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ABSTRACT

The Chesapeal®ay region is unique geographically, in that it is a large estuarine
environment separated from the ocean by a significant landmass (the Delmarva
Peninsula). This unique geogradbgds toa distinctiveclimate relative to the rest of the
US East Coastwith effectsfrom both theBay, and the Atlantic Oceailong with the
well understood impacts &ay breezes and the ability of tiBay to influencelocal
temperaturesnany have speculated on the impact ofBag on convective precipitation
and severe weatherhis researcboughtto quantify the effect of the Chesapeday on
frontally inducedand/or quaslinearprecipitation during the spring, summer, and fall
utilizing levetl4 radar derived precipitation data. Chesapdesea surface
temperatures (SST)emporal Synoptic Indef Sl) derivedsynoptic types, and
manually classifieditmospheric flow regimeand synoptic causeseusedas the
primary means of examimg forcing mechanisms responsible for modification of
precipitation events introduced by tBay environmentlt was found that more target
events were stronger to the west of the Bay, and among possible causes that were
examined, storm angle of traveipsm speed, Bay width, and instability characteristics
were the most important factoihis research also examsternado activityaround the
Bay, exploring a large discrepancy in reported tornadoes between the sides of the Bay

determine whether th@éhesapeake impacts the likelihood of tornadic cells entering the

Xiii



Delmarva Peninsuld his work will assist in forecasting severe weather for the Delmarva
Peninsula, and the Chesape8lay region as a whole, as well as examiningethier a

predominatelynland body of water is able tmpact mesoscale precipitatiavtals

Xiv



Chapter 1

INTRODUCTION

1.1 ChesapeakeBay Region Studies

Research specific to the impact of the ChesapBaken precipitation is sparse.
The principal study that has examined this directly was conducted by Skeeter (2013),
who used level 2 radar mosaics to examine the impact of the Ches8pgalecold
frontal precipitation totalfor the periodl9972011. Ths study found anotable
difference in frontal precipitation totals between ¥Mestern ShorandEastern Shorm
the months of April and May, with th&'estern Shoreeceiving more precipitation than
theEastern Shor#or a typical frontal passage. In somar months results were slightly
more ambiguous, but at times showed the opposite effect, Bagtern Shoresceiving
more precipitation than th&estern Shorandicating a possible amplifying effect
imparted by thday. A weak negative correlation wdgscovered between the
ChesapeakBayd SST(SST) derived from buoy data, and ivMestern Shor&astern
Shoredifference, meaning that as tBay becomes warmer, tHeastern Shorkas a
tendency to receive more precipitation from cold frontal passagesgttht is noted that
buoy data is insufficient to draw concise conclusions due to its lack of spateabhge

andresolution(Skeeter 2013)



Other meteorological phenomena related to the ChesaBegkegion have been
studied, thoughwork in this aredas been limitedSikora and Halverson (2002) showed
that theBay is able to have an observable effect on the lower atmosphere, using satellite
and insitu observations to examine anomalous cloud lines associated with the
ChesapeakBay, finding that theywere present on 3% afl observed days, and were
most common at the onset of the cold season. They also found that anomalous cloud
bands were most commonly associated with d8aywinds, rather than crodday
winds, and negative agea temperature diffences (meaning that tiBay is warmer than
the air). Stuart (2003) examined cloud and precipitation plumes over the Chesapeake
Bay, likening their formation as being similar to lake effect processes. It is noted that the
plumes occur most often between spring and fall, and that they are most common under
conditions in which low level cold air advection is present, and at times Wwa8ay is
warmer than the air abomearticularly when the difference between Begy temperature
and 850 hPa temperature is greater than 13°C. $80¥8)notes that forecast models (at
leastat thattime) were not able to resolve the mesoscale nafure@lume phenomena
- however, the conditions associated with the plumes could be anticipated, principally

through evaluation of 850hPa maps, low level winds, and vertical temperature profiles.

The effect of thday on winds has been studied extensivS8iade (1962)
examined the impact of thgay on winds traveling across it by measuring winds on both
shores, and temperatures via sensors mounted on the Chedage¢Bkielge that
traverses the north centidy. It was found that as winds cross Bey for

approximately 7 miles, fluctuations in the direction of the winds were always less than



they were before reaching tBay. It was also found that wind speeds usually increase,
doing so more drastically when the air was warmer than the,watérg that

occasionally, when the water was cooler than the air above, wind speeds sometimes
decreased. Sikora et al. (2010) examine®Btnebreeze along the/estern Shoref the
Chesapeake, principally in the northern half of Blagy where more surface stationgar
located During the warm season (Mar&eptembenhey foundthatBay breezes were
most common on days with weak zonal flow, and stronger than normatlasader
temperature gradientStauffer and Thompson (2015) also examined the Chesapagke
breezerelating it to surface air quality using data from two surface observing stations.
They found that, particularly in the south&ay, Bay breeze events are an important
factor in determining air quality, witBay breeze days often causing surface ozone
values to exceed standards set by the environmental protection agency (EPA), noting that

Bay breezes in the Chesapedkay region tend to exacerbate air pollution problems.

While the impact of the Chesapedkay on precipitation events has not been
directly evaluated outside of Skeeter (2013), precipitation in areas arouBdythe
particularly along th&Vestern Shoréas been examined in other ways. Ntelekos et al.
(2007) used lightning data and stream dischalata to perform a climatological analysis
of thunderstorms and flash flooding events in the Baltimore metropolitan area, noting that
thunderstorm activity in the area is heavily dependent on orographic influences that
originate in the Blue Ridge Mountansome 50 miles to the west of tigay. Of
particular interest, it was found that as storms move out over the ChesBpgakel

eventually over the Atlantic Ocean, lightning frequency notably decreases. Zhang et al.



(2011) examined thaerban heat iskad (UHI) created by the Baltimoré&/ashington

corridor, an area just to the west of Bey with significant urban developmerit

particular this research examined the impact of upstream urbanization on enhancing the
heat island effect, finding through theled data that upstream urbanization was able to
increase th&JHI effect over Baltimore by as much as 25%. It was also found that heat

i sland fApl umeso wi troiablerisindpocemponent,ardlcanbey er hav
advected many kilometers downstreavhjch holds possible importance for precipitation
events passing through the area. Ryu et al. (2015) again focuses on the Baltimore
Washington metropolitan area west of Begy to evaluate the impact of land surface
heterogeneities on heavy convective fainlt is found that the combination of land

water and urbamonurban contrasts play a noteworthy role in these events, particularly
through creating abnormal temperature differences, and causing moisture to be advected
inland from theBay. Their finding indicate thaBay breezes from the Chesapedagy

and theUHI effect imparted by the Baltimoi/ashington corridor are able to work in
unison, with the heat island strengthening the moistureBastbreeze. This setup can
increase moisture supply ancktlikelihood for upward motion, in turn creating more

intense precipitation events than would be present in an otherwise rural environment with

the same geographic setting.

1.2 Other Bodies of Water

Abundant research has been conducted to evaluate the potential impacts of bodies

of water on precipitation. Woolnough et al. (2000) examined the relationship between



SSTs and convection albeit in a tropical environment, finding that there is a noticeable
intraseasonal relationship between S$&1d convectionlt is notedthat peaks in SST

occur about ten days before peaks in convection, and minimum SSTs occur about 10 days
after the peak in convection due to the consequent reduction in incoming shortwave
radiation. These findings support a fairly well understood characteristic of tropical
systems that warmer SSTs support storm development, and convection in general. It is
intuitive to assume the same principle holds for inland bodies of water and localized,
smaller scale events. This holds particular importance for the Ches&imalkes a
modetbased study of thBay conducted by Muhling et al. (2@)Lprojects a continued
upward trend irBay SSTs, and a potential increase of betwe&b2C in Bay SSTs by

the end of the century. The impact of warm8Tson marine life has been examined
extensively (Najjar et al. (2010), Richardson et al. (2018)), but the effect of SST changes

on ambient weather in and around By has not been heavily researdhe

On the topic of inland bodies of water, a number of studies have examined the
effects of lakes and reservoirs on various types of precipitation. Laird et al. (2009) used
Weather Surveillance Rad&888 Doppler (WSR8D) data to examine lake effect
precpitation events associated with the Finger Lakes in upstate New York, a relatively
small series of inland lakes thae generally not thought to biggnificant enough tbave
an effect on the atmosphere. Their findings indicate however, that the Finkgs ware
associated with 125 lake effect events during the 11 winters between 1995/96 to 2005/06,
showing that even small inland bodies of wéter., smaller than the Chesapeake Bay)

can have noticeable impacts on local weather. These events weréedlassiieing



either well defined isolated bands downwind of the lakes, an enhancemeneaigpireg
events passing through the region, a getstionary mesoscale band positioned over the
lakes, or as a transition from one type to another, showinghise lake effect events
take on many different forms. In a similar study, Laird et al. (2009b) utilized-88&R
data to examine lake effect precipitation events over Lake Champlain, a slightly larger
lake on the border between New York and Vermont. kghidy, 67 lake effect events
were found during the 9 winters between 1997/98 and 2005/06, with the events being
classified as either well defined isolated bands downwind of the lake;sjatishary
lake-effect bands embedded within extensive regionatipitation, or a transition type

event.

Durkee et al. (2014) examined an area in southwestern Kentucky known as the
ALand Between the Lakes, to evaluate the i
impoundments that flank the aré@entucky Lake (apprornately 2 miles across), and
Lake Barkley (approximately 1.5 miles acrqgss)d alterations to the land use and land
cover (LULC) in the area that has increased surface heterogeneities. It was found via
visual inspection of radar reflectivity images that olui12 convective events, 8 showed
potential qualitative modifications by these bodies of water, and the LULC changes to the
surrounding area. Winchester et al. (204lso performed a study examining the Land
Between the Lakes, conducting a mebdatsed tudy utilizing WRF to examine the effect
of reservoirs on precipitation. This study replaced the lakes with natural land cover, and

found that precipitation totals increased in some cases, and decreased in others, indicating



that these reservoirs, despiteir relatively small size, have the ability to alter local

precipitation totals.

Alcott et al. (2012) examined laledfect precipitation associated with the Great
Salt Lake in Utah, a drastically different environment from the previous studies. Great
Sal Lake effect events have significant interannual variability, with their frequency and
characteristics related to atmospheric circulation more so than the area of the lake itself.
Great Salt Lake effect events are most common during the transition seasbleast
common in winter, and throughout the 13 years of data, 149 lake effect events were
identified. Laird et al. (2016) examined lake effect precipitation events over Lake Tahoe
and Pyramid Lake in western Nevada, examining 14 winters from2@86 They
found4.4 lake effect events per year on averagty an average duration of 6.3 hours.
Lake effect events in this region were most common when air temperatures were below
freezing, wha the mean difference between the lake temperature and sanface
temperature was 11.5°C. Joshi et al. @Gbnducted a model based study of a 2014
convective precipitation event over the Prairieland of western Canada to examine the
effect of inland lakes on events of this nature, and found that with an incregsin
bodies of water over land, precipitation amount and intensity decreases. It is also
noteworthy that convective available potential energy (CAPE) decreases, while

convective inhibition (CIN) increases.

The Great Lakes are one of the most well studied inland bodies of water in regard
to their effects on precipitatiorthough the vast majority of that research focuses strictly

on snowfall, which will not be discussed here. Focusing on rainfall, Moor®euilte



(1990) examined lakeffect thunderstorms, finding that lakéect thunderstorms

generally manifest as a single band, and are most common when low level flow is parallel
to the | akebs | ongest axi s. Stadiosapeerdateet al
to examine lakeffect thunderstorms during the cool season in the lower Great Lakes,
finding that 75% of lightning producing laledfect storms occurred during November or
December. Lechter and Steiger (2010) created adtket lightnirg climatology of all

the Great Lakes, and found slightly different results, identifying distinct peaks in lake

effect lightning events in October and November, with Lakes Ontario (34.2%) and Erie
(32.2%) producing the vast majority of such events, folloletdakes Huron (18%),

Michigan (11.2%), and Superior (4.3%). An interesting caveat of these studies is that
they specifically chose to ignore the warm
effect season is defined as the months during which +oolder air can cross the warmer

Great Lakes and produce these storms: typically, SeptéeMbgzh. It isbelievedthat

the potential for lakeffect storms with cloudo-ground (CG) lightning is greater during

earlier months because of the warmer lake sarfamperatures and the greater

convective cloud depths relative to the rest of the-&fkext seasam(Steiger et al. 209).

1.3  Precipitation Measurements

There are a number of ways that precipitation totals can be measured. Rain gauge
data, while ceginly the most accurate means of evaluating precipitation totals at a
particular point, is difficult to use effectively in areas that do not have a dense network of

surface observing stations, such as the majority of the Chesdpeatagion. In areas



sud as this, multsensor and radaterived precipitation estimates are a very useful
alternative, despite the fact that they are by their very nature, estimates rather than raw
measurements. Wu et. al (&) evaluated radar precipitation estimates fromNhgonal
Mosaic and Multisensor Quantitative Precipitation Estimation System (NMQ) and the
Weather Surveillance Rada888 Doppler (WSR8D) Precipitation Processing System
(PPS) The authors usedlutomated Surface Observing SysteiASQS surface

observations as ground truth, and Gridded Stage IV 1seitsor precipitation estimates

(the same as will be used in this research) for additional ground truth verification. They
found that NMQ estimates generally had higher correldatioealityand smaller errors
relative to rain gauge reports, but note that the skill of either could be dependent on
regionality. Of particular note, Wu et §2012)chose to use NCEP Stage IV estimates as
one of their ground truths, which speaks to the qualithisfdata. Gourley et al. (2010)
expressed a similar sentiment about the quality of stage IV data, also opting to use it as a
ground truth for their comparison of radar, satellite, gauge, and-seuisior precipitation
estimats due to its ability to migjate artifacts, and the quality control inherent in the
product. They also note that stage 2 radar data had the worst overall performance of the
methods they evaluated, with overestimations in precipitation totals of 61%.

Additionally, artifacts due to lzen blockages were noted in seasonal products.

In this research, NCEP Stage IV precipitation estimategsed to examine
whether precipitation totals are different between the eastern and western sides of the
ChesapeakBay during strong frontal or quasnear precipitation events. Chesapeake

Bay SSTs synoptictypes atmospheric flow types, and atmospheric stability will be used



to examine possible root causes for any differences identified.

1.4  Tornado Climatologies

Severe weather trends around the Chesapeake have also been researched, albeit
not extensively. While no tornado climatologies of the Chesaf@akesgionhavebeen
constructed, there have been a number of climatologies constructed of the Northeastern
U.S.(Leathers 1993, Benjamin & Leathers 2017), the Southeastern U.S. (Garinger &
Knupp 1993, Dixon et al. 2011, Long et al. 2018), and the U.S. as a whole (Kelly et al.
1978, Farney & Dixon 2014, Gensini & Brooks 2018). Additionally, several
climatologies ha& been constructed for areas near the Chesapeake such as Virginia
(Allen et al. 2021), Pennsylvania (Nese & Forbes 1998), and New York City and Long
Island (Colle et al. 2012). Giordano & Fritsch (1991) examined theAdahtic during
the warm season, thgh this study only focused on strong stornisK:3). Market
(1996) examined the mesoscale characteristics of tornadoes for a swath of-the Mid
Atlantic which included the northern half of the Chesapéke though the primary
area of interest for this sty was centered around eastern Pennsylvania and New Jersey.
Climatologies of convective storms in general have also been constructed for the
northeastern U.S. (Muray & Colle 2011, Hurlbut & Cohen 2014), and of particular
interest to this research, the Dalma Peninsula (Riggin 2019), which found that severe

thunderstorms are more common in the northern reaches of the Peninsula, and limited in
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occurrence south of approximately the Delaware state line, with the same findings being

true for tornadoes, hailnd high wind reports.

In addition to full climatologies of other regions, a number of studies have
examined individual tornado events in and near the Chesapagkegion. Pryor et al.
(2019) produced a synoptic and mesoscale overview BFehtornado that impacted
College Park, Maryland on September 24, 2001. Strong & Zubrick (2004) created a
synoptic assessment of the 2002 La Plata Maryind tornado, the strongest tornado
to ever impact the Chesapedkay region. They found that its singth was a result of a
combination of high wind shear and reasonable instability, combined with a coupled
upperlevel jet, dry midlevels, and a developing lelevel jet. The La Plata tornado has
added significance in that it was able to cross the Chakapay and produce tornado

damage on theastern Shoref Maryland.

This research will produce a climatology of tornado activity around the
ChesapeakBayto examine differences between the sides oBéngewith regards to
tornadic event$ providing claity on the tornado climatology of an area of the country
that has not been heavily examined, but whose risk and vulnerability to torimadoes
reasonably highThis climatology will examine the strength, seasonality, and recurrence
of tornadoes in the Chageake Bay regiorit will also examine the synoptic

environments most often associated with tornadoes in the region.
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Chapter 2

SUMMARY AND REASON FOR THE STUDY

This topic was selected principally due
the Eastern Shoref Maryland,the authohas ofterobserved thunderstorms moving
toward the Delmarva Peninsula from the west that produce significant amounts of rainfall
on the western side of the Chesapela&g With seeming regularityhese events cross
theBay, and by the time they reach tBastern Shorghey appear to be significantly
weaker tharthey wereon the western side of tligay. This is a phenomenon that is
frequently discussed by eair meteorologists in the area, however, this discussion is
generally speculative, as little to no research has been conducted on the phenomena. The

goal of this research is to determine the naureof theBayd s  eoh precipitation

The impact of thé&ay will be explored using level (or stage V) radar derived
precipitation data. Leved data for all frontal events determined to be appropriate for
evaluationwerecollected and analyzed teterminavhether thergvasa significant
change in precipitation totals from one side ofBiag to the other duringhese frontal or
quastlinear(i.e., formed generally in a linepnvective eventsMeteorological data as
well asSSTsfor the ChesapakeBay werecollectedfor each event in order to establish

what conditions are most likely to enhanceoninishthe effects of th&ay. An
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additionalportionof theresearctwill examine the impact of the Chesape#&a/ on

tornadic activityas another masure of th@ayd s i n énllogat aorovective weather.
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Chapter 3

OVERVIEW OF THE CHESAPEAKE BAY REGION CLIMATE AND

GEOGRAPHY

Covering nearly 4,500 square miles, the ChesapBakeés the largest estuary in
the United States, and the third largest in the world. From its northern terminus of the
Susquehanna River to its southern mouth, it is approximately 200 miles long. The width
of theBay ranges from about 4 miles between Aberdemving Grounds and Elks Neck
State Park, to nearly 30 miles between Smith Point and Saxis near the Maryland and
Virginia state line, maintaining a width of 2% miles south of there. Generally speaking,
the midsections of th®ay are between 25 miles wide, with several river mouths and

marshlands making exa€tgures vague.

The Chesapeal®ay is relatively shallow, with an average depth of 21 feet.
However, theBay has a main channel that runs through it which is of variable depth,
generally from 46075 feet with isolated areas near or just over 100 feet deep, particularly
in the southern half of thBay (Figurel). North of the ChesapeaBay Bridge (just
north of the second most northern line in FigurgligBay is typically only 1620 feet

deep with the main channel being less pronounced than it is in areas south of the bridge.
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Susquehanna

Figurel: Bathymetry of the ChesapeaRay (Du 2017), sperimposed with lines to
demark latitudinal regions used in following analysis.

The land area around the Chesapdadgis varied when comparing ttgastern
Shoreto theWestern ShoreOn the Delmarva Peninsula, elevations are generally about
10 feet above sea level, peaking betweet@@eet from Salisbury, MD northward along
the western border of Delaware. On the western side &@dpaowever, elevations
quickly rise to well oved 00 feet, reaching 500+ feet just west of the Interstate 95
corridor connecting Baltimore to Washington D.C.. Further west, the Appalachian
Mountains rise between 2,0d0000 feet which, while quite far removed from Begy,
are an important factor in thermation of thunderstorms that impact the area, as

thunderstorm activity in the Chesapeday region is oftentimes heavily dependent on
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orographic influences imparted by mountains that are sor®® B0iles to the west of the

Bay (Ntelekos et al. 2007).

It is important to note the level of urbanization on the western side Bathe
relative to the principally rural Delmarva Peninsula, particularly areas to the north of
Washington D.C. The prevalence and role ofuli# created by the Baltimore
Washingtorcorridor has been researched quite extensively, as is discussed in the above

literature review.

It is important to understand the general climate of the Chesapeskegion.
Using gridded climate normals data produce
group (PRISM, 203), a brief summary of temperature and precipitation patterns around
theBay has been constructed. Beginning with precipitatitogure2 shows monthly
average precipitation for the period from 198120, presenting both the average across

the entire regionot including directly over the Bay itselfind for both sides of ttizay.

There is not a great deal of spatial variation in precipitation totals arouBayhe
but there are patterns worth noting. In a normal year, the Chesapeakeazgi whole
receives approximately 46.6 inches of total precipitation, with a peak in late summer
early fall. Interestingly, a detached peak occurs in March as well, which is both preceded
and followed by two of the three lowest monthly averag&gire2 was constructed
using high resolution, gridded data, and it is clear that during certain times of the year,

the east side of tHeay receives notably less precipitation than the west side.
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Figure2: Average monthly precipitation to the west of Bey, to the east of the Bay,
and throughout the entire study area

Interestingly in the context of this particular study, from Ma@dtober the east
side of theBayreceives less precipitation on average than the west, with differences of
more than awgrter of an inch in May, July, and September. In total, within theiB5
buffer around th®ay, areas to the east of tBay received 1.29 inches less precipitation
in a typical year than areas to the west ofBhg It is worth noting that a large gan
of these differences are concentrated in the southern quarter (latitudinally) of areas
surrounding thé&ay. Every month except for November and December saw the southern
guarter of the eastern side of BBay receive lower average precipitation thae tvestern
side, making for an annual difference of 3.16 inches more rainfall per year to the west.
Three of the four latitudinal regions experienced less precipitation eastBdylirorth

=-0.97/yr., soutkcentral =0.85/yr.), with the lone exceptidreing the nortkcentral
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region, in which the eastern side of Bay received.1 inches more precipitation in a

typical yearaccording to the PRISM data.

Average Temperature by Region (deg. F)
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Figure3: Average daily high temperatures in the Chesapeake Bay region for each
divided by latitudinal region

Figure3 shows a graph of average monthly temperatures within the sam#e25
buffer, now separated only by latitudinal regions (Sigeirel for extent of latitudinal
regions). From October to April, the southern reachéseBay are notably warmer than
the rest of the area (B”°F), while between May and September, differences between the
regions are small (<1°F across all months). These differences can be easily explained by
latitude, but the large October to April difeerces may partly be due to the fact tB&f's
in the southern Chesapeake are notably warmer throughout the year than other areas, and
the influence of that on air temperatures would be most pronounced during times of the

year when the air is cooler. Avemtemperatures peak in July and August, with
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temperatures averaging just above 85°F. For cors&Isthis time of year are generally

in the high 706s to |l ow 806s, which woul d
T hence a muted difference assahe regions, and even a slight tendency for the southern
reaches of thBayi where theBayis wideri to actually have slightly cooler air

temperatures than areas further north.

As a natural segue, it is important to exan®®Tsin the Chesapeak&ay
directly as well, as the temperature of Bay likely plays a significant role in its ability
to modify storms that cross it. Buoy data onBag are sparse, but fortunately satellite
derived data are able to resolve Ba/© SSTsat very high resolution. Monthly average
MODIS AQUA satellite derive®ST datgNASA) have been used to construct a

latitudinally based monthly climatology of tlBayd s  SFEgilre4).

Chesapeake Bay Monthly SSTs (deg. F)
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Figure4: Satellite derived average montt8y Tsof the Chesapeakay, divided into
latitudinal regions
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As expectedtheBay is cooler further to the north throughout the majority of the
year, with a difference of about-3°F from November tdlay between the southern

region and the northern regiddSTspeak throughout thBay in July and August, at

around 82°F in all regions. While the difference between regions is small, it is interesting

to note that the southeBuay is actually cooler tharegions to the north in July and

August, likely due to more turbulent mixing and deeper water ne&@ayjites mo ut h.

period of time that is of greatest interest to this research is likely March to July. From
March to May the difference from the north@&ay to the southerBay is significant,
ranging from 3¢ 4°F before the difference quickly disappears in June and July. While
there is not a significant regional difference in the summer months, it is important to
examine whether there is a differencénmen the temperature of tBay and the air

above it during these months.

Finally, Figure5 compares average daily high air temperatures to avBege
SSTs throughout the year by simply subtracting SST averages for a particular region
from average monthly air temperatures for that region. Larger values indicate a larger
difference betweeBaytemperatures and daily high temperatures, indicating th&aihe

is markedly cooler than the air above it during that month.
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Bay SSTs vs High Temperature
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Figure5: Comparison of monthly SSTs of the Chesapdzkgwith average daily high
air temperatures for all four latitudinal regions. Larger values indicate air aboBayh:
that is warmethan the water.

The temperature differences between the airBadmatch expectations. The
Bay s cooler than the air surrounding it every month of the year, but the degree of this
difference is highly variable, with differences of over five degrees from January to July,
including several regions and months with differences of over 10 degreesmioue
muted signal is present from August to December. An additional interesting finding is
that the months of highest interest for this research (M3wale) are among the times of
year when the lower atmosphere is most notably warmer th&ath@articularly April
and May, and particularly for the northern reaches oBte This relationship is an
important component of this research. It is worth noting that this comparison was done
using average daily high air temperatures. If ful&ir averageeimperatures had been

used, it is likely that October through February would have had a relationship showing
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Bay temperatures actually exceeding average daily air temperatures. However, since the
majority of target events in this research occur in theradter into early evening, it was
deemed that examining the differences between maximum temperatuisye3@Ts

would be appropriate.

22



Chapter 4

DATA & METHODS

4.1  Data Collection & Bay Buffer

NCEP Stage I\precipitation data wrecollected forthe spring, summer, and fall
seasonsf eachyear between 2008020 for the region around the Chesapédzdkg
(Figure6). Winterdata weranot collected due to a general lack of either intense, or
convectively active precipitation evemisring the winter monthg-ollowing the
collection of precipitation data, a shapefile was created in GIS that followed the shoreline
of the Chesapeak®ay (Figure7). This shapefilavasconstructed by hand in order to
avoid tre tributariesand marshlands that surround Begy, with the goal being to create a
simple border ofthe Bay. In order to construct the shapefile, a basemap was imported
into GIS, and th shoreline of thBay was manually tracedgnoring the mouths of

rivers, streams, and gute create a polygon of thgay itself.
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Figure6: Spatial coverage of levdldata collected for event identificatio
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Figure7: Manually constructed polygon of the Chesapédzde ignoring the mouths of
tributaries and widespread marshland

24



After ashoreline polygonvas created, a 2®ile buffer was established around
the Bay within which precipitation on each side would be examifieégure8). A 25
mile buffer was chosen as a compromise between the need for sufficient data for analysis
and the need to isolate thre¢ impact of th&ay on precipitation totalsThe buffer

shapefile was thelbroken intotwo, defining points both west and east of Bagy.

Esri, HERE, Garmin, USGS, EPA, NPS

Figure8: 25mile buffer established around the Chesap&sdyepolygoni this buffer
was used for event identification

As level-4 points directly over thBay have no means of being reliably gauge
corrected, these points were matludedin theanalysis. As such, any points that fell
within the polygon of th®ay itself were flagged and excluded from the dataset. The
same is true for points that are locatedrahe ocean, meaning that a relatively large

number of points in the portion of the buffer east ofBhg - specifically, those points
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offshore of theeastern Shoref Virginia - were excluded. While this exclusion was

needed for analysis, removing thelsga did reduce the number of points east oBtne

to 85% the size of the number of points west ofBhg Statistical adjustments were

made at later stages of the research to adequately account for this diffemntsethat

lie over tributary rives & streams on either side of the Bay were determined to be close
enough to inland gauges, as well as critical enough for analysis, to be included. Figure 9

shows thdinal spatial coverage dével4 precipitation grid pointe the study area.

288
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Esri, HERE, Garmin, USGS, EPA, NPS

Figure 9: Spatial coverage of levepoints contained within the 2&ile buffer.

4.2  Level-4 Precipitation Datai Description & Justification of Use

Level4 radar derived precipitation dateea national mosaic product provided by

NCEP that produces hourly precipitation totals based on-gersor (radar and rain
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gauge) measuremeni&his producthas beerreated by each of the 12 river forecast
centers over the contiguous US since December 2001, and archived since January of
2002. The study area for this research is located entirely within the Middle Atlantic River
Forecast Center, based in State Coll&ge, Daily, 6hour, and dhour precipitation totals
(mm) are available. For the purpose of this research, hourhadaiaed. Data is at a

4km x 4km resolution (sdeigures 6 and 7o view spatial resolution), which provides

suitablecoverage of the stydarea.

This remotely sensed product provides quatiyptrolled data at high spatial and
temporal resolutions. These two factors in particular make-fedaka greferable
alternative to raw leve2 radar data. Although lev@limagery has bothigher spatial
and temporal resolution, litas not undergone the rigorous quality control of ldveata
Additionally, there is no single standardized way to conegdl2 radar decibel level®
precipitation rates. All of these factors combine tkenevet4 datathe mostsuitablefor

this research.

There is the added issireusing level2 datathat, while the primary NEXRAD
station for the ChesapeaBay region, KDOX in central Delaware, has reasonable
coverage across the study area, data froonatshditional NEXRAD statiosy KLWX in
Sterling Virginia, and KAKQ in Wakefield Virginiavould have to be collected in order
to have complete, high quality coverage of the entire studyifarsimg levet2 data.
Level4 gridded data already incorporatélses regional radars to provide a consistent

radar product throughout the region.
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Another potential data souragsrain gauganeasuremerdata. While tiesedata
would certainly be the most accurate assuming the gauges are of high apudlity
regularly maintainedtherearenot a sufficient enough number siirface observing
stations on either side of the Chesapdadg particularly on thécastern Shoref
Maryland to use rain gauge dafghis lack of coverage is both spatial, and temporal, as
many stations surrounding tBay were either short lived (operational for a few years,
then deactivated/removed), or have spotty coverage with abundant missingeittiar
of whichwereacceptabldor this research_evel4 data provides continuous coverage
across the entire study area, both spatially, and temp@nallyly data) Additionally,
level4 data is gauge calibrated, so any available surface statiois dft@ady included

in the creation of this product

4.3 Event ldentification & Characteristics

Appropriate convectivevents could have been identified in a variety of ways,
usingboth automated aol manual approaches. It was determined that a hybrid
automateemanual approach was mastitablefor this researchThis involved sorting out
weak events in an automated fashion before manually viewing the radar imagery of each
event that was deemed stragmgpugh for potential inclusian the final datasefThis
decision was madeecause¢he manualcomponent of thapproach allowed eagiossible
event 6s radar i magery and sur fahleeshemaps t o

automated component drasticaligreased the efficiency of identifying target events.
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After collection of the precipitation dasadthe development of bufferaround
theBay, a script was written toyclethrough each year of data, and identify any hourly
time step in which at least 15 grid points experienced more than 8mm (.31 inches) of
precipitation. 8mm was chosen as the threshold for inclusion, agh®mins what the
USGS classifies as heavy precipibn Other threshold values were also considered,
namely 5mnhour, and 15mnhour,however 15mrhourresulted in a drastically smaller
dataset, while 5mrhourled to the inclusion of many particularly weakents Using an
8mmhourthresholdprodueda ddaset in which early spring and late fall were
underrepresentdad frequency of eventelative to thevarm seasanThis was not
consideredo be problematiasthe monthlydistribution of events generally magttthe
distribution of convective event fregacy in the regionThe threshold of requiring 15
radar pixels (4kniy 4km grid boxesncompassing40 knf) was chosen as a reasonable

value for a significant area of convective rainfall.

Once potentiatonvectiveevents were identifieth thisautomated manngthey
were manually examined using archived radar imagery provided by OBRR:
https://www2.mmm.ucar.edu/imagearchivaMis site has archived regional level 2 radar
mosaics at 30ninute resolutiorbeginning in1996 for some regions, amd2008 for the
Mid-Atlantic, with nearly continuous coverage. In the case that theremaseatfor
which data were not availabléevd-2 radardata werdlirectly downloaded from the
National Centers for Environmental Information (NCENCEI:
https://www.ncdc.noaa.gov/nexradipvénd the radar data visualization program

GR2Analystwas utilized to evaluate the event. The UCAR mgferencedabove has
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hourly radar/surface map composite imagery for the majority of events which were used
to determine the synoptforcing forthe rainfall. In events where the surface maps were
not available, thre@ourly surface maps from the Weather PridicCenter (WPC)
(Weather Prediction Centdrttps://www.wpc.ncep.noaa.gov/html/sfc2.sHtmkre

utilized to determine thgynoptic naturef the eventSynoptic forcings were categorized
using a methodology similar to that used by Skeeter et al. (2018), with each event
classified as either a cold front, stationary front, warm front, offraorial QLCS.

Further, it was specified whether or not each ewarst associated with an outflow

boundary.

In cases where it was difficult to determine whether a particular event should be
included using the regional radar mosaics,
event. Level2 data werelownloaded from NCElIdr each borderline event, and these
events were then evaluated in Z¥alyst, whichprovidesbetter temporal and spatial
resolution, as well as information on warnings and special bullfetirspecificstorms.

Thus, the leveR data were helpful in deteming whether some events were classified as

frontal linear or quadinear convective storms.

The following guidelines were used while evaluating potentalectiveevents
to determine inclusion in the study. If a potential event met ttréeeia, it was identified
as a confirmedonvectiveevent, and level data werecollected for the full duration of

t he stor més p Bayregog fer furtheraoalygsh t he
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1. The event must either be frontal in natupeeated by a direct frontphssage, or
as an outflow from a nearby frontal boundagr have a quasinear structure.
2. Both cold fronts and stationary fronts were included in this study, and have been
differentiated from each other. Cold fromgpically have a more linear
orientdion, whi |l e stationary fronts often sen
across th@ay. Even though the majorityf stationary fronts do not have a linear
structure, previouanpublishedesearch by the author shows that they are one of
the main prducers of intense precipitation events inthd-Atlantic region, and
as suchheir inclusion was deemexbpropriate
3. If an event was caused by an outflow from a front, rather than the passage of a

main frontal boundary, ivas included and labeled as@utflow boundary

4. The event could not simply fAtraind heayv
Bay. A static image of such an event can be sedéngare10. Events of this
nature would be difficult to evaluate using hourly le¢alata due to their long

residence time over thgay, and often spatially inhomogeneous structure.

Figurel0: Example of an event orthogonally trainipgecipitationacross thd&ay.

31



5. The event must be in a mature state by the time it reachstutheregion
meaning that if there is obvious weakening or strengthening of the event as it
approaches thBay, it was not included. Of course, many events will haneor
changes in strengtnoving west to east towathe Bay, as no event is static in
nature but events in states of obviotransitionwere avoided.

6. The event must be moving generally from west to east. Events that move up the
Bay or fAbackdoor o tvypé&nanglecodddegreesirern e n o't
either the southwest or northwestwused as the cutoff threshold for inclusion.

7. Dover 6s NEXRAD station (KDOX) must be o
impacting the area. If KDOX observations were not available, the event was no

included.

It is recognized that manual event identification has the potential to introduce bias
in the event selection process. However, @rguedhat the benefitof a manual
selection methodology outweighe negative aspeatisie to thenature of the systems
beingstudied AExpert analysiso has been used for
entire history of theliscipling and its utility for this researdh due to the mukliayered
identification procedureAdditionally, the inital automated component of requiring the
events be of a minimum strength and areal extent, as well as requiring that they pass

within the 25mile buffer lends additional reliability to the subsequent manual analysis.
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4.4  Event-Specific level4 Data Collection & Management

Once allconvectiveevents were identifiedevel4 data for each event were
collected on a smaller domain around Bag. While data collection was ongoinCEP
changed the gridding scheme for their le#@ata, whichresulted in slightly mismatched
pointsbetween many event$hepoints from data downloaded before the gridding
switch werdocated approximately 418 meters to the north northeast ofatlapoints
collected after the gridding switcRather than rgridding or reedownloading the datat,
was decided that two datasets would be ysele wi t h finewd gridded d

Aol do g a asdhd isstibad re tmpact on thesults.

Once all level data werecollected, each evemtasii t r i mme dI8 usi ng G
software (ESRI; ArcGIS Pro)n the trimming processach hour of data were inspected
and any grid cells frorprecipitation that fell within the buffer around the Chesapeake
Bay, but were not directla result of thearget eventvere removedLeading o trailing
stratiform precipitation, or precipitation associated with other nearby events were the two
primarysources of data that wetimmed from each evenAn example of the trimming
process can be seenkigurell. This process was critical for g reasons. First, it
ensured that light stratiform precipitation, whibuld impact the resultsvas not
included inthe precipitation for each ever@econd, it ensured thainfall that wasnot
directly associated with theainconvectiveevent (e.g.an airmass thunderstora small

pref ront al squall, etc.) were not included i
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ensured that portions of each event that did not actually cross the Ched&2g@eaieee

not included inthate ve nt 6 s mtotadsc i pi t at i o

The trimming process, while accomplishitig primary goal of filtering each
event 6s dat gredpdationreldiegto themairt canvettiveevent, provided
added benefitsTrimming afforded the opportunity to perform a firagh-resolution

guality control on the datassuring thabho anomalougrecipitationvalueswerepresent.
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45 NnStorm Swat hso

After all precipitationdata were trimmedhedirectioneach storm took in its
movement across thigay wasconsideredldentifying the direction of movement of an
event was critical for further analysis, both for examining the effect of storm direction of
travel on weakening/strengthening of precipitation, and for examining storms based on
their position relative to thBay (i.e., northerrBay, centralBay, southerrBay). For
example, if an event is traveling from the northeast, a part of the event that crossed the
Anort her noBayaapdn theWestdrn Shdmeeuld make landfall on the
Eastern ShoreftheBaywi t hi n tCahet Aidlbot hegi on. Li kewi se
event that fall within the northern region to the east oB#ngmay not have even crossed
theBay at all if its movement was northwest tauteeast Initially, creating a set of 45
degree Anotchesd at the north and south po
sufficient fix for the issue of capturing only data that crosse@#yadirectly, but this did
not address the issue of regab analysis. Considering storm direction explicitly while

trimming would ensure that boffotential issues were completely addressed

In order to identify the direction of motion of each eyeadar imagery was e
examined, and thanglerelative tomovement directly easwvas determined within-5
degree intervals betwee#5 degrees (i.e., travelifgpm the southwedb the northeast)
and +45 degrees (i,dravelingfrom the northwesto the southeast). No events exceeding

45 degrees in either directiovere included in the dataset. While mommmon, in cases
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thathad multiple portions of the event moving in different directions, the average

between the directions wased.

Once a direction had been est-4adbthi shed f
were analyzed inGIS. Using one of a series of 19 polygatesrepresent each of the 19
possible directions of travel betweetb and 45 degreethedatawerdit r i mmedo a f i
time to only include data that fell within the appropriate polygon. Additiona#lycan be
seen inFigurel2, each polygon was split infour rectangular quarters, allowing a new
column to be added to each eventodos dataset
region- north, northcentral, souticentral, and soutlAn example of this storrtrack

trimming process can be seerfigurel?2.

Of note, the 4&legree notcheseeFigure9) that were cut into theorthern and
southern parts of th&udy area caused a small number of points in the far southern
reaches of thevestern side of thBayto be excluded for any events which had directions
of motion ofless than 25 degrees. Data for these poietere-downloaded for each
event, and rérimmed when needed to exclude stratiform or-temget portions of the

event inorder to have a complete dataset for each event.
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Subsequentlylevel2 data were imported im GRAnalyst in order to determine
the speed of each event. Event speeds were determined on both a storm specific level,
and zonally. For the storm specific methodology, specific cells or portions of each storm
were identified, a starting point was placedsRAnalyst over that spot, the imagery was
moved forward as faraswasneetted adequately tr aclkenthdhe st ot
distance that part of the storm had traveled was determined using built in functionality
present in GRAnalyst which allowké distance in nautical miles to be measured from a
starting point. To convert theasm specific speed to a zonal speed, a trigopnometric
adjustment was made using the distance travelethamohgle of travel to determine the

distance to the east the stohad traveledallowing calculation of the zonal speed

The end product of this process was a complete dataset of event total precipitation
values with each pointategorized by latitudinal regisrwhich are based on the storm
swaths Additionally, eachevent was categorized by direction of travel, speed (both

stormspecific, and zonal), and synoptic cause.

4.6 Additional Data

SSTdatafor the Chesapeak®ay were needed to examine the possible influence
of theBayd surfacetemperatures on precipitation totals. It was determined that satellite
derived SSTdata werdhe optimal data source. Budgta wereonsidered, but due to the
general lack of buopased ST data in the ChesapedBay, satellitedata werechosen as

they provided a much higher spatial and temporal resollfieekly averag8ay SSTs
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were collected for evergonvectiveevent, with the day of the event marking the last day

of the severday aveageSST valuesWeekly averages had to be used rather than daily
averageébecause many events had little to no data available ovBathen the day of a

given event, as oftethe Bay was cloudcoveredon the day in question, making the

collection of SST information by satellite impossilDeEcasionally even weekong

averages provided insufficient spatial coverage oBidne In such cases, weekly

averages were moved forward in time day by day untéekly average that provided

adequate coverage was identified. Typically, moving forward betw&etiay/s proved
sufficient. Each eventoés SST data were the
swathgsdiscussed in the previous section, providing thiéta to examine SSTs in a

regional manner as well.

NCEP/NCAR reanalysis data 850 mb temperatures over the Chesapdzdke
Region weralsocollected(Kalnay et al. 1996)The Chesapeak®ay sits between four
grid points in the NCEP/NCAR dataset, with imdividual point directly over thBay
(Figurel3). As such, data for all four of these points were collected for the hour closest
to the start time of each event, and the ave8&Qanb temperaturef those points was

used as th850-mb temperature.
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Figurel3: Location of NCEP/NCAR Reanalysis grid points.

Stability data were required to further examine possible driving factors of any
changes the events experience. NCEP/NCAR was also an option for stability data,
however it was determined that a higher spatiotemporal resolution was desired for this
portion d the research. As such, ERAsatellitebased convective available potential
energy (CAPE) reanalysis data were collected for the domain around the Chesapeake
Bay. These data were collected for the hour just before the event entered the buffer that
was efablished around thBay, which allowed the environment which the storm was
entering to be captured. Both the average and highest value of the CAPE across the
domain pictured ifrigurel14 werecollected. A domain larger than the study area was
utilized in order to better capture the entirety of the environment the storm was entering
A land mask was established in order to exclude values for grid cells located over the

Atlantic Ocean.
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Figurel4: Domain and resolution of ERBACAPE data utilized. Yellow cells were
included in the analysis, while blue cells were not.

In addition to the synoptic analysis which manually identified the surface forcing
mechanisms associated with easlent, additional information about the state of the
atmosphere associated with each event was desired. The temporal synoptic imdisx (TS
a weather type classification scheme which assigns each day to a particular synoptic

category, doing so by definirgach day in terms of ten meteorological variables:

1. Air temperature
2. Relative humidity
3. Air pressure

4. Wind speed
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5. Wind direction

6. Cloud cover

7. Maximum temperature
8. Minimum temperature
9. Precipitation

10. Hours of sunshine

TSI weather types for Philadelphia, RAe closesappropriate statioto the
study areawere collected for the day ohehevent. Weather type classification analysis
is a hallmark of climatological researf¥iarnal, 1993) Additionally, utilizing the T$
removes the need for a dataeensive and timeonsuming synoptic flow analysis, while

increasing the replicability of the research.

4.7  Statistical Analysis

The final product of the processastlined abovavas two datasets for each event
- one that contained gridded data of precipitation totals to the west Bathand one
with the samdo the east of thBay. A series of-tests were conducted to determine
whether there was a statistically significarftetence in precipitation totals from one
side of theBay to the other. Thesetésts used the-tailed, and Zsample of unequal
variance optionsTwo-tailed tests were usex$ the purpose was to identify significant
differences between the east and weltssof theBay, not to explore the nature of those

differencesTwo-sample of unequal variances were usethastandard deviation was
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assumed to be unequal between the two sides &ayd-or testing purposeboth
unequal and equal varianceest méhods were examined, and produced the same

results

Precipitation data igenerallyleft-skewed with more small values than large.
However, the datasetssed in this researd@re large enough @400 for both sides of the
Bay) that the assumptions reqeir for usage oftests regarding thaistributionof the
data are adequately met. Even for finer scale regional analysis, sample size was still
considered to be sufficient to avaidficulties caused by lefskeweddata. Additionally,
there is thdikelihoodof zeroes being presewith precipitation data, whicbanincrease
the skewness of the dafo alleviate thisissug, er o val ues were repl ac
values and not included the analysisT-tests wereompletedooth with and without
zeroesiitially, but results were nearly identicklurther transformations beyond the
removal of zero values, oise ofnonparametric alternatives to thegst were
considered, but thetest wagletermined to ba sufficient means of statistical analysis

given itscommonusae, andthelarge sample sizassed in this study

After t-tests were used to identify the presence or absence of a statistically
significant difference, it was then necessary to determine the nature of the difference for
each event, specifically whether the eastern side or western sideBafytbgperierced
more precipitation. This was done in four ways) finding the number of cells on each
side of theBay that fell above the 90th percentile of the full data®gfinding the

percentage of cells on both sides of Bag that fall above the 90th perdéa (the
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percentage of cells accounts for the fact that the eastern sideBaythas fewer points

than the western side, with varying degrees of difference depending on the storm swath
angle),3) finding the value of the 99th percentile for both sidetheBay, and4) a

simple average precipitation value for both sides oBléne As was the case for the t

tests, these values waralculatecexcluding zero values.

Each of the four methods have benefitaw averages allow the entirety of each
eventto be represented, the value of the 99th percentile allows for the areas of each event
thatreceivedthe heaviesprecipitation to be the focal point of analysis, and the number
and/or percentage of grid points that fall above the 90th percentilesdtowapturing
the heaviest precipitation but not limiting the number of points for anak@iase of
interpretation, and because the majority of results were very similar regardless of
methodology, the results will be presented utilizing the adjustégp@@entile

methodology in most cases.

4.8 Tornado Climatology

The tornado track datasedis from the SvrGIS dataset produced by the Storm
Prediction Center (SPQpvrGIS Datasetttps://www.spc.noaa.gov/gis/svrgisr his
dataset providdall recorded tornado tracks from 198019 as a GIS shapefile, in which
basic information about each storm can be examiegd,¢trength, path length, width,
injuries, etc.)This portion of the study will utilize the entirety of the SvrGIS datset

the periodl950through 2019though it is recognized that track data prior to the region
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wide implementation NEXRADWSR 8 D radars in the early 19¢
incomplete, as many small events went undetected before the advent of reliable radar

technola@y.

The same border around the Chesap&algthat was created for the examination
of precipitationdata werautilized to identify target tornado tracks. A series of 45 degree
Anotchesodo were tri mmed away f rheeastandwestnor t h
sides of the buffer, to generally replicate typical storm tracks in the area, and avoid
including tornadoes that occurred either directly north of, or directly south Bithe
Any tornado tracks from the SvrGIS dataset that intersedtédowe of the two buffers
were categorized as either a west side storm, or an east side storm. There were no tornado
tracks that were entirely over tBay itself, so no added trimming was needed to remove

such events.

Event occurrence was examined in a number of ways. A basic temporal analysis
was performed to examine annual occurrence of tornadoes within the study area, however
due to limitations in tornado track data prior to the installation of NEXRAD stations in
thearea, no added statistics were conducted. The distribution of tornadoes by month was
examined, as was the distribution by Enhanced Fujita Scale classification, and path

length, all of which is data that are contained with the SvrGIS dataset.

An in-depthanalysis of the instability characteristics of storms after 1979 was
conducted as well, examining Convective Available Potential Energy values associated

with any tornadoes of EE or greater strength. However, this research was conducted as
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part of a rehted ongoing study, and was not performed by this author. As such, no

stability-based findings are presented within this dissertation.

A synoptic analysis was performed for each event to determine the root cause of
each tornado. Synoptigpes wee classified following the samgrocedureas part one of
this study, with possible categories being: cold front, stationary front, tropical, air mass
(i.e.,no strong synoptic scale forcing), low pressure, or a combination of these
classifications. Theseaases were determined by manually evaluating archived surface
weathemaps, as well as radar imagery when available. It is recognized that a manual
synoptic analysis has the potential to introduce bias, however manual expert analysis has
been a staplewithn c |l i mat ol ogy since the scienceobs
of t he A c ategbriisnnenhdedtmease concerns of choosing one syrtgpgc

over another when there are multiple possible causes
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Chapter 5

RESULTS

5.1 Full Study Area Findings

5.11 Full-Area Occurrence

During the period ofecord 20082020, 247frontal or quasiinearevents were
identified using the methodologies discussed abdkieinterannualistribution of
eventdss shownin Figurel15, while theannual cycle of eventsan be seen iRigure16.
Theinterannual distribution of events is a resultloé nature of the atmospheric
circulation in a given year, and the number of frontal convective systems crossing the
Bay. The annual cyclef events indicates that the number of events peaks during the late
spring and early summer and is a minimum in the shoulder seasons. This annual cycle is
clearly tied to the instability of the atmosphere and the likelihood of convective activity

througlout the year.
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Figurel5: Total number of events each year, regardless of significance, fror22QQ¢
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Of the 247 events, 193 (78.1%) were determined to have a statistically significant
(p < 0.01)difference in precipitation totals between the eastern and western sides of the
Bay based orthe twotailed ttest That total increases to 207 (83.8%) if a 95%
confidence level is usadstead.The results that followsethe 99% confidence levgb

< 0.0Ll) unless otherwise stated
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Once events with significant differences were identified, the nature of the
differences were examined via the methods previalisussedThese analyses were
conducted only for eventsith significance of p < 0.QJExaminingthe average
precipitation on both sides, 105 events had more precipitation to the wesBafythe
compared to 88 events having more precipitation to the east Bath&xamining the
number of grid points on each side of Bey that fell above the 90tpercentile of the
entire study area, again 105 events had more grid points above the 90th percentile to the
west of theBay while 88 had more to the east of BBay. Adjusting those results to
account for the difference in size of the eastern and westks af theBay by
calculating the percentage of the grid points on each side that fell above the 90th
percentile, 103 events had a higher percentage of grid points above the 90th percentile to
the west of th&ay, while 90 had a higher percentage to tasteFinally, calculating the
value of the 99th percentile for both sides of Blag for each event, 106 events had a
higher value to the west of tiBay, while 86 had a higher value to the East ofBlag -
two fewer events are shown in this final comparison because two events did not have
enough cells to calculate a 99th percentile value east &apeA full breakdown of
these results, as well as results for the 95% confidence level, can be $aHr in As
all four methods showuite similar results, most findings that follow will use only the
adjusted 90th percentile methodology whisbelievedto be the mostobustmethoddue

to the adjustmenfior the smaller size of the eastern side ofBhg.
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Tablel: Total number of events for both a 99% and 95% criteria that were significantly
stronger on either side of tiBay based on the four modes of analysis. Additionally, the
total number of nowignificant events is included.

99% (nfidence Events 95% nfidence Events
Avg - West Stronger 105 Avg - West Stronger 110
Avg - East Stronger 88 Avg - East Stronger 97
Num >90th - West 105 Num >90th - West 113
Num >90th - East 88 Num >90th - East 94
Adj. 90th - West 103 Adj. 90th - West 111
Adj. 90th - East 90 Adj. 90th - East 96
99th Percentile- West 106 99th Percentile- West 114
99th Percentile- East 86 99th Percentile- East 92
No Sig. Diff 54 No Sig. Diff 40

Each methodology yieldsmilar resuls: of events that experience a statistically
significant difference in precipitation totals between the sides @alyethe majority of
those events produce more precipitation to the west @dli¢han to the east of it, a
significant finding which aliga with anecdotal evidencdt is important to examine how
this phenomenon varies throughout the yEayure17 uses the adjusted 90th percentile
results to show thannual cyclef eventghat were strongesn both sides of thBay. In
the months of MayJune, and July, events are far more likely to produce more
precipitation to the west of tHgay than they are to the eaBuring April, September,
October,and Novembemnore precipitation typically falls east of tBay than to the
west, though this temahcy is less pronounce@f the 21.7% of events that were not
significantly different, only March and April had naignificant events as the most

common occurrence.
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Figurel7: Total number of events that were stronger to the west &ayérange)
stronger to the east of tiBay (blue) and that experienced no statistically significant

difference between the sides (gray) at a 99% confidence interval. The side that is
istrongero is based oftperteftie methodogyl t s o

While the months of May, June, and July still have more etkatsvere stronger
west of theBay than are either stronger east of Begy, or are not significantly different
on either side, only the month of July has more evbatswere strongeo the west of
theBay than the other two possibilities combined. Even so, across these three months it is
much more likely that a significantdintal or quaslinear event will produce more
precipitation to the west of tHgay than it is that the event will produce more
precipitation to the east of it, or that it will not experience motablechange. November
is the only month in which all evenexperienced a significant change, witmotable

signal towards events being stronger east oBthe Similar to early spring however, that
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sample is also adversely affected by a small number of events, and would be interesting

to evaluate using a lowerecipitationthresholdn future research

Figure2 of the climate summarghowedhat during most months of the year
areas to the east of tBay receive less precipitation than areas to the west of it. Specific
to May, June, and July the easterresidl theBay typically receives around .3 inches less
precipitation than the western side of Bey. The phenomena examined here likely
plays anotablerole in thatdifference Except forthose three monthslimatologically
every month between March aNdvember experiences less precipitation east oBtye
- though only September and October experience a particalatdypledifference, of
approximately .3 and .2 inches less precipitation east @dlieespectively. The only
months in which the easteside of theBay receives more precipitation than the western
side are the winter months, which were not examined as part of this research due to a lack
of convective eventsi.e., they should not bmeaningfullyimpacted by th&ay, as their

character is less tied to boundary layer influences.

The sections that follow will evaluate other factors that may play a role in the
observegrecipitation differences from one side of Ba&y to the other. Thesaclude
stormangle of travelspeedsynoptics, stabilitydiurnal influencesandChesapeakBay
SSTs. Following those analyses, the dathbe dividedinto latitudinal regionsand

similar analyses will be conducted for each region
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5.1.2 Angle of Travel

Storm angles of travel were divided into fivejorcategories to correspond
roughly to compass directionsive-degree increments were used to further divide the
data in each of the major directional categories. This resulted in 19 different possibilities
for the angle of travel for each storm includifigm the southwest45, -40,-35), from
the west southwest30, -25,-20,-20), from the west-10,-5, 0, 5, 10), from the west
northwest (15, 20, 25, 30), or from the northwest (35, 40,14H)le2 shows the
distribution of events that fell within each angle of travel category, showing for each the
total number of events, the total number that experienced a statistically significant
change, and the total number for those that experienced a signifieenge that were
stronger to the east and west of Bay, using the adjusted)th percentile methodology,

with both raw totals and percentages given.

Table2: Total number of events that were stronger on either side &ayeand that did

not experience a significant change, based

the direction the events travelled from.

Angle | West Stronger | East Stronge| No Sig.Diff.
NW 6 3 2
WNW 28 10 I

w 39 31 21
WSW 15 20 16
SW 15 26 8
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The category with the most events was betweelD#degrees, or generally from
the westwhich accounted for 36.8% of all events with 91. Of those 91 events, 70
(76.9%) experienced a statistically significant change between sides, with 39 (42.9%)
being stronger to the west of tBay, and 31 (34.1%) being stronger to the East. Events
traveling from the west southwesBQto -15) hadthe next most events with 51, whilé

events travelled from the southwest.

The results for storms traveling from the southwest wasxpectely striking.
Of the 49 events, 26 (53%) were stronger to the edbed@ay, compared td.5 (30.6%)
that were stronger to the west, and 8 (16.3%) that experienced no sigmf@eipitation
change. Events traveling from the west southwest presented similar results, with only 15
(29.4%) events being stronger to the wdghe Bay, while 20 (39.2%) were stronger to
the East, though 16 (31.4%) events experienced no significant change when compared to

southwest events.

The category with the largesest/east differenceereevents traveling from the
west northwest. Of theddevents that fell within this category, 28 (62.2%) were stronger
to the west of th8ay, while 10 (22.2%) were stronger to the east,ddridonly 7
(15.6%) events experienced no significant chakgally, only 11 events had an angle of
travel from thenorthwest. Of those 11 events, only two did not experience a statistically
significant change, while six were stronger to the west oBthye and three were

stronger to the east.
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These findings appearsuggesa connection betwéen a
travel and whether that event is likely to be stronger or weaker after crossBaythe
Events that travel from the southwest are more likely to be stronger to the eaday,the
while events that travel from the northwest are more likely to be siraaghe west of
theBay. Events that travel generally due west are slightly more likely to be stronger west
of theBay than to the east, but they are also quite likely to not expersigicdicant

differences in precipitation

5.1.3 Storm Speed

Storm speed in knots was divided into fegualsizedcategories for both zonal
(west to east) and stormlative speeds for ease of analyBigure18 shows a box &
whisker chart for both zonal and storm relative speeds, while the total number of events

that fall into each of the five categories can be sedialite3.

56

st



Zonal and Storm Relative Event Speeds (kts)
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Figurel8: Box & whisker plots of zonal speeds (left) and stoehative speeds (right) «
events.

Table3: Distribution of events that were stronger on either side d#ydased on eve
specific speed (left) and zonal speed (right)

Storm

Speed Zonal Relative

West East No Sig. | West East No Sig.
Category | Stronger Stronger Diff Stronger | Stronger | Diff
1 (Slowest) 29 14 7 34 11 6
2 23 17 9 21 18 11
3 21 16 13 18 18 12
4 18 20 13 19 17 14
5 (Fastest) 12 23 12 11 26 11
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Beginning with zonal speed, the five categories wiefened asspeed <= 21.6
kts, 21.6125.86 kts, 25.8B0.0 kts, 30.440.85 kts, and speed >= 40.86 Kike slowest
moving stormsvere far more likely to be stronger to the west ofRlag, while the
fastest moving storms were more likely to be stronger east 8jdn the slowest
category 29 events were stronger to the west ofBag compared to just 14 being
stronger to the east of it, and 7 without a significant difference. Conversely for the fastest
class, only 12 of47 events were stronger to the westteBay, while nearly double that
total were stronger to the east of it, with 23 events in the fastest clagdl not
experience a significaprecipitation differenceThe second and third slowest classes
also showed bkelihood for events to be stronger west of Bay, and with more non
significant events (237:9 and 2116:13 respectively). The second fastest class had a

much more even distribution across all thpessibilities (180:13).

Stormrelative speeds show even more striking results than zonal speeds for the
fastest and slowest classes. For the slowest class, 34 events were stronger to the west of
theBay, compared to only 11 that were stronger to the@fas and 6 with no significant
precipitationdifference.Conversely the fastest class had 26 events that were stronger to
the east of th8ay, compared to only 11 that were stronger to the west, and 11 that
experienced no significant change. The imediate classes all experienced relatively

even distributions across the three possible options.

Results for both methods of storm speed categorization yield similar results

Storms that travel slower have a higher likelihood of being stronger to theitbst
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Bay, while storms that travel faster are more likely to be stronger to the EastB#ythe

or experience no statistically significant difference between sides.

5.1.4 Synoptic Cause & TSI

Of the 247 events examined, 170 were associatedcodithfronts, 63 were
associated with stationary fronts, 13 were associated wittiraotally forcedquast
linear convective systef@LCS) events, and one was a warm front that produced a
guastlinear event. Of the 170 cold fronts, 52 of those were adsdomith outflow
boundaries rather than the actual frontal boundary, and of the 63 stationary fronts, 23

were associated with an outflow boundary.

Figure19 shows the distribution of events that were stronger on both sides of the
Bay for each synoptic type. Cold fronts show a relatively even distribution between east
and west with only a small difference, while also accounting for approximately 74% of
all events that did not experience a statistically significant difference, owing to the strong
dynamic forcing that is typically present in cold fronts. Stationary fronts show a
preference towards being stronger to the west oB#hyewith 32 events compared to
only 18 thatwere stronger to the east. N@montal QLCS events showed aven
distributionwith 7 being stronger west of tigay, and 5 being stronger to tkast
Furtherdividing cold and stationary fronts to examine only outflow events produces
similar results Figure20), with cold fronal outflows producing a relatively even

distribution, and stationary frontsore ofterbeing stronger west of thizay.
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Synoptic Causes
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m West Stronger ® East Stronger ®No Sig. Difference

Figure19: Distribution of events that were stronger on either side @dalydased on th
synoptic pattern.
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Figure20: Distribution of outflow events associated with cold fronts & stationar
fronts, as well as the overall distribution, that were stronger on either sideRxytl
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Both cold fronts and stationary fronts have been further broken down into a
monthly distribution Figures 2% 22) to see if they generally match thesultsshown
across the full study areBocusing on May, June, and July, the months with the largest
differences, it appears that stationary fronts are the primary drivers of tharidauly
differenceswhile cold fronts are the main driver obtein June. Outside of thday
through July periodfew stationary fronts were identified, likely duenmre meridional
mid-tropospheridlow patternsduringthe shoulder seasons. Coldrits are morékely
in April andtheautumnseasonand are more likelto produce heavier precipitati@ast

of theBay.
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Cold Front Monthly Distribution
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Figure21: Monthly distribution of cold frontal events that were stronger on eithe
of theBay.
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Figure22: Monthly distribution of cold frontal events that were stronger on e
side of theBay.
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To further explore the synoptic characteristicshef ¢évents, a Temporal Synoptic
Index approach was utilize@ihe TSI classification for each event was collectaad the
results are givem Table4. Any TSl classification (synoptic typeayith adifferenceof at
leastfour events printed in boldand color coded (orange if there were more events
stronger to the west of thigay, and blue of there were more events stronger to the east).
The TSI maps for all classes associated with any of these eweirtsluded in the

appemlix.

While the majority ofT Sl classes have either mostly even distributions of events
that were strongen either side of thBay, or simply have a very small number of
events, iive classes stand out as having largast/wesBay precipitation differenes
types2019, 30103015 and 3034vhich have more eventkat were strongdp the west

of theBay, and 4035 which has more evetitat were strongdp the east of thBay.

TSI12019 isa spring (MAM) synoptic typeharacterized by a broad surface low
over the southern Great Plains. Tpaternwould produce generally southwesterly flow
through the southeasnh UStowards the ChesapeaRay region, which would likely
lead to conditionsuitablefor convective eventd SI 3010 isa summer synoptic type
characterized by an offshore high pressure system and zonal flow aloft which creates
convection encouraging warm air advect{gvAA) across the study arebBSI 3015(also
a summer typeghows signs of being associateitima notablecold frontal event, evident

both fromtheisobars of surface pressure, dhdstrong surface temperature gradient
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Table 4: Distribution of TSI classifications for events stronger on both sides of the Bay.

TSI West Stronger | EastStronger | No Sig. Difference
2001 2 3 0
2002 1 0 4
2009 4 7 4
2010 1 3 1
2015 1 0 0
2016 0 2 1
1 3
1 0
7 5
0 1
1 2
1 2
4 2
3 2
4 3
1 1
3031 19 17 6
3032 2 5 3
3033 1 0 0
3034 [T 7 5
4006 1 2 0
4020 1 1 0
4032 1 4 0
4033 0 1 0
4034 1 1 1
4035 o [T 8

present west of the study area. This class had the strongest ratio otlesewere
stronger more often to the west of 8@y, with 10 events that were stronger to the west

compared to only one that was stronger to the edmle also only having onevent that

64



did not experience a significant differen@&Il 3034 (summer typehas a more active
synoptic setup than the four othgatternsand is marked by a large low over Eastern
Canada with meridional flow aloft, indicative of a cold frontal pasdégdy one

moving more so from the west or northwest rather than the southwest. Lastly, the lone
class with more events that were stronger east d@algeT S| 4035(an autumn synoptic
type) isassociated with a strong high pressure offshore which sraatarea of WAA

over the region. This WAA overlaps with an acé presumed positive vorticity

advection (PVA)n the area of uppédevel divergence downstream of the trough
creatingstrong dynamical forcing for asceithisis the only TSI clasg which more

eventswerestronger east of thgay than west of it.

The classification with the most eventd1S1 3031 (a summer synoptic type)
which ismarked by a surface high pressure system east of Bermuda, and broad surface
low pressure ovamnortheastern Canada which act together to create an area of warm air
advection over the region. Additionally, there is relatively zonal flow aloft with a weak
trough approaching from the wegthen utilizing the adjusted 90th percentile
methodology, theres noappreciable difference in the precipitation from one side of the
Bayto the otherHowever, when using the 99th percentile methodologyptable
differenceoccurs with more events having a higher 99th percentile value to the west of
theBay (21:15). This indicates that th&g/noptic pattermay havesimilarities to those

discussed above.
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To summarize the major conclusions of the synoptic anathsprecipitation
associated witstationary front$endsto be stronger west of tigay more ofterthan to
the eastIn addition, synoptic types that are dominated by atableatmosphere over
the region also tend to hatieaviemrecipitationto the west of th8ay. Thesefindings
led tofurther investigation of the role that instability playghe alteration of storms

while crossing the Chesapeake.

5.1.5 Stability (Convective Available Potential Energy- CAPE)

CAPE values showed great variability across the events examined. 51 events had
maximum CAPE values under 500ules pekilogram (J/kg) while 128 events had
maximum CAPE values above 150g When examining the average CAPE of the full
domain, 122 events had average CAPE values below/&Q0while only 31 had average
CAPE values above 15Qkg Figure23 presents a bkand whiskeplot of the CAPE
distribution of all eventsSimilar to previous sections, CAPE values have been divided
into classes for analysis, with sxjuatsizedclasses used due to the wide range of values

for both max and mean.
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Figure23: Boxplotsshowing the distribution of mean and max CAPE values for all
events

Examining maximum CAPE firsfT@ble5) the results appear to indicate that
events with higher maximum CAPE values are more likely to be stronger to the west of
theBay, while those that are associated with exceptionally low CAPE values are more
likely to be stronger to the East of tBay. The three classes with the highestximum
CAPE valueg15352261, 22623111, and 311-5569J/kgrespectively all show a
notabledominance of events stronger west of Bag. TheseCAPE categoriealso have
the three fewest number events that showed neignificant change, showing that high
CAPE events are more likely to bdluencedin eitherwaywhile crossing th&ay
compared tdow CAPE events. The class with the lowest CAPE valggsesenting

CAPE between 1B66J/kg shows that exceptionally low CAPE events are more likely
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to be stronger to the east of BBay, theonly categorywith such a signal. The classes
with the secondrad third lowest CAPE value@67-938, and 9394525J/kgrespectively
show a relatively even distribution between evémds were strongesn both sides of the
Bay, but also have the two highest numbers of events that experience no significant
changesupporting the finding thdtigh CAPE eventare more likely to be influenced by

the Bay

Table 5: Distribution of events that were stronger on either side of the Bay organized by
maximum CAPE.

Max CAPE | West Stronger | East Stronger | No Sig. Diff.
1 (Lowest) 10 20 11
2 15 13 13
3 15 14 12
4 22 14 6
5 22 17 2
6 (Highest) 19 12 10

Examining fullkdomain average CAPH able6) values yields similaresuls, but
with key differences. While the class with the lowest CAPE valuessstidminatedy
eventsbeing strongeeast of théBay, the class with the second lowest CAPE values (72
207 J/kg) now has a stronger signal of ev&bting stronger west of tiBay, while
simultaneously having the most events with no significant change. Additionally, while all
three of the classes with the highest CAPE values still have more strentgewest of
theBay, and markedly fewer eventsat experience no significant change, the classes
with the highest and third highest average CAPE values do nobhateng a signals

is the case with maximum CAPE.
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Table6: Distribution of events that were stronger on either side déyarganized by
full-domain average CARE

Avg CAPE | WestStronger | EastStronger | No Sig. Diff.
1 (Lowest) 12 21 8
2 17 10 14
3 15 14 12
4 18 16 8
5 22 14 5
6 (Highest) 19 15 7

These findings indicate that events that are drivemm$tability, which indicates
strong ties to thiower troposphereather than byipperatmospherelynamic forings
are more likely to have their character modified while crossin@#yeand more likely
to be weaker to the east of tBay than to the west. This point will be discussed in more

detailin the discussion section.

5.1.6 Diurnal Influences

The start time of each event was recorded, and is defined as the hour at which the
evententers the study areleigure24 shows the distribution of significant everitst
were strongeon each side of thBay based on start time. As can be seen, there are
generallyasmall number of events that enter the region in the overnight hours between
10:0mand 11:00 am, with the majority of events arriving from midday into the early

evening.
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Event Start Time Distribution

16
14
12
10
8
6
4
: I | |
o nln I unmn I I I n in
S S Y*@@YS\S\S\@\Q@Q@Q@Q@g@Q@Q@Q@ Q@ w*@\ &
NN SN SR SEN SN SN SN SN SEN I INEURNSIEN SN SEN SN SN
O AT A AT @ N W T A AT S T AT S P

West Stronger mEast Stronger

Figure24: Distribution of events that were stronger on both sides @dlhdased on event
start time.

Events that arrive at 12:pthand 1:0@m arelikely to be stronger west of the
Bay, as do events that arrive at 3009 particularly wherexamining the 99th percentile
values. Events that arrive at 2@ and 4:0@m show the opposite, as thayetypically
stronger east of thBay or have no significant difference. Collectively, these early to
mid-afternoon events have a slightly higher ateanf being stronger west of tBay,

particularly when examining the 99th percentile values.

Events that arrive between 58 and 8:0@m aresignificantlymore likely to be
stronger to the west of tigay, particularly events that arrive at 50, which had 13
events thatvere stronger west of theay, compared to only three thatre stronger to
the east. Depending on the methodology usedp&@hd 7:0pm events have strong
tendency tde stronger west of tHgay, though there are a large numbenof-

significant events in the 6:p@n category. Collectively, these late afternoon events had 38
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eventgthat were strongewrest of theBay compared to 1¢hat were strongep the east,

and 14 that did not experience a significant difference.

The above results are ftire complete datasdt is prudent when discussing
diurnal influences to focus specifically on events that are oveBdiéor a shorter
amount of time, athose events are only going to experience one diurnal gyelghey
will not experience two separate daight transitions). Many events examined were quite
long - as suchFigure25 presents the same resultd=ggure24, but only shows the
results br events that are 12 or fewer hours in length, to reduce the chance that they
experienced more than a single diurnal transiffdms resulted in the exclusion of 74
events that lasted longer than 12 hotliisese results are similar, as they still shoviear
trend of late afternoon and early evening events being more likely to be stronger west of
theBay, with a collective difference of 3that were strongewxest of theBay, 15that
were strongeto the East, and 9 that did not experience a signifiaéfietehce. These
results also continue to show that early/afternoon events do not have an

overwhelming trend towards events being stronger to the west or to the eaBB@y.the
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Figure25: Distribution of events that were 12 or fewer hours in length that were st
on both sides of thBay based on event start time.

In summary, eents that enter the study area late in the afterftbemajority of
the total eventslill begin crosing theBay as net radiation becomes negatiVhis
consequentlgausesir temperatures tecool decreasg the supply of warm buoyant air
thatis an energy source for convectsterms weakening the storms as they move east.
During other hours (late evening through overnight) therenisaktendency for heavier

precipitation east of thBay when this diurnal effect is not in place.

5.1.7 BaySST Anomalies

Satellite derived SSTs were collected for theay period ending as close as
possible to the day @nevent. The average temperature of the eBi@gwas calculated

for eachevent as was the average temperature for each latitudinal regfion the Bay.
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Thelong-termaverage temperature for the saraday period was calculated based on a
runningaverage climatology of SSTar the year2003- 202Q Subsequently, the long

term average SST was subtracted from the eventrs&Ter to produce temperatu

anomalies for th8ay. It is useful to define SST anomalias categoriebased on the

event 6s temperatur e @DBaywasanbrythan EYdegrdesCelsius wh i
colder than normal, and events in which Bag was betweef.5 and 1.5 degrees colder

than nor mal were placed i nt oBaywesbefweenm|l do c |
0.5degreescolderatd 5 degrees war mer than nor mal wel
class. Lastly, events in which tBay was betweel.5 and 1.5legrees warmer than

normal, and events in which tBaywas more than 1.5 degrees warmer than normal

were divided i nt @fthe 240evdnts, &mo diddnothdva encSGs .

data present in thBay to constructong-termaverages.

Figure26 shows the results for ea@ST anomalygategoryusing the adjusted
90th percentile methodology. These results indicate that events in whishytigeat
least0.5 degrees warmer than average are more likdiate heavier precipitatidio the
west of theBay. It is important to contextualize these results, as they are temperature
anomalies, meaning that they aneent temperatureampared tdhe longtermaverage.
There is a warming trend in ChesapeBlag SSTswhich makes it more likely that at any
giventime in the last decadBay SSTs arenore likely to be warmer than the running
average over that time. As such there are more events that are associated with warmer
than normaBay SSTs. Tlesedata show tha86 eventsvere associated with a negative

Bay SST anomaly, while nearly double thatal, 161 were associated with positive SST
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anomalies With this in mind, it is difficult to draw any meaningful conclusions by

examiningBay temperature anomalies alone.
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Figure26: Distribution of events that were stronger on either side @alydased
on SST anomalies divided into five classes

To strengtheithe SST analysis, 85b temperatures were collected for the 6
hour interval closest to thetarttime of each evenbtbe compared to SSTs in a manner
similar to research on lake effect snow. Events were again divided into five classes based
on the size of the temperature differences, with each class containing 49 events. These
results are shown iRigure27, and there appears to be a slight trend towards events that
are associated with larger temperature differences being more likely to be stronger west
of theBay, while events associated with smaller or even inverse temperature differences
are less likelyd be stronger west of tligay - though neither trend is particularly

overwhelming. This trend was also examined using the 99th percentile methodology, and
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produced similar results with the exception of flipping the dominance of the second class
from one moe event that was stronger east of Bag to having four more events that

were stronger to the west.

Average SST 850mb Temperature
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Figure27: Distribution of events that were stronger on either side @Balgdased on th
full Bay average SST value minus the 850mb temperature

These results are likely skewed however by the fact that the months in which
events are most likely to be stronger west ofBhg- May, June, antb a lesser extent
July - are more likely to have large differences betweenr@bdemperatures arighy
SSTs. As a final analysis, those three months have been further evaluated, with each
having their eventdividedinto four classes based on the magnitude of the SST 850mb
temperature differenc@ éble7). These higher specificity findings do not paint a muc
clearer picture. For each month, all four classifications either consistently have more

eventsthat were strongdp the west of th&ay, or have a small dominance of evehist
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were strongeto the east. If the above speculation that events with thffgeences
betweerBay SSTs and 85tnb temperatures are more likely to be associated with events
that weaken while crossing tBayy was accurate, then this would not likely be the ease

if it were, the classifications in these three months associatedheitargest temperature
differences would have a more pronounced dominance of events being stronger west of
theBay, while the eventthat were strongegast of théBay would be moreso

concentrated in the classes associated with sndliferences. Instead, there is a

relatively even distribution in each of the four classes in each month.

Table7: Distribution of events in May, June, and July that were stronger on either side of
the Bay, examining the average SST value across théayiminus the average 850mb
temperature above the region, categorized by the magnitude of the difference in degrees
Celsius.

May West Stronger | East Stronger | No Sig. Diff.
1-3.1 6 4 0
3.1:6.1 4 3 3
6.1-7.6 4 2 5
7.618.7 6 4 0
June West Stronger | East Stronger | No Sig. Diff.
3.57.5 6 3 4
7.88.8 6 2 5
8.810.9 9 3 2
10.913.2 4 5 4
July West Stronger | East Stronger | No Sig. Diff.
6.0-8.65 7 3 1
8.6510.05 5 6 1
10.0511.0 6 4 1
11.013.7 8 2 2
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These findings appear to indicate that while a large difference be8s8dmPa
temperatures anglay SSTs may play a small role in determining whether an event is
likely to be stronger to the west or to the east oBag it is not necessarily primary

factor, nor a predtableone.

5.2  Regional Findings

This section will present findingsased on latitude and storm angle of tralvet.
e a c h eegienal evalsatios) the region in question must have at least 50% of the

total points on at least one side of Begy as norzero values. For example: in the

northern rAgihas, 9@%e ontf © Bayas pomzern valiesvaedst o f

75% of its points east of ¢iBay as norzero values, soise val uat €88d. h&s e& ® %0

of its points west of thBay as norzero values, and 70% of i®ints east of th@ay as
nonzero,soiisal so eval Catkrals EV¥»naf O6i Bayaspami nt s
zero valuesand 40% of itpoints east of th@ay as norzero,so it wouldbe excluded.

This is done to retain sample sizes large enough to ensure that the results of the regional
t-tests are meaningful. Results will only be presented in terms of the adjusted 90th
percentile methodology, and significance is determined usinigs &t a 99% confidence
interval. Subsections will follow that present the same resutt®ae presented for the

full study area.
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5.2.1 Regional Occurrence

In total, 224 events in the northern region (172 statistically significant at a 99%
confidence interval), 230 events in the north central region (174 statistically significant),
220 events in the south central region (166 statistically significant), &nevEdts in the
southern region (143 statistically significant) had at least one side Bath&ith 50% or
more of their points as nexero valuesFigure28 shows the distribution of events by
month for each region, showing the number of events that were stronger weday,the
the numbepf events that were stronger east of Bagy, and the number of events that did

not experience a statistically signifitarhange at a 99% confidence interval.
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Figure28: Monthly distribution for all four regions of the total number of events tha
were stronger on either side of thay.

In theNorth Region findings do not align with the full study area, as there is no
notabletendencyfor eventsto be stronger west of thBay. In fact, across the full year,
there are more eventsat were strongegast of theBay (94) than are stronger west of the
Bay (78) for the North RegionIn the other three regiosthe distribution of events is

more closelyalignedwith the full study area results, as all three regions have more events
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that were strongexest of theBay. The months of May, June, and Judye especially
notableacross the North Central and South Central study regdiotise north central
region across the full year, 93 events were stronger west Batheompared t@1 that
were stronger east of it, and Bt did not experience a significant change. In the
southern region, 83 events were stronger west d#yewhile 57 were stronger east of
it, and 47 did not experience a significant change. The South Central, tbgigortion

of the study area whetbe Bay is the widesthad the strongesgsults, as the
summertimeendency foevents being stronger west of Bay extends into both April
and AugustOverall this region had 104 events that were stronger west @aie62

that were strongdp the east of jtand 53 that did not experience a significant change.

Only the northern region produced results that did not align with the full study
area seeingnore stormshat werestronger east of thBay. This is not surpsing, as this
is where thaBay s at its narrowestxtent and shallowest average depttich both

suggesthat this regions should leéhere the impact of thBay would likely be weakest.

5.2.2 Angle of Travel

To examine the influence of tlamgle of travel, results wedtvidedinto five
categories; from the southwest%,-40,-35), from the west southwesB0, -25, -20, -
20), from the west-10,-5, 0, 5, 10), from the west northwest (15, 20, 25, 30),0on fr

the northwest (35, 40, 45jigure29 presents the results for edahitudinalregion.

80



North: Angle of Travel

v

WSW

45

30

—_
h

H West Stronger M East Stronger ®No Sig. Diff.

S. Central: Angle of Travel

45

. ll_ Ill |II III III
W W W

WSW

N. Central: Angle of Travel

45

30

) |II
0

® West Stronger M East Stronger ®No Sig. Diff.

v

WSW

South: Angle of Travel

W W W

45

30

WSW

mWest Stronger ™ East Stronger ™ No Sig. Diff. B West Stronger MEast Stronger M No Sig. Diff.

Figure29: Regional distributions dhe number oévents that were stronger on either
side of theBay based on angle of travel.

For theNorth Regiongvents traveling from theouthwest and west southwest
are far more likely to be stronger to the east oBhg While this is also the case for two
of the other threeegions theNorth Regioids tendencyis the strongestin particular,
events traveling from the most extreme southwesterly direcddndegreesyere
stronger to the east of tiay 13 times, while they were only stronger west of Blagy

once, and had no significant difference twi€eents traveling from the\8 that impact
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theNorth Region are crossing a large area of Ba&y, and thismayindicatethat
modification of the boundary layer by tBay is responsible for their strengthening
Moreover, sce events traveling from the southwest are often associ#tedtrong
upperlevel dynamicsaninflux of low-level moisture associated with a long track over

theBay could be responsible for enhanced east side precipitation

The north central region produced results that align well with the full study area,

with events with angles ranging from the west southwest to northwest possessing a slight

but persistentendency to bstronger west of thBay, while only events travelinfjom

the southwest had more events that were stronger eastRdythe

The number of events traveling directly from the west that did not have a
significant difference is notably large in both the northern and north cesgiahs This
is not exceptionally surprising, as these two regions are the ones whBeyibat its
narrowest, and a western track minimizes the residence time of steemtheBay, and
subsequently minimizes the impact one would expedB#ydo have. Thigendencyfor
events traveling from the west is not replicated in the south central regaegibn in
which theBay is the widest, as there igendencyto have events strongesest of the
Bay with 44, compared to only 15 that were stronger east of it, and 17 that did not

experience a significant difference. The south central region alsddsadrendgor

events traveling from the west northwest and west southwest. All told, these three classes

(angles ranging frorr30 - +30 degrees) had a distribution of 90 events that were stronger

west of theBay, compared to only 37 that were strongested it, and 34 that did not
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experience a significant change. Events traveling from the extreme southwest are still
more likely to be stronger east of tBay as there is still a lonfgtchof water for these

typically dynamically forced storms toss.

The southern region is the lone region in which events traveling from the
southwest are not more likely to be stronger to the east &ayeas there is simply less
open water to cross as the storms leave mainland Virginia, which reduces eesitenc
and minimizesany possiblenodification of the boundary layénat the other regions

provide.

These findings further strengthen the results of the full studyiraregards to
events traveling from the southwest bemgre likely to bestronger ¢ the east of the
Bay, and also providethe opportunityto speculate on the reasoi$ese findings also
indicate that large portiorof the initial resul aredriven by the south central region of
theBay. Since these events are often more installityenthan strictly dynamidn
nature they aranore closelytied toboundary layer condition#\s such, crossing a body
of water like the ChesapeaBay is more likely to influence their structure, and doing so
at the widest points events in thieegionalclassfication do, is more likely to encourage

modification
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5.2.3 Storm Speed

Again, similar to the full study area results, the stawtative and zonal storm
speeds for each region were broken into égealsizecategories. Due to the different
number of events in each region, those categories have been redefined from the full study
area. For ease of interpretation, they will simply be presented from slowest (1) to fastest
(5). Figure30 presents the resultsr storm relativeevent speedyhile Figure31 shows

zonal evenspeed.
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Figure30: Regional distributions of events that were stronger on either side Bayhe
based on storm relative speed
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Figure31: Regional distributions of events that were stronger on either sideBéyhe
based orzonal speed

In the northern region, only the slowest events show a trend towards being
stronger west of thBay, a finding which generally aligns with the futusly area. The
three fastest classes showignificant tendencpf eventso be strongeeast of thBay;,
which also aligns with the full study area. Collectively, these tépeed categoridsgave
64 events thatvere stronger east of th&ay, compared to 40 thatere stronger west of it,

and 30 that did not experience a significant change.
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In the north central regiothe slowest events are again associated with more
eventgthat were strongewrest of theBay, while only the fastestategoryis associated

with more eventshat were strongezast of it.

In the south central region, every speed category is associated with more events
that were strongexest of theBay, with the exception of the fastadassificatian. The
fastest storm relative speeds also had the most events which did not experience a
statistically significant difference between sides, withriearly as many as the 18 that
were stronger east of tiBay, a noteworthy finding that indicates that imstregion, the
fastest events are exceptionally unlikely to be stronger west Bity)eéhey are far more
likely to either be strengthened, or mabdifiedat all. Storm relative speeds in this region
show the strongeséndency foslower events beingkeely to be weakened after crossing
theBay, as the two slowest classes combine to have 52 events that were stronger west of
theBay, compared to only 17 that were stronger east of it, and 18 that did not experience

a significant change.

Finally, the soth region generally had the weakessultsof the four, with each
speed category having a modest preference toward events being stronger weBapf the
with the exception of the fastest, which had an even distribution of events that were
stronger to thevest and east of tHgay when examining storm relative speed, and only

two more events that were stronger east oBidngewhen zonal speed was used.

Collectively, these results align well with the full study area findings. They

support the previously discussed assertion that slower events are more likely to be
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stronger to the west of tligay than they are to be stronger to the east of it, with the

inverse being true for the fastest events.

5.2.4 Synoptic Cause & TSI

Figure32 shows the distribution for each region of the number of events
associated with each synoptiassification In the northern region there isemdencyfor
cold fronteventsto bestronger to the east of tiBay. Cold frontal events were very often
associated with angles of travel from the southwest, which also saw more events in this
region that were strongeast of théBay. There is only a modestcrease in the number
of stationary froneventsthat were stronger west of tBay, which contrastswith the full
study area findings, and both central regions. The north central region also has more cold
front eventsthat were strongezast of théBay, though lessothan the north. The north
central and south central regions both have markedly more stationantlfi@nigere
strongeWest of theBay. The north central had a 31:16 ratio of events strovgest of
theBayto events stronger east of it, while the south centigibnhad an even more
prominent 33:13 ratidMeanwhile, here were only 9 stationary front events in both
regions that did not experience a significant difference. The south central arefisouth
regions both had aotabletrend of cold fronts being more likely to be stronger west of
theBaythan east of it (64:44 and 62:39 respectively), but both regions also had a large

portion of cold frontal events that did not experience a significant change at all with 42
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Figure32: Regional distributions of events that were stronger on eitreepitieBay
based on synoptic cause

and 33 respectively. The south region also hadtielestnumberof stationary frorl
events being stronger west of Bay, with aratio of just 1715:14.

These findings indicate that in the southern reaches of the study area cold fronts
are more likely to be stronger west of Ba&y, while in areas further north they are more
likely to be stronger east of Meanwhile, stationary fronts are generally sgger west of
theBay across all four regions, but the trend is clearly strongest in the central portions of

the Bay.
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Examining TSI classifications regionally shows a great deal of variability across
each region in terms of which classifications are associated with weakening and
strengthening of event$able8 shows the results for each region, with any TSI class that
has a dferenceof more than threevents highlighted. Maps of each TSI classification

can be found in the appendix.

In the northern region, events of TSI classes 2001 front) 3034 (cold front),
and in particular 4038PVA & WAA overlap) are more likely to be stronger east of the
Bay, while events classified as 20@SW flow, low in southern Great Plain§0® (SW
flow, low in central Great Plainsand 3015cold front)are more likely tde stronger
west of theBay. In the north central region 2018W flow, low in southern Great
Plains) 3002(weak low over study areaand 301qoffshore high, WAA)were all more
likely to be stronger west of thigay, and 4035PVA & WAA overlap)was aga found
to be more likely to produce events that were stronger east Baghd he south central
region was the only one of the four that had only TSI classes that were more likely to be
associated with events being stronger west oBte with 2002(likely stationary front)
2031 (offshore high, WAA) 3012(PVA & WAA overlap), and in particular 301&old
front) and 3031(WAA & weak PVA overlap)all beingnotablymore likely to be stronger
west of theBay. Lastly, the southern region reverseldat wasound in thetwo northern
regions, as 403@°VA & WAA overlap) events in the southern region were found to
more likely be stronger west of tBay, not east of it. A strong trend was also found for
TSI3031(WAA & weak PVA overlap)events being stronger west of tBay, but this

class is also more likely ®xperience no significant chantjgn 4035 events. S 12034
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(offshore high, WAA) 3010(offshore high, WAA) and 403Zhigh pressure west of
region, NW flow)events were also one likely to be stronger west of tBay, while

2009(cold front)and 3034 cold front)events were more likely to be stronger east of it.
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Thegenerallypoor overlap between regions with regards to these results further
supports the notion that the influendesgnoptic type and event structure on whether an
event is likely to be weakened, strengthened, or not affected by crossBaytise
closely tied to what part of tHgay it is actually crossing. Events that are strongly
dynamically forced are more liketp be strengthened while crossing Bey in the
northern reaches of the study area, while events with less defined dytaatiese
driven moreby stability, are more likely to be weakengghrticularly in the southern

regions where they must cross mapen waterstabilizing the lower atmosphere

5.2.5 Instability (CAPE)

CAPE is examined regionally in a similar manner to the full study area results,
with six classes for each region. Due to limitations with the data in its fima) tbhe
CAPE values examined are not the maximum and average values Baythegiors
specifically, but are rather values across the entire domain. The results of this section are
still able to speak to the overall environment of the storms from a stai@lispective,
which is the main goal of this discussion. However, in light of the issue of having the full
regi on 6 s usednRBEubrgonahanalysis, only average CAPE values will be

examined here, as the maximum CAPE vatmdd be remotérom a specific region

Figure33 presents the results for each region. In the northern region, the four
classes with the lowest CAPE values each had a tendency to be stronger ed®apf the

(69:49 ratio of events being stronger to the east acrossuhelésses), while the second
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Figure 33: Regional distributions of events that were stronger on either side of the
based on futdomain average CAPE.

highest CAPE classification was the only one with more events that were stronger west of
theBay. The strongest CAPE class in this region did not prestemicency for either

side of theBay, yet again setting the north region aside as a unique area when compared
to thesouth. In the north central region, results are largely random, with tiseshaith

the lowest and second highest CAPE values associated with more events that were
stronger east of thBay, the classes with the strongest and second weakest CAPE values

being associated with events that were stronger west 8ayend the two itermediate
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classes having relatively even distributienisdicating that instability is not a great
predictor of eveninodificationin this region.

In the south central region, every classification of CAPE is associated with more
events that were stroagwest of thdBay. By far the strongesendencyhoweveris seen
in the two ategoriesassociated with the highest CAPE valuesh 43 that were stronger
west of theBay, 18 that were stronger east of it, and 23 that experienced no significant
change. Tls indicateghat events associated with high CAPE environmentasrally
weakened while crossing tiBay, providing strongupport forthe idea oBay
modification of these convective stornihe southern region produces similar results,
though does ndend as much support to higher CAPE environments being weakened
more often, with the two intermediate classes actually accounting for the largest

discrepancy.

Regional findings for the soutientral region in particular support thgpothesis
that events that amaost associated withstability are more likely to be weakened as
they cross th8ay. The fact that thisshdencywas strongest in the region in which the

Bay is at its widest lends support to tihésult

5.2.6 Diurnal Influences

Start times of events will again be used as the mode of examining diurnal
influences. Additionally, only events of 12 or fewer hours will be evaluated during the

regional analysis, because as was previously discussed, events that only experience one
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diurnd cycle are the only events that can be adequately examined in this coatd&0
presents the resujtwith any time that has a differenibetween east and wesftfour or

more events highlighted
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In the northern region 60 events were stronger west @dlgewhile 54 were
stronger east of it, and 37 did not experience a significant difference. Temporally, events
that entered the region between Z2i@and4:00om were slightly more likely to be
stranger east of thBay, while events that entered the region in the early evening,
between 5:00m and8:00pm were more likely to be stronger west of Bay. In the
north central regiorg5 events were stronger west of Begy, 56 were stronger east of it,
and 34 did not experience a significant differerideere were no times that were notably
more associated with events being stronger east &alehough there was a slight
trend towards that during the overnight and early morning hours. Meanwhile hexery
between 1:0:00pmexceptfor 4:00om had more events that were stronger west of the

Bay, though only 1:0pmand 6:0@pm had a strong trend.

In the south central regioidQ events were stronger west of Begy, 42 were
stronger east of it, and 37 didt experience a significant difference. This resakes
the south central region the onwéh the largest difference in the number of events that
were stronger on one side, and the one with the most events that were stronger west of the
Bay. The most stking tendencyis that events that occurred between 3B0WMpm,
especially those between 4:8@000m, were far more likely to be stronger west of the
Bay. Collectively, the hours of 3:68:00p0m have a ratio of 42vents that were stronger
west of theBay, 16 that were stronger to the east, &idhat experienced no significant
difference Lastly, in the southern regi@® events were stronger west of Begy, 37
were stronger east of it, and 31 did not experiensignificant differencel he vast

majority of times had a relatively even distribution of events that were stronger on either
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side of theBay, with only scattered smallifferences The lone exception was events that
entered the region at 508, which had a very strontendency to bstronger west of the
Bay, with 8 compared to 0 that were stronger east of it, and only 2 that did not experience

a significant difference.

Again, the region with the most striking results was the south central, which lends
added support to the notion of late afternoon events being more likely to be stronger west
of theBay, which indicates that diurnal factoend atmospheric stabiliplay an

important role.

5.2.7 SST Anomalies

SST anomalies were-examined regionally as well. SST data in Bag werere-
sampled using the same storm swaths that were used to divide the precipitation data into
regions,giving the ability to compare regional precipitation trends to the actual tB&fT's
those events were crossing. Just as was done for the full study area, each region will have
its events separated intategoriewvith SSTsmore than 1.% above normal).5-1.5C
above normal, betwedh5--0.5C, -0.5-1.5C, and less than 1@ cooler than normal

separated into five class@agure34).

In the north, the only twoategories of notare the second coldest and the second
warmest, both of which have more events that were stronger easBafythendicating

thatBay temperatur@anomalies are likely not important in this regiongapectedesult
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Figure34: Regional distributions of events that were stronger on either sideRdyhe
based on SST Anomalies

given how narrow th8ay s in this region In the north central region, there is a tendency
for events associated with warmer than normal SSTs to be stronger wesBay,the
though these classes also have the most events that did nogegperisignificant
difference. In the south central region, the tloategoriesassociated with above normal
SSTs are far more likely to be associated with evibiatswere strongexest of theBay,

while the two cooler SST classes are more likely to either be strengthened or not

modified at all after crossing, in particular the class associated with temperatures within
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+/- 0.5C of average. Lastly, the southeegiongenerally replicates the trefior the
south central region, with the lone exception of events associated with the coldest class

being slightly stronger east of tBay.

As was the case in the full study area, these findings appear to indicate that SST
anomalies do natetermine the strength of the modifying effect of Bag on convective
storms.With that in mind 856mb temperatures were compared to regional average SST

averages, with the resultant values divided into five equal sized c(&speie35).
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Figure35: Regional distributions of events that were stronger on either sideBdyhe
based on SS850mb values
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In the north, the onlgategorythatis associated with motabledifference ighe
fourth largest in which 10 more events were stronger east @dkieWWhetherthat
finding ismeaningful isdrawn into questiohoweverby the fact that the warmeasd
second coolestlasses had an even distributiamdicating it is most likelyandom In the
north central region, the twoategoriesvith the smallest SS850mb values are slightly
more likely to be stronger east of tBay, while the largest and most intermediate class
are associated with more evetitat were strongewrest of theBay - though the fourth
largest class having an even distribution yet again casts doubt on the meaningfulness of
that trend. Every class in the south central region has more events that were stronger west
of theBay, as is the case for every class in the sauthegionexceptfor the second

smallest.

Regionally based findings for SST valubeth in terms of anomalies and
differences betweeB8STs850 hPa aitemperaturesappear to back the previous assertion
thatSSTsalone are not likely a driving factor modification by theBay. If they were,
there would likely be a stronger dominance of events being either stronger or weaker on
either side of th®ay concentrated on extreme values. Instead, classes with noteworthy
dominances in either direction appear to be almost random in nature, and are often

concentrated in the intermediate classes.
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5.3  Tornado Climatology

5.3.1 General Findings

Within the region surrounding the ChesapeBkg, there were 245 tornadoes
reported in the area west of tBay, compared to 96 in areas to the east oBiwg The
buffered area to the west of tBay s larger than the area to the east due principally to
the shape and size of tRastern Shoref Virginia (4481 sq. miles versus 5266 sqg. miles)

- however even when the values are adjusted to compensate for the difference in land

EF-Categories
—— EF-0
—— EF-1
EF-2
EF-3
— EF4

Esii, HERE, Gaimin, USGS, EPA, NPS

Figure36: Map of all tornadoes, and their respective EF magnitudes, that occurr
within the study area from 1952019
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area ofthe buffers(.enu |l t i pl yi ng t he OB8lddcempensaseifod e 6 s

the land area size difference), theswside of th@ay still has a significantly higher total
of approximately209 compared t®6 tornadoes along the eastern side ofBhg Figure

36 presents a map of all tornado tracks within the buffer, emdded byEFscalerating.

5.3.2 Pre & post NEXRAD Occurrence

Figure37 shows the annualumberof tornadoes from 1950 to 2019 for both sides
of theBay. This is not included to discuss trends in increasing or decreasing tornado
occurrence, as this is not a conclusion that caacloaratelydrawn from a dataset of this
nature, but rather to discugsssible reporting bias on both sides ofBlag prior to, and
following the construction of the three NEXRARdarsn the region (Sterling, VA in
1992, Norfolk, VA in 1995, and Dover, DE in 1996). Prior to 1992, there were 55
tornadoes reported to the stef theBay (avg=1.3.yr), compared to 43 to the east of the
Bay (avg=1.0/yr).During the period from 1992 to 2019, there were 190 tornadoes
reported to the west of tigay (avg=6.7/yr), compared to only 53 east of Bay
(avg=1.9/yr). Using only 1997 #2019, at which point all three NEXRAD stations in the
region were operational, éltifference changes to 127 to the west (avg=5.5/yr), and 34 to

the east (avg=1.5/yr).
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Annual Tornado Occurrence, West of Bay vs. East of Bay

18
16
14
12
10

Count

o N M O

e=fll==\\/est ==li==E3ast

Figure 37: Annual tornado recurrence on both sides of the Bay.

This marked jump in storm reports to the west ofBhglikely indicates that
prior to the installation of NEXRAD stations in the region, weak tornadodmth sides
of theBay, but particularly to the west @f, were often going unreported. It was ially
anticipated that for the period prior to the installation of the NEXRAD the western side of
theBay would experience a reporting bias with far more storms being reported, due
principally tohigher population total§ his was not the cas®wever as there is not a
notabledifference in tornadoccurrence until the NEXRAD statiofiecame

operational.
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5.3.1 Monthly Occurrence

Figure38 examinesornadooccurrencen each side of thBay by month.
Although he western side of tHgay dominates each month in termsmafmber of
events, the annudistribution of tornadoes on both sides is interestigy accounts for
17.7% of the total tornadoes recorded east oBthe while storms recorded in July
account for over a quarter of all tornadoes east oB#yat 27.1%. June and August
make up 1B% and 15.6% respectivedast of the BayAll told, the months of May to
August account for 71.9% of all storms recorded east d#lyewhile over that same
period only accounting for 55.9% of all storms recorded west dayeJuly, June, and
April are the most active months west of Bey, accounting for 17.5%, 14.5%, and
13.5% of all recorded western side tornadoes respectively. It is clear however that the
western side of thBay, while certainly having a peak of activity in the warm season, is

far more prone to tornadoes outside of the warm season theastieen side of thBay.

Monthly Distribution of Tornadoes
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Figure38: Monthly tornado distribution on both sides of Bey.
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5.3.4) Path Length & Magnitude

Examining the character of the tornadoes themsehrgsre39 provides a
breakdown of the path lengths of reported tornadoes both west of and eaf@af. the
The majority of tornadoes on both sides of Bag are short track storms with path
lengths of less than one m#én this category, the western side of Bey (n=112) more
than doubles the total for areas east oBag (n=50). The western side of tBay
dominates in terms afccurrencecross all chosen path length intervabs;ept forl0-
19.99 miles, where there are understandably fewer events on both sides. When examined
as percentages of toatcurrencdor each category, both sides are relatively similar
across each categomgxcept forl0-19.99 It is noteworthy that the entireusly area has
only experienced 21 total tornadoes with path lengths longer than 10 miles, and only six

with path lengths longer than 20 miles since 1950.
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Figure39: Tornado path length distribution on both sides oBie Percentages
represent theontribution of that category to each sides total.

Examining storm intensityFigure40 shows the distribution of storms on both
sides of thdBay based oreFcategory. These results ae expectedwvith an interesting
caveat of there being moE#—~1 tornadoes to the east of tBay than there have been
EF0 tornadoes. It is speculated that this may be the lone manifestation of Bagtusf
east ofBay reporting bias present in this datasdt-(Etornadoes are more difficult to
detect on radar, @more likely to be unreported if they do not impact a populated area.
The east side of tHgay hasmanylarge areas of unpopulated or sparsely populated land,

which increases the likelihood of weak tornadoes going unreported. That is not the case
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Enhanced Fujita Rating |West |East

EF-0 120 41
EF-1 98 43
EF-2 19 11
EF-3 7 1
EF-4 1 0
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Figure 40: Enhanced Fujita Scale Classification distribution on both sides of the B:
Percentages represent the contribution of that category to each sides total.

for mostareas west of thBay, which does noshow the same distributias there have

been 22 mor&F-0 tornadoes thaBF13Gs west of thd3ay.

Examining this trend temporally, the reportingedt0 tornadoes appears to be
very closely related to the implementation of NEXRAD stations in the area, as prior to
1992, only eighEF-0 tornadoes were reported west of Bag, compared to 112 that
were reported from 1992019. East of thBay, 12 EF-0 stormswere reported prior to
1992, and 29 were reported from 198219. A similar trend is present west of Bey

with EF1 tornados as well, though it is far less extreme withE}81 6 s pr i or
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and 65 from 1992019. East of thBaythe trend is not nearly amtable with 24EF1 6 s
prior to 1992, and 19 from 1992019.EF2 andEF3 storms do not appear to suffer
from any sub tendenciesas they are presumably strong enough that they would be

recorded regardless of where or when in the region they occurred.

5.3.5 Synoptic Cause

Table10 shows the total number of evegused byach synoptic class on both
sidesofthdday, as wel | as the percent contributio
for which each synoptic cause was responsMlest tornadoes on both sides of Bey
are caused by cold fronts or low pressure events. Unsurprisingly, each synoptic class has
more tornadoes west of tBay than to the east of it, though for this analysis raw counts
are not of concern. Most synoptic causes have a relatively even pgemritribution
to the total number of events on both sides, witmthitableexceptions of stationary
fronts, and tropical events. Stationary fronts make up a larger psgeenntribution to
the total number dEastern Shortornadoes than they do Wesern Shordornadoes. In
the case of tropical events however, the difference between sides is exceptional. West of
theBay, 38 events (15.5% of allest of Bayevents since 1950) were associated with

tropical or postropical events, while east of tBay only two events occurred.

109



Table10: Distribution of synoptic scale causes of tornadoes on both sidesBéyhand

t he

theBay, 32 of them were associated with just five named stoBesenwere associated

percent contribution to that sid
Synoptic Cause  [West East West % East %

Airmass 10 5 4.1% 5.2%

Cold Front 70 29 28.69 30.2%
Combination 34 13 13.99 13.59

Low Pressure (MLQ) 53 24 21.69 25.0%
Stationary Front 35 22 14.39 22.9%
Tropical 38 2 15.59 2.1%

Warm Front 5 1 2.0% 1.0%

Further evaluation shows that of the 38 tropical tornadoes that occurred west of

with the remnants of Hurricane David in 1979, 6 were associated with the remnants of

Hurricane Opal in 19959 with Hurricane Bertha in 1996, 6 with Hurricane Gaston in

2004, and 4 with the remnants of Hurricane Michael in 20f8hose storms, only

199606s Hurricane

Bert ha, whi

ch

mad e

northwarddirectly through the study area produced a tornado East Bathe

Additionally, each storm with the exception of Gaston was at least a catbogegt

landfall (albeit not in the ChesapeaBay region) with David and Michael both being

andf a

Category Fivestorms. Additionally, only Gaston and Bertha did not make landfall along

the Gulf Coast though they both did make landfall south of the study area, anddmove

inland over it. Outside of these five hurricanes however, there have only been five other

namedropical systems that have been associated with tornadoes in the study area since

1950
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Chapter 6

SUMMARY & CONCLUSIONS

The results of this researblaveboth supported, anctbntradictecconventional
thinking onmodification of precipitation by th€hesapeakBay. Conventional thinking
posited that th€hesapeakBayi s abl e t o fishi el dd the Del ma
most adverse impacts of storms, including heavy precipitafiois type of phenomena
has been gtored in other pieces of research relative to other bodies of water (Laird et al.
(2009), Laird et al. (2009bDurkee et al. (2014), Laird et #2016),Winchester et al.
(2016) as well as relative to the ChesapeBhg itself (Skeeter, 2013) with the
overriding consensus being that water bodies are able to modify precipitationTtioisls.
research did identify thatastward propagatirfgrontal and quasiinear stormsften
produce higher precipitation totals to the west ofBhg than they do to the east
However it was initially hypothesizedhat Bay modificationshould be most pronounced
during times of the year where tBay may besignificantly cooler than the air above
(i.e., the Spring which wasnotfound. Insteadprecipitation tends to be significantly
higher on the west side of tBayy during thelate spring into early/midummer. This
result was initially surprising, as it had been speculbyetthis author, as well as

discussed by Skeeter (2018)at the summer months would produce eithemallwest
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to-east difference in precipitatipor everfind that storms increased in strength crossing

theBay.

During the late spring and summer rttws) precipitation eventsven those which
are associated with frontgre more convective in nature, meaning they are more closely
associated witleonditions in the planetary boundary lageid atmospheric stabilitAs
such, if an event crosses a bodyvater such as the Chesape8lay, characteristics of
the lower atmosphere will inherently change. Not only is the wasen when it is at its
warmestlikely to be cooler than the air above it, but the roughness of the surface is
drasticallyreducedaswell. The decreased surface roughness of a body of water
compared to a typical land surface decreases the surface friction, allowing surface winds
to speed up. This alteration has the poten
altering the orieration of its updraft, and influencing how efficient the storm is at

producing precipitation.

A number of factors that appear to strongly influence whether an event is likely to
be weakened or strengthened while crossindthewere identified. Among theost
important were storm direction, storm speed, instability, and synoptics. Storms that
entered the region from the northwest or west (often associated with less dynamically
driven events) were generally more likely to be stronger west &digewvhile storms
that entered the region from the southwest (often associated with more dynamically
driven events) were more likely to be stronger east of it. Slow moving storms were more

likely to be stronger west of thgay due largely to the increased resideticee over the
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Bay of such storms. Finally, storms that wenereassociate with instability than with

larger scale dynamic processes were more likely to be stronger wesBaiyttige to

their moreexplicit connection with boundary layer conditions. Thias reflected both in

the direct analysis of CAPE, as well as by examining TSI classifications and finding that
events with less defined dynamic setups had more events that were stronger west of the

Bay than other classifications.

Dividing the study area into regions provided some added detail and context for
the results seen across the entire study area. Thenotablefinding was that the
southern reaches of tilBay, particularly thesouthcentralregion, appear to be where the
majority of events stronger west of tBay are located, while areas further north where
theBayis narrower have a stronger likelihood to either be unaltered, or strengthened
crossing théBay. This result is not unexpected, the longer the fetch of a storm over the
Bay, the greater that storms chances are of being notably changed by the boundary layer

alterations th@ay creates.

Additional researchysinghigh resolution mods, should be performed teerify
the Bay modification of precipitation amounis greater detail, particularly as it relates to
the boundary layer modifications likely impartidevents crossing thgay. Nonetheless,
this research was able to identify a number of factors that appear to play alnele in
presence or absence oBay effect. The specification of modification by thgay, in this
researchis significant, and opens the door for additional research on the topic, both in

the Chesapeak®ay region, andther similar bodies of water across the woltlds of
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note that these findingntrast withthoseof Skeeter (2013), particularly with regarnds
the summer months producing the mgighificantweakening oprecipitation east of the
Bay. Thisdifferencecan likely be explained by differences in methodology, particularly
the quality andypes of data used in each studpd theigorousevent idatification

process thatvas used in this research

As mentioned in the initial presentation of results, the number of storms in early
spring was an issue. With only a smalimberof events in March and April it difficult
to make conclusions abouttipresence afignificantBay modificationsduring those
months. It would b&eneficialto conduct future research using a lowscipitation
threshold for inclusiospecific to the shoulder seaspas March and April were the
months that were initialljaypothesizedo experience the greatdsay
modification Despite the shortcomings that have been noted with regards @ leaahr
data, much of the previous research on phenomena related to what is examined in this
research (Laird et al. (2009), Skedt2013), Durkee et al. (2014)) has been conducted
using such data. It may eluableto conductsimilar future researchsing level2 data

andto examine differences between the results using-ledealta relative to level data.

In regards to theornado climatologythe conclusive determiationthat more
tornadoes occur west of tBay than easbf it is by itselfan important result,
demonstrating again the importance of Bag to the climate of the regiotowever, the

magnitude of the differece, even when adjusted for land area differences, was
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unexpectely large Thismodification of the strongest storms crossingBhag likely has

similar causafactorsas the findingselated to convective precipitation totals

Tornadic events ar@ssocited withboundary layer processes, principally surface
based instability and wind shear. Events that may be capable of producing tornadoes west
of theBay will have their boundary layer characteristsignificantly altered while
crossing théBayin a waythat makes them less likely to produce tornadoes east of the
Bay in thatinstability is lower as there is less buoyant, rising air over the openswéter
theBay, and wind shear characteristics are altered by the lower friction present over open
water. Exen as the events have finished crossind@ng it is oftentimes the case that
their character has been altered in a way
produce a tornado following the crossing. Only events that are associatestr @t
dynamic processes and/or instability char a
traversing thd3ay are able to produce tornadoeesnd even if they do so, they are most
likely to be quite weakAs is the case in the discussion of convexpvecipitation totals,
much of this discussion of boundary layer alteratibauld be confirmed by modeling

experiments.

This research opens the door for otfegionalscale tornado climatologies to be
conducted to examirtée influence of water bodiesi@ornadic developmen¥Vhile
largeareal scale tornado climatologies am@mmon(Leathers 1993ylarket 1996, Dixon
etal. 2011, Farney & Dixon 2014, Benjamin & Leathers 2047atially limited

regionaiscale climatologies are less prevalent despite thesar utility for local
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stakeholders. It also provides an opportunity to expand on the findings of this specific
tornadoclimatology with additional future research to incorporate instability
characteristics of these events to see if tornadoes thatlar® &wm east of thBay are

in fact typically associated with higher CAPE values.

Both the precipitation and tornadections of this dissertation producsyeral
compelling resultshat the ChesapeaBay does indeed modify the character of
convective events crossiiitg These results give quantitative evidenceBay
modification that was not previously availablieis hoped that additional research can
assist in identifying causal factors with greapecificityfor bothconvective
precipitation, and tornado activityhe findings discussed here hayreenvalidity to
what had previously been speculatblservations anexperiencebased claims of the

ChesapeakBaydo s abi l ity to madify convective
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TEMPORAL SYNOPTIC INDEX TYPES
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