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ABSTRACT

In June 2006, significant flooding and flash floodingimpacted much of the midAtlantic region as a
continuous supply of deep tropical moisture moved north from the subtropical Atlantic ahead of a slew
moving cold front. A 3-day period of heavy rain resulted in nearly 38.1 cm (15 in) of rain across portis of
the northern mid-Atlantic with record flooding along the mainstem Susquehanna and Delaware Rivers. In
September 2011, moisture associated with the remnants of Tropical Storm Lee resulted in alt24eriod of
heavy rain over which rainfall totals approached 30.3 cm (12 in) across portions of central New York and
northern Pennsylvania. Numerous riverstage recordsthat were set in the June 2006 event were shattered
along the mainstem Susquehanna Riveduring the September 201Xlood. Damage estimates resultig from
the flooding in both eventswere >2 billion dollars, and 22 lives were lost. Multiple counties across the
northern mid-Atlantic were declared disaster areas.

Both flood events were investigated to identifghe similar meteorological features and patterns respon
sible for extreme rainfall. Several crucial similarities were identified that likely combined to produce historic
socioeconomic and environmental impacts. One of the similarities was that each event hadell-established
atmospheric river in place that provided the uninterrupted supply of deep tropical moisture. Additionally,
although these events displayed many of the larggeale characteristics identified in previous flash flood
classification schemedhoth events were associated with the presence of coastal fronts that appeared to make
these cases differentrom many otherwise similar and previously documented flood cases.

1. Introduction vices to users in anticipation of higmpact weather
events has become a top priority for the agency.

Flash flood forecasting in its infancy stages

Flash flooding remains one of the most serious andolved around recognition of favorable synoptic-pat
life-threatening weatheelated hazards across theterns capable of largecale, heavy rainfall production.
United States. Each year, flash flooding ranks as ori@ a landmark paper, Maddox et al. (1979; hereafter
of the biggest contributors of weathedated fatalities referred to as M79) described three patterns capable of
[National Oceanic and Atmospheric Admitmégion largescale flash flooding based snrface front orien
(NOAA 1995 2012; National Weather Service (NWS tation and uppelevel height characteristics for areas
2012a). Knowledge of favorable flood and flash east of the Rocky Mountains. On the synoptic scale,
flood-producing patterns can assist forecasters in antM79 showed that synoptiype flash flood environ
cipating potential highmpact flood events days in ments were characterized by a highly amplified trough
advance. With the vision of thdWS beingheavily  to the west of the fldsflood region. Under this cen
focused on building a weatherady nation NOAA  figuration, a continuous supply of deep moisture is
2014), providing comprehensive decisi@upport ser  transported north in southerly or wastuthwesterly
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flow aloft. At the surface, a slowoving cold front or nearsurface environments reselmtihe synoptic pat
stationary boundary often is positioned in a southwesern, higher amounts of tropospheric moistassoci

to northast orientation. Lowevel convergence along ated with the decaying tropical system lead to heavier
the boundarygcoupled with the passage of midlevelrain and more significant flooding in synojpticopical
shortwavetroughs results in warrrsector convection events.

while steering flow oriented parallel to the ldewel Mesoscale influences also have been shown to
front allows cells to travel over the same aregeat play a significantrole in heavy rain and flash flood
edly. production. In the original M79 study, the authors

In the frontaltype flash flood environment, the described the mesohigh flash flood environment in
upperlevel pattern often is dominated by ridging aloft.which an outflow boundary from previous convection
Along the surface, a slemoving warm front or sta serves as a major focus for renewed thunderstorm
tionary boundary separating warm, mpiststable air development. In tisi scenario, the uppégvel pattern
to the south from cool, stable & the north typically largely resembles that of the frontgpe environment
is oriented in an edswest configuration. Thunder with upper ridging overhead; however, a key difer
storm initiation normally develops in advance of aence is that the neaurface forcing contribution e
shortwave trough moving along the northern periph sults from an outflow boundary as opposed to a stalled
ery of the upper ridge. Approaching upevel forc-  or dow-moving, synoptiescale front. In another dec
ing, combined with incre@®g isentropic ascent from a umented case ahesoscale influences along the East
strengthening lowevel jet (LLJ) transporting high Coast, Bosart et al. (1972) introduced the concept of a
equivalent potential temperature)(ar over the froa ~ New England coastal front where a mesoscale-baro
tal zone, results in favorable conditions for heavy-rainclinic zone forms ahead of a northwarmving low
fall production and possible flash flooding. Frontal pressure system traveling up the East Coast. The de
type events typically reach maximum intensity duringvelopment of strong thermal gradients in association
the overnight when the LLJ often is strongest. with cold-air damming to the east of a major mountain

Flash flood forecasting through much of the 1980¢ange (Bell and Bosart 1988), combined with warm,
and 1990s depended heavily upon recognition of theoist, easterly flow in advance of the northavéfting
patterns outlined in the above M79 study (Funk 1991¢yclone, can create a significant mesoscale thermal
Davis 2001), with many of these concepts still operagradient just inland from the coast. This pattern is not
tionally relevant today. In the mib-late 2000s, new restricted to just New England (Bosart 1984). In an
studies by Grumm and Holmes (2007) and Stuart anether study, Bosart and Dean (1991) showed that a
Grumm (2009) refined the definition of the synoptic surface front extending north frothe extratropical
scale patterns capable of widespread flash floodintfansitioning Hurricane Agnes circulation combined
across the eastern United States by building upon théth cold-air damming to the east of the Appalachians
original concepts described by M79. In the 2007 studyto produce a strong, lolevel frontal circulation. This
the authors constructed standardized anomaly (S&ystem resulted in record flooding from the central
composites (Grumm and Hart 2001a,b) for both fronmid-Atlantic north throgh the Susquehanna and
tal- and synoptigype flash flood environment¥hey Chemung River Valleys of Pennsylvania ddgstate
showedthat synoptic events oftewere characterized New York. Numerous other studiessohaveinvest
by precipitable water (PWAT) and 8%®av-wind gated a wideange of mesoscale environments capable
anomalies of at least two standard deviations abowef producing heavy rainfalle(g, Atallah and Bosart
normal. As for frontal events,an analysis showed 2003; Colle 2003).
these events also had 8BBau-wind anomées of Several studies also have highlighted the difficulty
roughly two standard deviations above normal. Foassociated with flash flood forecasting across the
both event types, the wind anomalies suggest tha&astern third of the United States. In a study outlining
moisture advection from either the Gulf of Mexico orflash flooding in the Eastern Region of thNNS,
western Atlantic is critically important for heavy rain LaPenta et al. (1995) describ¢he inherent drecast
production in the mightlantic region. Furthermore, difficulties enhanced by extensive urbanization; ter
the study also defined the synojptiopical flash flood rain-anchoring mechanisms, and enhanced runoff due
pattern in which moisturassociat¢d with a decaying to frozen ground and complex terrain. In a separate
tropical system becomes entrained in strong soutlstudy, Gitro (2012) discusdehow the central New
westerly lowlevel flow. While the uppefevel and York and northeastern Pennsylvania aress @m
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posed of numerous yearlong, fassponding streams area wi t hin the <confines of

that quickly can reach or exceed flood stage wher2011).

adequate precipitation or snowmelt occurs. In addition, In preparing for this study, a review of several
both the Atlantic Ocean and Gulf of Mexico serve asrchived area forecast discussions from WFO BGM
large moisture source regions. This stoie, com  prior to the June 2006 event indicated a high likeli
bined with the regi on6s hoadtfor flagh flooding bualownexpectators dfsmajar o
flooding being the single greatest hazard to resid@ents river flooding along the mainstem rivers within WFO
based on the number of floosdlated fatalities during BGM6 s hydr ol ogi ¢ service
the period of study (Gitro 2012). Other studies done ahought that the rainfall would not reach magnitudes
the Binghamton (BGM), Nework, weather forecast large enough to result in major river flooding or that
office (WFQ, Jessup anBeGaetano 2008)ave docu  the expected heavy rainfall would not be wigtesd
mented the inherent difficulties associated with flastenough to cause a significant response on mainstem
flooding across both the BGM WFEbunty warning rivers. However, a detailed examination of factors
area (CWA) andhe northeastern United States (Jessupnfluencing the forecaster's thought processes and
and Colucci 2012). Howevgethe occurrence of events decisionmaking during the June 2006 flood event is
with both major riverand flashflooding remains rare. beyond the scope of this study. The fact thgpec

As a result, documentation of these flooding events igtions were low for significant river flooding suggests
needed to ensure adequate recognition of similar pahat many forecasters were caught by surprise by the
terns so timely and accurate decisgupport services sheer scope of river flooding that occurred along the
can be povided to government and emergency preparmainstem Susquehanna and Delaware Rivers in June

edness personnel, as well as the general public. 2006. Although expectations for ttg&eptember 2011
event focused on the likelihood of both significant
b. Purpose flash flooding and river flooding, preliminary foere

aster consensuss MARFEE arele n

. . . . C
The purpose of this paper is to investigate tw FO BGM placed the highest thae of flooding

major flash flood events that impacted the northeracross the Chemung River basin (Fig. 1), apierox

mid-Atlantic region. Case studies of the June 200% a .

September 2011 Tood evets wil be compared  fl 50120 K0 GO/ el aheam e
effort to document key synoptic and mesoscale fea : y Teil. Y . :
tures that resulted in heavy rain production and S‘igmmeteorologlcal factors that led to heavy rainfall in both

ficant flooding. In addition, both evenssowere as cases, with the understanding that the heavy rainfall

sociated with recortbreaking river floodig. In terms was responsible fqr both f"’?‘Sh _andew flooding in .
of the top 20 river floods in the misitlantic region each case. A detailed examination of the hydrological

based on the total number of river forecast points at g?ctors associated with these cases is beyond the scope

above flood stage, the June 2006 (September 201 this work; however, the reader should_ke_e_p in mind
flood event ranks 6’th (4th) diime, with 92 (108) total at hydrological factors also played a significant role
gaged locations at or abe flood étage [Middle Atlan in how both of thee events evolved. In addition, both
tic River Forecast Center (MARFC) 2(Q13For the cases will be compared to conceptual models de
purpose of tnis paper. (SR PLFGm U g oy 0 ey
to flooding along area rivers and streams resulting iﬁ S . P .

high flow, overflow, or inundationby water that were similar to previously documented heavy rain and

causes a threat to both life and property. These everﬂ§8h TIOOd pagms f(?r the East Coast. The paper IS
normally arehandled by the issuance of pesgecific orga_nlzed as TOIIOWS.' th_e data_ and stud_y methO(_js will
river flood warnings for points that have festab be discussed in sectionif section 3 a brief overview

lished forecast and warning services. Meanwhile, fIasRf both northern michtlantic flood events is giverin

flooding refers to rapidjfe-threatening rises of water, section 4a comparison Of. thg sgptic environmentss
which typically are of shorter duration (i,e €h) and presenteda discussion highlighting the unique coastal

require immediate action for the protection of life anaboundary setup that both events pased is reserved

property. These events are handied by the issuance 8f (SO0 R & B SRR, SENED (N
flash flood warnings that can be disseminated for an 9

¥vents is offered in section 6.

ISSN23256184,Vol. 2, No. 13 154

f

a l

t

r



Gitro etal. NWA JournafOperationdieteorology 28 May 2014

. dard deviation from the mean at each grid point. Pa
62 rameters used in the SA computations inclutiesl
PWAT, u- and v-wind components mean sedevel

) ) s pressure (MSLP), and geopotential height.
el o The MARFC's observed and corrected medgn

?\} - sor preipitation estimategSeo 1998; Lawrence et al.
Susqffham,a 2003) were used to show the spatial extent of both

Basi events. Gage point values were used to determine the
maximum rainfall during each event, with gage point
data obtained from the MARFC. These data points
aidad in showing the local maximum of heavy rainfall,
which may not have been captdrimm gridded precip
itation datzets.

To determine the characteristic of the frontal
boundaries associated with both events, cross sections
were taken normal to the main tkiess gradient
using 13km Rapid Update CycléRUC; Benjamin et
al. 2004) initial analysis, neaterm, mesoscale model
guidance mapped to 40n and valid during the time
of heavy rain and flash flooding. Both events were
archived at WFO BGM, which allowedasy product
generation through use of the local office Weather
Event Simulator(Magsig and Page 20p2The RUC
was chosen based on local availability fedausé¢he
model experienced only minimal changes from 2006
to 2011, which facilitated an accuratengparison of
Figure 1. Graphical representation of the Susquehanna, ChemungOth events (COMET 2013). In addition, backward
and Delaware Rivebasins.Click image for an external version; parcel trajectory analyses were calculated from the

Chemung
Basin

West Branch
Susquehanna Basin

this applies to all figures hereafter. National Centers for Environmental Prediction Global
Data Assimilation System using ti¢OAA Hybrid
2. Data and methods SingleParcel Lagrangian Integrated Trajegt (HY-

The Climate Forecast System (CF&rsiors 1 SPLIT) model (Draxler and Hess 1997; model avall
and 2 (Saha et al. 2602014) initiathour analysis able atready.arl.noaa.gov/HYSPLIT.phpThese anal
data and a climatology usinthe CFS Reanalysis Yses also were completed for 1508000, and 5000
(CFSR Saha et al. 2010) from 1972010 were used M AGL air parcels to determine if the air mass that
to recorstruct the patterns and anomalies for bottProduced heavy rainfall and flooding had tropicat ori
events on a°13 1° grid. For the June 2006 event, the9NS.

CFSversion 1 initiathour analysis was used, and the _
CFSversion 2 was used for the September 2011 case. Event overview
Two versions were used because no GES®ion 2 5 26/ 28 June2006
data were avadlble prior to April 2011. Th&A meth

od, as detailed by Hart and Grumm (2001), was used The first flood event examined in this study- oc
for eachevent. The SA was computed as curredfrom 26 28 June 2006 across the mditlantic

region as a continuous supply of tropical moisture in
teracted with a nearly stationary cold front. Across the
area, multiple river gage sites reached or exceeded ma
jor flood stage from Virginia north into ctal and
where SAis expressed in standard deviations fromeastern New York. In the northern mdlantic speci
normal, O is the observed or forecast value from thefically, significant flooding occurred when the main
CFS analysismis the 21day climatological running stem Delaware and Susquehanna Rivers (Fig. 1) be
mean from the CFSR climatology, asdis the stan came inundated with excessive runoff from heavy

Yo — (1)
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Figure 2. Observed multisensor precipitat estimates (inmultiply by 2.54 for cn for 24-h periods ending at (a) 1200 UTC 26 June
2006, (b) 1POUTC 27 June 2006, and (c) 1200 UTC 28 June 2006. BGM andiAYBnel (a) represent approximate locations of both

the Binghamton, NYand WilkesBarre/Scranton, PAmetropolitan areas. Panel (d) shows total monthly multisensor observed precipita
tion estimates for June 2006.

rainfall over the3-day period. In the week preceding 7.6/ 12.7 cm @i 5 in) fell across central and eastern
heavy rainfall, much of the northern midlantic had portions of the northern midtlantic (Fig. 2c). By the
been dry, with precipitation amounts generaily.27 end of the3-day event, up to 38.1 cm (15 in) of rain
cm (0.50 in) in central New York and northeast had fallen across portions of northeastern Pennsylva
Pennsylvania (Suro et al. 2009). nia, with close to 35.6 cm (14 in) across theadwa
Heavy rain began acse the northern midtlantic  ters of the Delaware River in Delaware County, New
as early as 26 June 2Q0&here 24h amountsof  York. As a result of the rainfall across the headwaters
15.2520.32 cm (68 in) were recorded across south of the Delaware and Susquehanna River basins, record
central Pennsylvania, with localizeanounts of7.62  flooding was recorded downstream in the greater
10.16cm (34 in) reported as far north at the PoconoBinghamton, New York, metropolitan area, withjora
and Catskill Mountais(Fig. 2a).Successive rounds of flooding observed further downstream in the greater
heavy rain again fell across the region on 27 Jun8cranton/WilkesBarre area.
2006, with additional amounts of 5108.7 cm (25 In addition to river flooding, the June 2006 flood
in) recorded across portions of the Poconos and Catvent resulted in extensive flash flooding, with over
skill Mountains (Fig. 2b). By the evening of the 27th,200 flash flood reports received across the entire mid
multiple locdions across central New York and nerth Atlantic. Hash flooding was directly responsible for
eastern Pennsylvania were already being impacted ltge destruction of two Intersta83 bridges carrying
flash flooding. The most widespread heavy rainfalinorthboundand southbound traffic over Carrs Creek
occurred on the evening of 27 June 2006 into theear Unadilla, New YorKNOAA 1995 2012. The
morning of 28 June 2006, where additional totals otatastrophic failure of the Interste8 bridges alone
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resuled in two fatalities as drivers drove off the high
way into raging floodwaters below. By the end of the
event, over 275 000 voluntary evacuations were ol
dered and over 1200 water rescues were performed
the state of Pennsylvania alone. The combined détspa
of river and flash flooding resulted in damage -esti
mates exceeding $1B, along with 17 fatalities fron
Virginia to central New York (NOAAL995 2012. ¢

" Total-Storm Rainfall (inches)
- { I 15 and greater

B 10.001t0 14,99"
e * B 7.00 t0 5.99
B 5.00 o 6.90
I 3.00 to 4.99
1.00 to 2.99
—— NCEP/NHC Irene Track & Dates

b.7i 8 September 2011

Five years later, another significant flood event .'- 4 r E]"",,Z,',”,,,
occurred across portions of the rfitlantic region as ; g .
the remnants of Tropical Storm Lee stalled over th
lower Ohio River Valley in early September 2011.
One week prior (229 August 2011), Hurricane Iren
brought heavy rains and flooding to portions of Ver |
mont, eastern New York, New Hampshire, and Nev [#%
Jersey (NWS 2012b). Although the heaviest rainf
occurred east of where heavy rains and flooding oc
curred with the Tropical Storm Lee event, heavy rain:}- i
from Hurricane Irene still occurred across the heac [;,
water locabns of both the Delaware and Susquehann &
Rivers where close to 12.7 cm (5 in) were recorde( ==
(Fig. 3a). As a redy soil conditionsacross much of Figure 3. Panel (a) shows Hurricane Irén@bserved storm total
the Catskils and Twin Tiers regions of centrislew rainfall from 24 30 August 2011(adapted from NW2012); the

York and northeastern Pennsylvania were near or a‘ltin black line represents thabserved trackfrom the National
urricane CenterPanel (b) displays observed multisensor precipi

s_aturation (Fig. 319 as inferred from large prec’tt_p— tation estimatesirf, shaded; multiply by 2.54 for gnfor August
tion departures from normalhe results were disas 2011 departures from normal.

trous for portions of the midtlantic, as heavy rains
over a 4day period from &o 10 Septenber 201lwere As a result of extremely heavy rainfall, numerous
combined with very moist antecedent conditions taecord river stage levels set during the June 2006 flood
produce widespread river flooding and flash floodingvere shattered along the mainstem Susquehanna
from Virginia north through central New York. River. The river stage of 13.00 m (42.66 ft) at Wilkes
Heavy rains associated with the remnant TropicaBarre, Pennsylvania, surpassed the record level of
Storm Lee circulation began during the earlyrmiog  12.47 m (40.91 ft) set in 1972 by floodwaters from
of 7 September 2011 across the northernAtldntic. ~ Hurricane Agnes; 11 other locations also recorded
Periods of torrential rain, with rainfall rate$ 5.08  their highest river stage levels of dine. By the

3
8

&2 5
8P enwron 2

R Y S TN

7.68 cmh'* (2i 3 inh'") continued through muchofthe event 8s end, <c¢close to 200

day, which quickly led to major river and flash fleod received from Virginia north into central New York
ing for portions of the Susquehanna Valley of bothState. As with the June 2006 event, the flooding
central Pennsylvania and central New York. Acrossesulted in damage estimates again exceeding $1B,
the northern midAtlantic, numerous daily rainfall with 10 fatalities directly linked to flooding (NWS
records were set, including 19.02 cm (7.49 in) at Bing2012c).

hamton, New York, and 19.58 cm (7.71 in) at Harris

burg, Pennsylvania. The &eest rains fell in a 2 4. Event evolution and comparison

period from 7o 8 September 20] Where tday storm ] 2006

total rainfall eclipsed 27.9 cm (11 in) just west of2-June
downtown Binghamton (Fig.)4which surpassed the At 1200 UTC 26 June 2006, an upper trough over
500yr average rainfall recurrenasterval (DeGetano western Ontario extended south through the western
and Zarrow 2011). Great Lakes and Lower Mississippi River Valley (not
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Figure 4. Observed multisensor precipitation estimates ¢had
ed; multiply by 2.54 for cinfor the 20-h period ending 1200 UTC
8 September 2011.

shown). Through the duration of tBeday event, this

trough made little eastward progress as a blocking uj
perridge prevailed across the western Atlantic. Broac

southerly flow along the western periphery diet
upper ridgein conjunction with strengthening south
erly flow in advance of the upper trouglombined to

establish a continuous influx of tropical moisture alonc|
the East Coast, which persisted through the duration |

the event. The presence of theafure supports find
ings by Dirmeyer and Kinter (20} and Moore et al.
(2012) who each showed that strong subtropical-ridg

ing across the western Atlantic can act to enhance

tropical moisture advection into the rHatitudes as
the geopotential heightrgdient increases in response
to an approaching lorgave trough to the west. The
well-established tropical connection was evident in th
NOAA/National Environmental Satellite, Data, and
Information Service (NESDIS) blended total precipi
table water(TPW,; Kidder and Jones 20D%atdlite
image validat 1800 UTC 27 June 2006 (Figs.iBa,
which showed a tongue of tropical moisture extegd
north along theEasternSeaboard. This narrow cofri
dor of tropical moisture is consistent with the develop
ment of anatmospheric river (Zhu and Newell 1998
Ralph et al. 2005), which has been shown in previo

over a particular area for a long period of ti(Ralph
et al. 2004; Moore et al. 2012Zyhe Weather Pdic-
tion Cented §WPCO )ssurface analysis valid at 0000
UTC 26 June 2006 (not shown) placed the main col

NWA JournafOperationdleteorology

28 May 2014

Figure 5. NOAA/NESDIS (a) blended TPW (mm) and (fpercent
of normal TPW, both valid at800 UTC 27 June 2006.

raded in response to increasing southerly and south

asterly flow at 925350 hPa, with no indications of
any coastal frontal boundaries along testernSea
board at this time. During the early morning of 28 June
2006, a weHdefined shorwave troughmoved up the
East Coast along the westerariphery of the western
Atlantic uppe-level ridge (Fig. 6).The WPC surface
analysis valid at 0000 UTC 28 June 2006 (Fig. 7)
again showed the main synoptic boundary well west of
western New York and western Pennsylaarwith a

YWeak surface low analyzed across southeastern Vir
studies to result in significant flash flooding if focused y

ginia. This lav continued to move norivard through

the night before reaching northern New Jersey by 1200
UTC (not eiown), with heavy rain finallyending as

H1e surface lownovedtowards New England.

front associated with the upper trough from northeastO September 2011

ern New York soutivard through the central Appala
chians. The 0000 UT@7 June 2008NPC surface
analysis (not shown) indicated the cold front hetro-

Tropical Stom Lee intially made landfall along
the central Louisiana coast on 3 September 2011

ISSN23256184,Vol. 2, No. 13
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i 7/
e 7 LAY b

',;,’/,,*‘,‘,4, o P southerly flow ahead of the amplifying trough forced

the northward movement of the Idewvel circulation
towards the central Appalachiansjttwthe remnant
surface low located near eastern Tennessee on the
morning of 7 September 2011 (Fig. 8). This loan
tinued moving norttvard through the daybefore
reaching southeastern Ohio by 0000 UTC 8 September
2011 (not shown). Meanwhile, well off the south
eastern United States coast, Hurricane Katia began a
northward turn towards Bermuda by the morning of 7
September 2011 as southerly flow strengthened across
the eastern third of the United States and adjacent
western Atlantic (not shown). As the day progressed,
loops ofblended TPW imageshowed a deep moisture
plume originating over Hurricane Katia and mayin
northwest towards the northern mfdlantic (labeled 2
in Fig. 9a).This secondary moisture source acted as a
’ 4 A i catalyst for a second area of heavy rain and flash
Figure 6. Water vapor image an®UC 0-h 500hPa vorticity flooding across portions _Of Soqtheas'[em New York,
(white dashed linesontoured every 2 10°<%) andgeopotential  NeW Jersey, and Connecticut (Fig. 4).

height (yellow; contoured every 3@&m) valid 0600UTC 28 June
2006. o217\

70 141

Lo ysa”
Sy

66 157 1009 _

— . % "'- >
~ _0*3.1 1
=\ 7 Bl &Y :
~ > S, 156 o

X \ “,5'/’ 85 1a3 £ ‘|24 X = 75 767156 i e fascs =%
L e . T 75 ' Figure 8. As in Fig. 7 but for 1200 UTC 7 September 2011.
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Figure 7. Surface analysis valid 0000 UTC 28 June 2006 wita  C. Synoptic pattern comparison

I damming Sgnaturandicated by hahick red.sigzagine. _ Inspection of 50G1Pa CFSR height anomalies
Image courtesy of WPC. revealed a pair of blocking, méalel, high geopoten
tial height centers over the northern Atlantic (Figs.
(Brown 2011).From this location, the tropical circula 104 b) for both cases, with heightdi 3s above nor
tion meandered across the southeastern United Stateal as each ridge center appched 594 a@m. The
where it finally transitioned into an extratropical circu strength of these ridges created a strong-latitlde
lation before reaching northern Georgia on the mornblock that caused both upstream troughs over ¢ne c
ing of 6 September 2011 (not shown). Aloft, an uppetral United States to exhibit little eastward movement
trough continued to amplify soutlard across the in the days leading up to both events. Interestingly for
Great Lakes and Ohio Vallewhere it eventually con the September 2011 event, the presence of Hurricane
solidated with the remnant Lee circulation to form aKatia south of Bermuda likely strengthened the upper
closed low across the lower Ohio Valley by the mornridge center over the northern Attanas warm, asym
ing of 7 September 2011 (not shown). Strengtigen metric outflow from the hurricane interacted with a
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Figure 9. As in Fig. 5, but for 0027 UTC 8 September 2011. Num

bersin (a) represent approximate locations of two separate tropic;i

rationdleteorology 28 May 2014

values also increased markedly as values approached
2i 3s above normal (Figs. 12d). Interestingly for the
June 2006 eventhe lowlevel moisture plumei.g.,
atmospheric river) could be traced back to the tropical
Atlantic (Fig. 5a), whereas the tropical moisture source
for the September 2011 event appeared to originate
from both the eastern Gulf of Mexico and tropical
Atlantic (Fig. 9a). Based on previous research by
Stuart and Grumm (2009), both events would fall into
the Gulf/tropical origins category as the main moisture
plume for both cases was either rooted in the tropical
Gulf of Mexico or southern Atlantic Ocean. Moxeo,

both eventsalso could be classified as a synojitic
tropical event type based on earlier research by
Grumm and Holmes (2007) that showed how flash
flooding could become more devastating if &79
synoptictype flash flood setup interacts with deep
tropical moisture from a remnant tropical circulation
or atmospheric river with webtstablished tropical ori
gins.

d. Vertical motion forcing

During the early morning of 28 June 2006, a weak,
low-amplitude shortvave trough mowe up the East
Coast (Fig. 6)Manual surface analysis (Fig. 13) valid
at 0900 UTC indicated a mesolow just east of Phila
delphia with a coastal front extending nottirough
northern New Jersey, southeastern New York, and into
central New Englandsouth of this boundry and near
he mesolow, dewpoint tempeures werel8i 21°C

airstreams, with corresponding white arrows depicting overalk64 69°F), with 141 17°C (57 63°F) analyzed to its

movement prior taheimage valid time.

developing potential vorticity gradient between the

north and west. Also evident was an inverted surface
ridge axis that extended west from the northern Atlan
tic into central New England and central New York

western Atlantic ridge and upstream trough (no{Figs. 7 and 13). The appearance of an inverted surface

shown; Jurewicz 2012¥trong blocking higfpressure
centers, combined with the presence of deep upp

ridge axis with high pressairto the north was shown
ey Nielsen (1989) to be an idensfile pattern for

troughs extending from the central Great Lakes intgold-air damming and the development of coastal

the Deep South, would allow botti thenorth Atlantic
ridges to amplify with time Along the top of the ridge,
both events exhibited strong anticycloally curved
jet streaks withu of 2i 3s above normal (Figs. 10d).
Much of the northern midtlantic region was under
the rightentrance region fothese jetstreaks, which
favored strong uppdevel divergencever both areas
of flooding (Fig. 11 Moore and VanKnowe 1992)
With an increasing height gradietite 850-hPav-
anomalies for both evengguickly approabed 2 3s
above normal along thEasternSeaboard (Figs. 12a
b). In response to strengthening level flow, PNVAT

fronts in eastern New England.

Crosssectional anahes taken from near Toronto,
Ontario, southeast tbugh the greater New York City
metro area and using thenORUC analysis valid 0900
UTC 28 June 2006 revealed a synostiale sloping
region of midlevel frontogenesis (Figs. 1dba from
near Binghamton, New York, northwest through
southern Ontario. Alam the midlevel featureupward
motion (Fig. 14a) was maximized across shathern
tier of New York State as the ascending branch of a
frontogenetically produced direct thermal circulation
combined with the release of convectirestability
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Figure 10. CFSR500-hPa height anomalies for (a) 0000 UTC 28 June 2006 and (b) 1200 UTC 7 September
2011;and250-hPau-anomalies for (c) 0000 UTC 28 June 2006 and (d) 1200 UTC 7 September 2011.

Figure 11. RUC 0-h analysisof 250-hPa windspeed (kt multiply
by 0.5144 for m'3) and divergence (1 10°°s'%; shaded) valid at

(Fig. 14b) in a region of broad, midlevel, wasgin
advectim (Fig. 15a). Lowlevel frontogenesis asseci
ated with the coastal boundary was apparent on both
cross sectionas a thin layer of frontogenesis just
northwest of New York City, with a secondary region
of ascent noted above the coastal front. Convectively
unstable air, characterized by negatigelapse rates
(Fig. 15b), streamed northwestward into the northern
mid-Atlantic region. The unstable air became juxta
posed with the midlevel frontogenesis (Fig. 15c),
which resulted in a narrow and intense area of upward
motion (Fig. 15b). Mosaic radar imag) (Fig. 15d) val

id 0600 UTC 28 June displayed a region of unbroken
reflectivity oriented in the alonfiow diredion,
whichd combined with the presence of an ld.Js
consistent with slabular layer lifting as discussed by
James et al. (2005).

A manual surface analysis valid at 0300 UTC 8
September 2011 revealed another mesolow just south
of Washington DC, with a coastal front extending
north through central Maryland, southeastern Pennsyl
vania, and central New Jeys@-ig. 16).The front then
extended off the central New Jersey coast to a position
just south of Long Island. Dewpoints south of the front

(a) 0600 UTC 28 June 2006 and (b) 0300 UTC 8 September 201lwere 22 25°C (71 77°F), with 16i 17°C 61i 63°F)
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