 2007.

2.1.2Cutoff Cyclone Composites

The dates and times of cutoff cyclones for the 20042088/09 cool seasons
were obtained from the list of 50@Pa cutoff cyclones provided by Scalora (2009) and
verified by manual inspection of 580Pa geopoteral height fields. The 568Pa maps
were createdfrom four-timesdaily National Center for Environmental Prediction
(NCEP) Global Forecast System (GFS) final analyses on a 1.0° latanddéude grid
(Environmental Modeling Center 2003). Aif thegridded data used in ighstudywere
obtained from the Hmouse data archive at the Department of Atmospheric and
Environmental Sciences at the University at AIbagidAES/UA), unless otherwise
specified.

Compositeanalyss of cutoff cyclones with similar pegitation amounttilt, and
structure were created using the NCHWational Center for Atmospheric Research
(NCAR) reanalysis dataset. The NOBRCAR reanalysis data asvailableon a 2.5° x

2.5° grid with a éh temporal resolution (Kalnay et al. 1996sHer et al. 200).

2.13 Case Studynalyses
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To investigate the synoptsrale and mesoscale meteorological conditions for the
cutoff cyclone eventgonsideredfour-timesdaily 0.5° x 0.5° NCEP GFS initialized
analyses were utilized. Thesmalysesver e obt ained online from
Operational Model Archive and Distribution Sgm
(http://nomads.ncdc.noaa.gov/data.php). Precipitation distributions for each case were
compiled from the6-h NCEP National Precipitation Verification Unit (NPVU)
guantitative precipitation estimates (QPEs), available online at
http://www.hpc.ncep.noaa.gov/npvu/archive/rfc.shtml. Since 2RBA/U QPEs have
been available witla horizontal resolution of 4 km and V&incorporated data from rain
gauges, radagstimated pecipitation amounts, and NWS Cooperative Observer Program
reports Soulliard 2007.

The analyses of cutoff cyclone eventédso utilizel hourly surface and buoy
observations from NWS Automated Surface Observing System sites, obtained from the
in-house d& archive at thdAES/UA. Radar images were created from NEXRAD
Level Il base reflectivity (0.5° elevation angle) dataith approximately &m
resolution. The radar data were obtained through the NOAAPQ@RiIstream and stored

at theDAES/UA.

2.2 Mehodology

2.2.1The Influence of ENSO and the MJO
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From the dataset provided by Scalora (2009), &0§-hPacutoff cyclones that
were observedvithin the Northeast cutoff cyclone domaidefined asbetween35i
52.5°Nand90i 60°E (Fig. 2.2), were consideredCutoff cyclones were also required to
have a minimum duration of 12 h within the Nwast cutoff cyclone domain. A total of
294 cutoff cyclonesnet these requirements over the eigdar period from 2000 through
2007. The Nifie3.4 SSTA and the MJO pie and amplitude were recorded for the date
of the first appearanaaf the cutoff cyclonen the Northeast cutoff cyclone domain. To
ensure a accurate estimatof the MJO phase, the dataset was filtered to remove cutoff
cyclones that occurred when the MJwas weak (i.e., amplitude < 1). After removal of
weakMJO cutoff cyclones196cutoff cyclonegemained in the dataset.

Using Nific3.4 SSTA data, each cutoff cyclone was classifsdoccurring
during cool, warm, or neutral ENSO conditions. Cool,rmwaand neutral conditions
were defind as Nifiek3. 4 SSTA | ess than or equal to 1
+0.5AC, and between 10.5 antheENBQUB@as r es p ¢
determined for each cutoff cyclone. To determine the ENi®@d the difference
between thdNifio-3.4 SSTA for one week before amahe weekafterthe date of the first
appearance of the cutoff cycloveas calculated Based on this calculation, cutoff
cycloneswere further categorizeasoccurring during warming, cooling, or stea@di{SO
conditions

To investigate the influence of the MJO and ENSO conditions on the synoptic
scale pattern across North America, daily composites ofhB20 mean geopotential
height, 506hPa geopotential height anomalies, and interpolated OLR anomalies were

created onlineir ough NOAAGs Earth Science Researc
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Division webpageHttp://www.esrl.noaa.gov/psd/data/composites/dai/he online tool

utilizes NCER NCAR reanalyses to calculate the daily composites.

2.2.2 Standardized Anomalies

As discussed in section 1.2.3, the use of standardized anomalies may be beneficial
to forecastersn order tohelp themevaluate the degree of departure from normal for
various fields ando assess the potential impact of cutoff cyclone events. In this study,
standardized anomaliesf several fields,including 256hPa zonal wind, 500Pa
geopotential height, 856Pa onal and meridional wind, and precipitable water (PW),
were calculated fothe cutoff cyclone composites and feach cutoff cyclone event
examingl.

The methodology used in this study to calculate standardized aesioedins
with computing thecentered 24day runningmeans of the aforementioned fields over a
30-year period (19722008) from the NCEMNCAR reanalysis data. Standardized
anomaly fielé were created from the 2.5° NOBYCAR reanalyses (composites) and the
0.5° GFS analyses (case studies) with respect to the climatological fieldEgsirig2
The General Meteorological Package (GEMPAK), versiord,Mas utilized to display
the resultiig standardized anomaly fields.

Significance levels for various standardized anomaly values are listed inlTable
and can be used to represent the rarity of a given situafisran examg, a field with a
departureoN2 8 from nor mal repr easpmaximaely 8%ofsthet uat i o

time at any given locatigrassuming a normal distributionGrumm and Hart (2001)
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determined that the confidence limits of a normal distribution are reasonably
representative of thactual confidence limits, based on an examination of return periods

for high-impact winter events.

2.2.3 Cutoff Cyclone Composites

A manual inspection of 560Pa geopotential height fields created in GEMPAK
was used to verify the dates and times dbfficyclones in the Northeast cutoff cyclone
domain during the2004/05 2008/09cool seasons.For a cyclone to be considered a
cutoff cyclone, it had to maintain a -80 geopotentiaheight rise in all directionat 500
hPafor at least three consecutigrgalysis periodgi.e., a 12h period), thus ensuring that
the cyclone hadtdeast oneclosed geopotential height contouror the purpose of this
study, one day was defined as theh2geriod from 1200 to 1200 UTC. Each day that a
cutoff cyclone was psent within the Northeast cutoff cyclone domain was termed a
cutoff cyclone day. If a cutoff cyclone remained within the Northeast cutoff cyclone
domain for more than one day it was called a cutoff cyclone event. A precipitation
domain was defined to ihale the states of New England in addition to New York,
Pennsylvania, and New Jersey (Fig. 2.2).

A total of 384 cutoff cyclone days were identified during the five cool seasons
from application of the above methodolo@n average?7 cutoff cyclone daysccurred
per cool season and the most cutoff cyclone daysw@8observed duringhe 2005/06
cool season (Fig. 2.3). Monthlutoff cyclonefrequencies in the Northeast US are

maximizedduring the fall and spring months, with the masimber ofcutoff cyclone
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days occurring in April, followed by October (Fig. 2.4). The 384 cutoff cyclone days
occurred in association with 170 cutoff cyclone evemtse average duration ofutoff
cyclone events was 35.6 h, with the longasting cutoff cyclonegemainirg within the
Northeastutoff cyclonedomain for 108 h (Fig. 2.5).

In order to create compositnalyseseach cutoff cyclone day was categorized
according to precipitation amourtte tilt of the cutoff cyclone at 500 hPa, aride
structure of the cutoftyclone at 500 hPa First, the areal extent (expressed as a
percentage of the Northeast precipitation domain) of 25 mm of precipitation was
determined objectively in Adobe Photoshop usinh24PVU QPEs. The 2A NPVU
QPEs were compiled by adding then@NPVU QPEs from 1200 to 1200 UTC. These
results were used to divideutoff cyclone days into heavy precipitation (HP), light
precipitation (LP), or no precipitation (NP) cutoff cyclone dai? cutoff cyclone days
were defined asutoff cyclonedays whee at leastfive percent of the precipitation
domain received 25 mm of precipitation or great&ive percent of theprecipitation
domain corresponds to approximaté?@500 km? and was used to eliminate small,
localized precipitation eventd.P cutoff cyclone days were days where precipitation was
observed but did not meet the HP criteridP cutoff cyclone days were days in which a
cutoff cyclone was present in the Northeast cutoff cyclone doaraiprecipitation was
not observed at any location withime Northeasprecipitation domain. Of the 384 cutoff
cyclone days that occurred during the five cool seasons studied, there were 100, 250, and
34 HP, LP, and NP cutoff cyclone days, respectively.

Cutoff cyclone days were further categorized by theotithe 506hPa trough and

embedded cutoff cyclonaising methodologgimilar to Scalora (2009). The tili.¢.,
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negative neutral or positivg was deternmed for each cutoff cyclone ddy manual
examination ofthe 5®-hPa geopotential height field fohd time preceding the-I6

maximum precipitation for thatdaNe gati ve tilt was debrined a
equal tor 20° between the trough axis aatine of longitude; neutrdilt was defined as

U b e tT®08 and 20°andpositive titwas & f i ned as U greater th
(Fig. 2.6) Note thattiwas possible for a cutoffyclone evenspanning multiple days to

have varying tilts ovethe eventifetime.

Finally, autoff cyclone days weragainsubdividedby structure, as manifesten
the506h Pa geopotenti al height field. The str
Atrougho based on otaksyster to bel oonwsiindge rcerdi tae riicaut «
to have a 25®Pa zonawind standardized anomaly ©20 or below on he poleward
side of the cyclone Stuart and Grumm (2004, 2006@termined that a 250Pa zonal
wind anomaly threshold of 1 2. 5movimgylongpel ow ¢
duration cyclones that are cut off from the main westerly flow. In the rdustady, a
slightly lower threshold was subjectively determined to be representative of cyclones cut
off from the background flowFor a system to be placed i nt
did not meet the cutoff criterion and was essentially a closedetoledded within a
largescale troughSince there were so feWP cutoff cyclone days, these days were not
subdividedby structure

The resulting cutoff cyclone classification system included 15 composite
categoriesas depicted in Fig. 2.7Compositeanalyses were created for each category
using 6h NCEH NCAR reanalysis data. Due to data availabiktlyd time constraint

issues cutoff cycloneslaysin 2009 were not includeid the analyses, resulting in@tal
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of 338 cutoff cyclone dayshat werecomposied during the 2004/052008/09 cool
seasons The grid for each cutoff cyclone day was centered on the location of the 500
hPa cutoff cyclone at the timgreceding the & maximum precipitation. To create
cyclonerelative compositeshe grids for each caoff cyclone day in aiven category
were averaged and centered on the centroid of all of thenBAOcutoff cyclones,
determined objectively by the dataset provided by Scalora (2008nposite analyses
were created in GEMPAK for common tropospheric 8elohcluding 256hPa wind
speed 500hPa geopotential height, 8%Pa potential temperature, mean sea level

pressurdMSLP), and PW, to help facilitate further analysis

2.2.4Case Study Analyses

Three cutoff cyclone events were chosen fedépth exanination based on their
association with precipitation forecasting challenges and varying precipitation
distributions throughout their lifetime in the Northeast cutoff cyclone domain. The
events include: 13 February 2009,i4 January 2010, and 1126 Maich 2010. The23
February 2009 cutoff cyclone event was associated with diffiotftirecast
precipitation. This event was considered a precipitation forecast baatyhprecipitation
(>25 mm) was forecast to occur with this evbat less than 5 mm waverified at most
locations. The 14 January 2010 and 126 March 2010 events were associated with
long-lived cutoff cyclones that produced varying daily precipitation distributions in the

Northeast US. In addition, the topography of the Northeast @$egla role in
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modifying the precipitation distributionsassociated with both of these events,
complicating precipitation forecasts.

The three cutoff cyclone events examined are associated with several of the cutoff
cyclone composite categories previgudiscussed. The synoptscale features for each
day of the cutoff cyclone events will be compared to the associated composite analysis
for that day to validate the use of conceptual composite summaries in operations.

The following maps were produced GEMPAK for each cutoff cyclone event:

1) Eventaverage 500Pa geopotential height and track of the cutoff cyclone every

6 h to examine the location of the cutoff cyclone with respect to the precipitation
domain.

2) Eventtotal and 24h NPVU QPEs to illustratéhe event and daily precipitation
distributions, respectively, in order to locate areas of heaviest precipitation
produced by the cutoff cyclone.

3) 250-hPa geopotential height, wind speed, and divergence to identify the location
of the uppetlevel jet strelk and to diagnose the associated jet dynamics with
respect to the cutoff cyclone.

4) 500-hPa geopotential height, absolute vorticity, absolute vorticity advection, and
wind speed and direction to determine the location and tilt of the cutoff cyclone
and to ilustrate its vorticity structure.

5) 700-hPa geopotential height, temperatu@yectors, andQ-vector divergence to
identify regions of favorable quageostrophic (QG) forcing for ascentQ
vectors were calculated using the binltQ-vector parameter in EMPAK,

calculated using:
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6)

7)

8)

A
a: p _L%g - (QE) 2.
d)

as defined in Holton (2004, section 6.4.Regions of forcing for upward and
downward vertical motion were determined from term A ofrtgkt-hand side of

the Q-vector form of the QG omega equation:

(av;+fﬁfj‘—;]m=—zﬁp-ﬁ'—;ﬁ— 2.2
L L

where term A represent@-vector divergence and term B representsftherm,

which is generally neglected because it is smalliveab term A (Holton 2004,

section 6.4.2). HereQ-vector convergence indicates regions of forcing for

ascent, not the actual vertical motion, since thehefid side of Eq. 2.2 is not

explicitly solved.

850-hPa geopotential height and wind speed &tednine the location and

strength of lonlevel jets.

850-hPa equivalent potential temperaturequivalent potential temperature

advection, and wind speed and direction to evaluate the availability del@l

warm, moist air.

925hPa twedimensional frotogenesis, potential temperaturd),(and wind

speed and direction to locdtewv-level surface boundaries and ldevel forcing

for ascent. Frontogenesis was computed from the-inugtalarfrontogenesis

functionin GEMPAK, definedn Martin (2006, seabn 7.2) as:

F;
2 ay

?Tvel| \ex) ax ayaxox axayay \ey/ oy

1 (68)2 du df8afav a86a88adu (63)2 dv (2.3
dxy dydxdx dxdydy
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Frontogenesis was calculated using the tdtafizontal wind and potential
temperature.

9) MSLP, 1000500-hPa thickness, and PW to investigate the development of a
surface cyclone, areas of thermal advectiod, rmnisture availability.

10)Radar snapshots and surface observations to identify the location of precipitation
at a given time and to assess the associated surface meteorological conditions
contributing to enhancement or suppression of precipitation.

11)Vertical cross sections of twdimensional frontogenesipotential temperature
andvertical velocityto show the vertical structure of the cutoff cyclone.

12)Maps of standardized anomalies of z8%a zonal wind, 508Pa geopotential
height, 856hPa zonal and merioinal wind, and PW to evaluate the degree of

departure from normal for these fields.
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Standard Normal
deviations distribution
from normal (%)

68
86
95
98.8
99.9
100
100

w

LV T S W O B
W H

Table I. Significance levels based on the standard deviations from normal for a normal
distribution. (Table and caption from Grumm and Hart 2001, Table 1).
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Fig. 2.1 MJO phase diagram depicting tlmoproximate locations of the enhanced
convective signal of the MJO for each phase. Weak MJO activity is represented by the
inner circle.(Figure from Wheeler and Hendon 2004, Hig.

65 60

Fig. 2.2 Northeast cutoff cyclone domain (red outline) and precipitation domain (green
outline).
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Fig. 2.5 Histogram of the duratiorof coolseason500-hPa cutoff cyclone events
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Fig. 2.6. Schematic used to assign ladiassification to each cutoff cyclone day. (Figure
from Scalora 2009Fig. 2.3)
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Number of Cutoff Cyclone Days
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HP negative cutoff
HP negative trough
HP neutral cutoff
HP_neutral_trough
HF positive cutoff

HP_positive_trough

LP_negative_cutoff

LP negative trough
LP neutral cutoff
LP neutral trough
LP positive cutoff
LP_positive_trough
NP _negative
NP_neutral

NP_positive

Fig. 2.7. Number of cutoff cyclone days included in each composite categolgrs
indicate the daily precipitation amount: heavy precimtat(blue), light precipitation
(green), or no precipitation (red).
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3. Results: The Influence of ENSO and the MJO ogutoff Cyclone Frequency

3.1 The Influence of ENSO

3.1.1 Regional Influence of ENSO

The number of weeksharacterizedoy the various ENSOphasesfrom 2000
through 2007 is listed in Table. The neutral phase of ENSO was most common during
the eight years, witmearly 49% of weeks characterized Wgekly Nifio-3.4 SSTA
between +0.5 and0.5°C. The warm phase of ENSO ooed more often than the cool
phase (126 compared to 87 weeks), suggesting that El Nifio condiubinsh are
characterized by the warm phase of ENS@re more prevalent during the period
studied. The trend of ENSO was steady only 16%e¥ks during tl eightyear period,
suggesting that unchangingifio-3.4 SSTA over a twaveek periodwas relatively
infrequent.

Composites of 500Pa geopotential height anomalies for the various ENSO
phaseshow that for alpbhasesexcept for ENSO warm and steady, gheere positive
geopotential height anomalies over the eastern US.(Bitja i). During ENSO warm
and steady conditions, negative geopotential height anomalies over the easteeneUS
favored and 500Pa geopotential heightgereo n aver age beldwOnortnagd 1 3 0 1
however, positive geopotential height anomalies were evident over New Erigignd
3.1h). The strong signal for ENSO warm and steady conditions may be influenced by the

relativelysmall sample size for thghasgn=18) as compared to tisample sizes for the
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other phases, but this composgethe onlyoneto hint at the presence of a trough over

the eastern US. Therefore, it can be inferred that development of cutoff cyclones,
favored by the presence of a preexisting trough, may be hketg when the weekly
Niflo-3.4 SSTA is greater than or equal to +0.5°C and ste@dying ENSO cool and
warming and ENSO neutral and warming, there appears to be a weak negath”a500
geopotential height anonyabver the western Atlantic OcedFRigs. 3.1c,f), suggesting

that during these ENSO phases cutoff cyclones may be favored off the East Coast, which

may affect midlevel and louevel flow, and thus precipitation, across the Northeast US

3.1.2The Influence dENSOon Cutoff Cyclone Frequency

The frequency of 508Pa cutoff cyclones in the Northeast US from 2000 through
2007 by ENSO condition sh@na pronounced separation in the frequency of cutoff
cyclones by ENS(hase (Fig. 3.2) Maxima in the number of cutoff cyclones occurred
when ENSO ws neutral and cooling, neutral and warming, warm and cooling, and warm
and warming, with greater than 25 cutoff cyclones each, while minima occurred for all of
the ENSO coobphasesn addition to ENSO neutral and steady d##N&SO warm and
steady, witHfewer than 15 cutoff cyclones each

As discussed in section 3.1there was a large difference in the number of weeks
characterized byhe various ENSOphaseswhich likely affected the cutoff cyclone
frequency for eaclENSO phase To remove any biasause by the frequency of each
ENSO phasethe cutoff cyclone frequency wadivided by the number of weeks

characterized by eadBNSOphase The resulting normalized distribution suggests that

38



cutoff cyclones in the Northeast US are more likely to occur duhe warm phase of
ENSO for any NifieB.4 SSTA trend (Fig. 3.3). The large number of cutoff cyclones
during the ENSO warm and steady phase agrees with the presence of a large negative
500-hPa geopotential height anomaly over much of the eastern US as shawe
composite for this phase (Fig. 3.1h); however, the maxima in cutoff cyclone frequency
during ENSO warm and cooling and ENSO warm and warming are not supported by the
composites for these phases, which indicate that positivehBa0geopotential gt
anomalies are present over the Northeast US (Figs. 3.1g,i).

Statistical tests employing the bootstrap method were applied to determine
statistical significance othe cutoff cyclone frequency distribution by ENSO phase
(Wilks 2006 section 5.34 From this methoderror bars were determined for cutoff
cyclone frequencyalues andenclose the 95% confidence intervas indicated by the
overlapping error bars in Fig. 3.3, the distribution of cutoff cyclone frequency by ENSO

phase is not statisticalbignificant at the 95% confidence level.

3.2 The Influence of the MJO

3.2.1 Regional Influence of the MJO

The number of weeks characterized by each phase of the MJO from 2000 through
2007 is listed in Table Ill. During the eight years consideredyil@ was considered to
be weak (i.e., amplitude less than 1) during 38% of weeks. On average, the MJO spent

32 weeks in each phase for 200@, which is equivalent to approximately 4 weeks per
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year in each phase. The MJO was least often in phase 4,poowésy to enhanced
convection located west of the Maritime Continent.

The average location of enhanced convection associated with each phase of the
MJO from 2000 through 2007, as depicted in the composite interpolated OLR anomaly
field, agrees fairly wie with the locations determined by WHO04 (Fig. 3.4). As an
example, during phases @ of the MJO, strong, negative composite interpolated OLR
anomalies €1 25 W m?) were collocated with the location of enhanced convection
determined by WHO04 and r epr efskomphased7ofthe a r e
MJO, the composite interpolated OLR anomaly signal in the western Pacific Ocean was
weaker (5WIn, huowad sill collocated with the WHO4 location of enhanced
convection (Fig. 3.4g). In contrast, the composite interpolated OLR anomaly for phase 8
of the MJO was positive along the equatorial eastern Pacific Ocean, indicating lack of
enhanced anvection at the location determined by WHO04 (Fig. 3.4h). One possible
explanation for the disagreement may be attributed to the influence of ENSO on the MJO
in the eastern Pacific Ocean, as discussedation 1.2.4

Composites of 500Pa geopotentialdight anomalies for each phase of the MJO
indicate the presence of negative geopotential height anomalies over the Northeast US
during phases 1, 7, and 8 (Figs. 3.5a,9,h). The negative geopotential height anomalies
were largest when the MJO was in phasanl 506hPa geopotential height anomalies
wer e bet waea40m bel@Onormah aler the eastern US (Fig. 3.5h). During this
phase, the presence of a Rossby wave train extending across the Pacific Ocean eastward
into North America was also apparents éiscussed in section 1.2.4, deep convection in

the tropics, such as that associated with the MJO, often contributes tesdatge
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divergence aloft and may initiate the development of Rossby wave trains that extend
poleward and eastward into the extrptos (e.g., Jin and Hoskins 1995). Therefore, it
may be inferred that the Rossby wave train observed within théB@Qyeopotential

height field composite for phase 8 of the MJO (Fig. 3.5h) was likely influenced by the
presence of enhanced convectionoagged with the MJO. The geopotential height
anomaly pattern during phases 1, 7 and 8 suggest that when enhanced convection
associated with the MJO is moving across Africa or the Western HemisphereP&00
cutoff cyclones may be more likely to developthe Northeast US due to the favored
presence of midlevel troughs. Conversely, cutoff cyclones may be less likely to develop
when the MJO is in phase$& during which time ridging is favored over the eastern

US, as indicated by the presence of positte®potential height anomalies (Figs. 38b

3.2.2 The Influence of the MJO on Cutoff Cyclone Frequency

The frequency of 508Pa cutoff cyclones in the Northeast US from 2000 through
2007 by MJO phase indicates that cutoff cyclones occurred mostdofteny phase 8 of
the MJO (Fig. 3.6), when enhanced convection was located in the Western Hemisphere.
Conversely, cutoff cyclones occurred least often during phase 4 of the MJO, when
enhanced convection was located over the Maritime Continafiten compred to the
composites of 500Pa geopotential height anomalies for each MJO phase, the maximum
in cutoff cyclone frequency during phase 8 of the MJO agrees well with the presence of a
large negative 500Pa geopotential height anomaly over the easterndu#g this

phase (Fig. 3.5h)In addition, the minimum in cutoff cyclone frequency during phase 4
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of the MJO is supported by the presence of a positivehB@0 geopotential height
anomaly over the eastern US in the composite for this phase (Fig. 3/kidj) &
suggestive of unfavorable conditions for cutoff cyclone development.

As with the results for the various ENSO phases, the bootstrap method was used
to determine the statistical significance of thgtribution of cutoff cyclone frequency by
MJO phae.While the maximum in cutoff cyclone frequency for phase 8 of the MJO and
the minimum in phase 4 differ by a total of 17 cutoff cyclones, the overlapping error bars
in Fig. 3.6 indicate that the distribution of cutoff cyclones by MJO phase is not

statigically significant at the 95% confidence level.

3.3 The Combined Influence of ENSO and the MJO

Sections 3.1 and 3.2 have shown that examination of the separate influence of
ENSO and the MJO on cutoff cyclone frequency in the Northeast US does mbt yiel
statistically significant results. As discussed in section 1.2.4, changes in sea surface
temperature in the equatorial Pacific Ocean associated with ENSO may act to modify the
development of deep convection, including the MJO. Therefore, it may blewhdd to
examine the combined influence of ENSO and the MJO on cutoff cyclone frequency to
determine if the relationship is strengthened by considering these two tropical modes
together.

The MJO phase was determined for weeks during the cool, neutdalyam
phases of ENSO for 20007. After removal of weak amplitude MJO weeks, there were

fewer than 10 weeks characterized by each MJO phase during the cool and warm phases
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of ENSO. Due to the small sample sizes, the influence of the MJO by ENSO cool,
neutral, and warm phases will not be discussed here; rather, the focus of this section will
be on the influence of the MJO by ENSO trend on cutoff cyclone frequency in the
Northeast US. The number of weeks characterized by each phase of the MJO for ENSO
coding, steady, and warming for 20007 is shown in Table IV. Once again, due to the
relatively small sample sizes for MJO phases during the steady ENSO trend, the

influence of the tropical modes during this ENSO trend will not be discussed.

3.3.1 Rgional Influence of ENS@nd the MJO

Composites of 500Pa geopotential height anomalies for each phase of the MJO
during ENSO cooling indicate negative geopotential height anomalies over eastern
Canada extending into the Northeast US and over the mdd&mwhen the MJO is in
phases 7 and 8, respectively (Figs. 3.7g,h); however, the sample size for phase 8 of the
MJO is likely too small to be of significance, with only four weeks included within the
composite. During phase 7, the presence of a Rossby tnain over the eastern Pacific
Ocean extending into the US is especially evident when compared to the other phases and
may be partially attributed to larggeale divergence aloft associated with the enhanced
convection over the central Pacific that $saciated with this phase of the MJg(, Jin
and Hoskins 1995 The midlevel pattern for phases 7 and 8 suggests that when the MJO
is located over the central or eastern Pacific Oce#wif cyclones may be favored in the
Northeast US, due to the praese of a preexisting trough. For the other phases of the

MJO during ENSO cooling, the composites indicate positive geopotential height
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anomalies over the eastern US, suggestive of the presence of a ridge over the region
during these conditions, which wallikely act to suppress cutoff cyclone development
(Figs. 3.7&f).

During weeks characterized by ENSO warming, composites ofhBa0
geopotential height anomalies for each phase of the MJO indicate strong negative
geopotential height anomalies over thestern US for phases 1 and 8 and over the
extreme northeastern US during phase 6 (Figs. 3.8a,h,f). The anomalies are largest for
phase 6 of the MJO, with a negatively tilted trough extending from Hudson Bay in
Canada to the Gulf of Maine associated witl®-6Pa geopotential height anomaly values
on t he or d®mbedw nardabd(Fig. 8.8f). The composites for phases 1, 8,
and 6 suggest that cutoff cyclones in the Northeast US may be more common when
ENSO is warming and enhanced convection aststiith the MJO is moving across
Africa, the Western Hemisphere, or the western Pacific Ocean, during which time a

preexisting trough is favored over the region.

3.2.2 The Influence &NSO andhe MJO on Cutoff Cyclone Frequency

In comparing the fragency of 50€éhPa cutoff cyclones in the Northeast US by
phase of the MJO for ENSO warming and cooling, there is a discernable difference.
During ENSO cooling, the frequency peaks at 11 cutoff cyclones during phases 3 and 4
of the MJO (Fig. 3.9), when enm@ed convection is located over the eastern Indian
Ocean or the Maritime Continent (Figs. 3.7c,d). In addition, there is a distinct minimum

in cutoff cyclones, with only one cutoff cyclone, during ENSO cooling and phase 7 of the
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MJO, when enhanced convieat is entering the Western Hemisphere (Fig. 3.4g). The
distribution of cutoff cyclone frequency by MJO phase during ENSO warming appears to
be reversed from that of ENSO cooling. During ENSO warming, there is a maximum in
cutoff cyclone occurrence dugnphase 8 of the MJO, with 14 cutoff cyclones, and a
minimum in phase 4, with only 2 cutoff cyclones.

The cutoff cyclone frequency distribution by MJO phase for ENSO warming
agrees reasonably well with the 50Ba geopotential height anomaly compositése
peak in cutoff cyclones during ENSO warming and phase 8 of the MJO coincides with
strong negative 500@Pageopotential height anomalies over the eastern US (Fig. 3.8h).
In addition, the minimum in cutoff cyclones during ENSO warming and phase 4 of the
MJO agrees with the presence of strong positive 598 geopotential height anomalies
over the Northeast US (Fig. 3.8d); however, this agreement is likely related to the very
small number of cutoff cyclone days (n=2) included in the composite for these
conditions In contrast, the cutoff cyclone frequency distribution by MJO phase for
ENSO cooling does not agree well with the composites oflb0 geopotential height
anomalies. While there is a minimum in cutoff cyclones for ENSO cooling and phase 7
of the MJO, the composite for this phase indicates a large negative geopotential height
anomaly over eastern Canada extending into the Northeast US, suggesting favorable
conditions for cutoff cyclone development (Fig. 3.7g). Similarly, the peak in cutoff
cyclones during ENSO cooling and phases 3 and 4 of the MJO disagrees with the positive
500-hPa geopotential height anomalies over the Northeast US in the composite for these

phases (Fig. 3.7c,d).
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The bootstrap method was applied to the cutoff cyclone freqeeteidetermine
statistical significance and the resulting error bars enclosing the 95% confidence level are
shown in Figure 3.9. For ENSO cooling, the broad peak in cutoff cyclones in piiéses 2
is statistically different from the minimum in phase 7jracated by the lack of overlap
in the error bars. Similarly, for ENSO warming, the large number of cutoff cyclones
observed during phases 1 and 8 of the MJO are statistically different from the minimum
observed during phase 4. When comparing the fcayaione frequency distributions
for ENSO cooling and warming, there is a lack of overlap in error bars during phases 4
and 7 of the MJO.The lack in overlapping error bars indicates that the maxima and
minima in cutoff cyclone frequency by MJO phase ENSO warming and cooling are
statistically significant at the 95% confidence level. These results suggest that when
considering the combined influence of ENSO and the MJO;hB@0 cutoffcyclone
frequencyin the Northeast USs maximizedwhen the MJO isover the Maritime
Continent during ENSO cooling and when the MJO is over the Western Hemisphere

during ENSO warming.
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Cool & Cool & Cool& Neutral & Neutral & Neutral & Warm & Warm&  Warm &
ENSO Condition Cooling Steady ~ Warming  Cooling Steady Warming  Cooling Steady ‘Warming
Number of Weeks 39 15 33 87 34 83 55 18 53
Percent of Total (%) 9 4 8 21 8 20 13 4 13

Table II. Total number and percentage of weeks characterized by each ENSO phase for
2000 07.

MJO Phase 1 2 3 4 5 6 7 8§  ampliude<1
Number of Weeks 34 38 29 23 39 30 37 28 159
Percent of Total (%) 8 9 7 6 9 7 9 7 38
Table Ill. Totalnumber and percentage of weeks characterized by each phase of the
MJO for 2000 07.
MJO Phase 1 2 3 4 5 6 7 8
ENSO Cooling 9 16 15 18 25 15 11 4
ENSO Steady 7 9 7 3 2 6 7 2
ENSO Warming 18 13 7 2 12 9 19 22

Table IV. Total number of weeks characterized by each phase of the MJO for ENSO

cooling, steady, and warming for 20@. A total of 159 weeks that occurred whka t
MJO was weak were not included.
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Fig 31. Composites of 200®M7 508hPa geopotential height anomaiy,(shaded) during
weeks when ENS@as(a) cool and cooling, (b) cool and steady, (c) cool and warming,
(d) neutral and cooling, (e) neutrand steady, (f) neutral and warming, (g) warm and
cooling, (h) warm and steady, and (i) warm and warming.
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