
i 
 

 

 

EFFECT OF THE CHESAPEAKE BAY ON FRONTAL & QUASI -LINEAR 

CONVECTIVE PRECIPITATION TOTALS AND TORNADO ACTIVITY  

 

 

 

by 

Walker J. Skeeter 

 

 

A dissertation submitted to the Faculty of the University of Delaware in partial 

fulfillment of the requirements for the degree of Doctor of Philosophy in Climatology 

 

 

Summer 2023 

 

 

Copyright 2023 Walker J Skeeter 

All Rights Reserved 

 



ii 
 

 

EFFECT OF THE CHESAPEAKE BAY ON FRONTAL & QUASI -LINEAR 

CONVECTIVE PRECIPITATION TOTALS AND TORNADO ACTIVITY  

 

by 

Walker J. Skeeter 

 

 

 

  

Approved: ____________________________________________________________ 

  Saleem Ali, Ph.D. 

  Chair of the Department of Geography & Spatial Sciences 

 

Approved: ____________________________________________________________ 

  Fabrice Veron, Ph.D. 

  Dean of the College of Earth, Ocean, and Environment 

 

Approved: ____________________________________________________________ 

  Louis F. Rossi, Ph.D. 

  Vice Provost for Graduate and Professional Education and 

  Dean of the Graduate College 

 

 



iii 
 

 I certify that I have read this dissertation and that in my opinion it meets  

 the academic and professional standard required by the University as a  

 dissertation for the degree of Doctor of Philosophy. 

 

Signed: _________________________________________________________________ 

  Daniel Leathers, Ph.D. 

  Professor in charge of the dissertation 

 

 I certify that I have read this dissertation and that in my opinion it meets the  

 academic and professional standard required by the University as a dissertation  

 for the degree of Doctor of Philosophy. 

 

Signed: _________________________________________________________________ 

  Tracy DeLiberty, Ph.D. 

  Member of the dissertation committee 

 

 I certify that I have read this dissertation and that in my opinion it meets the  

 academic and professional standard required by the University as a dissertation  

 for the degree of Doctor of Philosophy. 

 

Signed: _________________________________________________________________ 

  Christopher Hughes, Ph.D. 

  Member of the dissertation committee 

 

 I certify that I have read this dissertation and that in my opinion it meets the  

 academic and professional standard required by the University as a dissertation  

 for the degree of Doctor of Philosophy. 

 

Signed: _________________________________________________________________ 

  Darren Parnell, Ph.D. 

  Member of the dissertation committee 

 



iv 
 

 

 

 

ACKNOWLEDGEMENTS  

"There is no such thing as a óself-madeô man. We are made up of thousands of others. 

Everyone who has ever done a kind deed for us, or spoken one word of encouragement to 

us, has entered into the make-up of our character and of our thoughts, as well as our 

success."  

ï George Matthew Adams 

 I would like to sincerely thank everyone in the University of Delaware department 

of Geography & Spatial Sciences for their support over the last five years, both faculty 

and fellow students alike, particularly my advisor and committee chair Dr. Daniel 

Leathers. Your guidance, and constant support ï not to mention your kindness ï has been 

instrumental to my reaching this point. I canôt imagine that you thought when you went to 

that minor league baseball game with my father in Nebraska all those years ago that his 

son would be a student of yours one day. I am sincerely grateful for everything youôve 

done for me. Added thanks goes to the three other members of my committee ï Dr. Tracy 

DeLiberty, Dr. Chris Hughes, and Dr. Darren Parnell. I am thankful that you were each 

able to take the time to support this endeavor of mine, and grateful for the guidance and 

suggestions provided along the way. Added thanks go to Dr. Lindsay Naylor, Dr. Dana 

Veron, Dr. Delphis Levia, and Dr. Saleem Ali for helping to create a wonderful 

environment for students to learn and grow. Go Blue Hens. 



v 
 

 I would like to thank all of the friends I have made during my time here at UD. 

The list of fellow graduate students is too long, but I would be remiss if I didnôt single 

out Eric Allen, and Dr. Saber Brasher, both of whom are of course friends, but also 

trusted colleagues who provided both support, and advice at times when it was sorely 

needed. There was also a very special group of undergraduate students at UD that I had 

the pleasure of taking several upper-level courses with, and watched them grow into 

confident professionals. While that list is exceptionally long too, I have to single out one 

student in particular, Jack Stone, who along with being one of the only reasons I was able 

to survive those upper-level courses, has also grown to become one of my best friends. I 

know youôre going to do great things. 

 Additional thanks go to the University of Alabama geography department, as well 

as the Salisbury University Department of Geography & Geosciences. I spent six 

wonderful years between those institutions, and loved each of them. I would not be the 

person I am today without those years. Roll Tide, Go Gulls.  

 There are five great friends that I have to thank ï Thomas, Eli, Anna, Caitlin, and 

Jake. Thank you all so much for not allowing the miles to erode our friendships, and 

thank you for all the support and kind words youôve given me over the years. Whether 

itôs been from Salisbury, Tuscaloosa, Elkton, Huntsville, or Salisbury again -  I love each 

of you dearly. 

 Lastly, my family deserves obvious gratitude. My father, Dr. Brent Skeeter, is and 

always has been my biggest professional influence. Iôll never forget that first day in 201 



vi 
 

when you asked the class what causes the wind, and I shouted out ñpressure gradient 

forceò like Iôd been doing since I was barely old enough to talk. Thank you for 

everything. My mother truly is the kindest, most selfless person I know. Iôm proud of 

you, and hope retirement treats you as well as you deserve ï and know that you deserve 

the world. June, Will, and Catherine ï I love all three of you. Even if we donôt say it 

enough, never doubt that for a second. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii 
 

 

 

 

TABLE OF CONTENTS 

LIST OF TABLES ............................................................................................................. ix 

LIST OF FIGURES .............................................................................................................x 

ABSTRACT ..................................................................................................................... xiii 

 

Chapter 

 

    1      INTRODUCTION ...................................................................................................1 

 

            1.1    Chesapeake Bay Studies .................................................................................1 

            1.2    Other Bodies of Water .....................................................................................4 

            1.3    Precipitation Measurements ............................................................................8 

            1.4    Tornado Climatologies ..................................................................................10 

 

    2      SUMMARY AND REASON FOR THE STUDY .................................................12 

 

    3      OVERVIEW OF THE CHESAPEAKE BAY REGION CLIMATE AND  

            GEOGRAPHY .......................................................................................................14 

 

    4      DATA & METHODS .............................................................................................23 

 

            4.1    Data Collection & Bay Buffer ......................................................................23 

            4.2    Level-4 Precipitation Data ï Description & Justification of Use .................26 

            4.3    Event Identification & Characteristics ..........................................................28 

            4.4    Event-Specific level-4 Data Collection & Management ..............................33 

            4.5    ñStorm Swathsò .............................................................................................36 

            4.6    Additional Data .............................................................................................39 

            4.7    Statistical Analysis ........................................................................................43 

            4.8    Tornado Climatology ....................................................................................45 

 

    5      RESULTS ...............................................................................................................48 

 

            5.1      Full Study Area Findings ............................................................................48 

 

                       5.1.1      Full-Area Occurrence....................................................................48 



viii 
 

                       5.1.2      Angle of Travel .............................................................................54 

                       5.1.3      Storm Speed ..................................................................................56 

                       5.1.4      Synoptic Cause & TSI ..................................................................59 

                       5.1.5      Stability (Convective Available Potential Energy - CAPE) ..........66 

                       5.1.6      Diurnal Influences .........................................................................69 

                       5.1.7      Bay SST Anomalies ......................................................................72 

 

            5.2      Regional Findings .......................................................................................77 

 

                       5.2.1      Regional Occurrence .....................................................................78 

                       5.2.2      Angle of Travel .............................................................................80 

                       5.2.3      Storm Speed ..................................................................................84 

                       5.2.4      Synoptic Cause & TSI ..................................................................87 

                       5.2.5      Instability (CAPE) ........................................................................92 

                       5.2.6      Diurnal Influences .........................................................................94 

                       5.2.7      SST Anomalies ..............................................................................98 

 

            5.3      Tornado Climatology ................................................................................102 

 

                       5.3.1      General Findings .........................................................................102 

                       5.3.2      Pre & post NEXRAD Occurrence ..............................................103 

                       5.3.3      Monthly Occurrence ...................................................................105 

                       5.3.4      Path Length & Magnitude ...........................................................106 

                       5.3.5      Synoptic Cause............................................................................109 

 

6      SUMMARY & CONCLUSIONS ............................................................................ 111 

 

REFERENCES ................................................................................................................ 117 

 

Appendix 

    A      TEMPORAL SYNOPTIC INDEX TYPES .........................................................122 

 

 

 



ix 
 

 

 

 

LIST OF FIGURES 

Table 1:       Total number of events for both a 99% and 95% criteria that were  

                    significantly stronger on either side of the Bay based on the four modes of  

                    analysis. Additionally, the total number of non-significant events is included 

                    ........................................................................................................................51 

Table 2:       Total number of events that were stronger on either side of the Bay, and that  

                    did not experience a significant change, based on angle of travel. ñAngleò  

                    column is based on the direction the events travelled from ...........................54 

Table 3:       Distribution of events that were stronger on either side of the Bay based on  

                    event specific speed (left) and zonal speed (right) .........................................57 

Table 4:       Distribution of TSI classifications for events stronger on both sides of the  

                    Bay .................................................................................................................64 

Table 5:       Distribution of events that were stronger on either side of the Bay organized  

                    by maximum CAPE .......................................................................................68 

Table 6:       Distribution of events that were stronger on either side of the Bay organized  

                    by full-domain average CAPE .......................................................................69 

Table 7:       Distribution of events in May, June, and July that were stronger on either  

                    side of the Bay examining the average SST value across the full Bay minus  

                    the average 850mb temperature above the region, categorized by the  

                    magnitude of the difference in degrees Celsius .............................................76 

Table 8:       Distribution of all TSI classifications for each region. Any TSI classification  

                    associated with a discrepancy of more than three events has been highlighted  

                    and color coded according to which side the dominance is concentrated on. 

                    ........................................................................................................................91 

Table 9:       Distribution of event start times for each region. Any time associated with a  

                    discrepancy of more than three events has been highlighted and color coded  

                    according to which side the dominance is concentrated on ...........................96 

Table 10:      Distribution of synoptic scale causes of tornadoes on both sides of the Bay,  

                     and the percent contribution to that sideôs tornadoes are made up by each  

                     synoptic cause.  ...........................................................................................110 



x 
 

 

 

 

LIST OF FIGURES 

Figure 1:      Bathymetry of the Chesapeake Bay (Du 2017), superimposed with lines to  

                    demark latitudinal regions used in following analysis ...................................15 

Figure 2:      Average monthly precipitation to the west of the Bay, to the east of the Bay,  

                    and throughout the entire study area ..............................................................17 

Figure 3:      Average daily high temperatures in the Chesapeake Bay region for each  

                    month, divided by latitudinal region ..............................................................18 

Figure 4:      Satellite derived average monthly SSTs of the Chesapeake Bay, divided into  

                     latitudinal regions..........................................................................................19 

Figure 5:      Comparison of monthly SSTs of the Chesapeake Bay with average daily  

                     high air temperatures for all four latitudinal regions. Larger values indicate  

                     air above the Bay that is warmer than the water ...........................................21 

Figure 6:      Spatial coverage of level-4 data collected for event identification ...............24 

Figure 7:      Manually constructed polygon of the Chesapeake Bay, ignoring the mouths  

                     of tributaries and widespread marshland ......................................................24 

Figure 8:      25-mile buffer established around the Chesapeake Bay polygon ï this buffer  

                    was used for event identification ...................................................................25 

Figure 9:      Spatial coverage of level-4 points contained within the 25-mile buffer .......26 

Figure 10:    Example of an event orthogonally training across the Bay ...........................31 

Figure 11:    Example showing how the trimming process was undertaken in GIS. An  

                    area of light, generally stratiform precipitation was identified ahead of the  

                    target frontal passage. For each hour of events where it was necessary, any  

                    cells of level-4 data that corresponded to that area of precipitation were  

                    selected in GIS, and had their values set to zero ............................................35 

Figure 12:    Example of how ñstorm swathsò were created. The angle of travel of this  

                    event was determined. Using a pre-constructed polygon at that angle, which  

                    is nested to the far northern and southern reaches of the previously  

                    constructed Bay polygon, any cells that fell outside of the polygon had their  

                    values set to zero. Additionally, points were classified into latitudinal regions  

                    based on which of the four sub-divided polygons they fell within ................38 



xi 
 

Figure 13:    Location of NCEP/NCAR Reanalysis grid points ........................................41 

Figure 14:    Domain and resolution of ERA-5 CAPE data utilized. Yellow cells were  

                     included in the analysis, while blue cells were not .......................................42 

Figure 15:    Total number of events each year, regardless of significance, from 2008- 

                     2020...............................................................................................................49 

Figure 16:    Total number of events by month, regardless of significance, from 2008- 

                     2020...............................................................................................................49 

Figure 17:    Total number of events that were stronger to the west of the Bay (orange)  

                     stronger to the east of the Bay (blue) and that experienced no statistically  

                     significant difference between the sides (gray) at a 99% confidence interval.  

                     The side that is ñstrongerò is based on the results of the adjusted 90th  

                     percentile methodology .................................................................................52 

Figure 18:    Box & whisker plots of zonal speeds (left) and storm-relative speeds (right)  

                     of events ........................................................................................................57 

Figure 19:    Distribution of events that were stronger on either side of the Bay based on  

                     the synoptic pattern .......................................................................................60 

Figure 20:    Distribution of outflow events associated with cold fronts & stationary  

                     fronts, as well as the overall distribution, that were stronger on either side of  

                     the Bay ..........................................................................................................60 

Figure 21:    Monthly distribution of cold frontal events that were stronger on either side  

                     of the Bay ......................................................................................................62 

Figure 22:    Monthly distribution of cold frontal events that were stronger on either side  

                     of the Bay ......................................................................................................62 

Figure 23:    Box plots showing the distribution of mean and max CAPE values for all  

                     events ............................................................................................................67 

Figure 24:    Distribution of events that were stronger on both sides of the Bay based on  

                     event start time ..............................................................................................70 

Figure 25:    Distribution of events that were 12 or fewer hours in length that were  

                     stronger on both sides of the Bay based on event start time .........................72 

Figure 26:    Distribution of events that were stronger on either side of the Bay based on  

                     SST anomalies divided into five classes .......................................................74 

Figure 27:    Distribution of events that were stronger on either side of the Bay based on  

                     the full Bay average SST value minus the 850mb temperature ....................75 



xii 
 

Figure 28:    Monthly distribution for all four regions of the total number of events that  

                     were stronger on either side of the Bay ........................................................79 

Figure 29:    Regional distributions of the number of events that were stronger on either  

                     side of the Bay based on angle of travel .......................................................81 

Figure 30:    Regional distributions of events that were stronger on either side of the Bay  

                     based on storm relative speed .......................................................................84 

Figure 31:    Regional distributions of events that were stronger on either side of the Bay  

                     based on zonal speed .....................................................................................85 

Figure 32:    Regional distributions of events that were stronger on either side of the Bay  

                     based on synoptic cause ................................................................................88 

Figure 33:    Regional distributions of events that were stronger on either side of the Bay  

                     based on full-domain average CAPE ............................................................93 

Figure 34:    Regional distributions of events that were stronger on either side of the Bay  

                     based on SST Anomalies ..............................................................................99 

Figure 35:    Regional distributions of events that were stronger on either side of the Bay  

                     based on SST-850mb values .......................................................................100 

Figure 36:    Map of all tornadoes, and their respective EF magnitudes, that occurred  

                     within the study area from 1950-2019 ........................................................102 

Figure 37:    Annual tornado recurrence on both sides of the Bay ..................................104 

Figure 38:    Monthly tornado distribution on both sides of the Bay ...............................105 

Figure 39:    Tornado path length distribution on both sides of the Bay. Percentages  

                     represent the contribution of that category to each sides total ....................107 

Figure 40:    Enhanced Fujita Scale Classification distribution on both sides of the Bay.  

                     Percentages represent the contribution of that category to each sides total 

                     .....................................................................................................................108 

Figure A.1: Temporal Synoptic Index types ....................................................................122 

 

 

 

 



xiii 
 

 

 

ABSTRACT 

 The Chesapeake Bay 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 geography leads to a distinctive climate relative to the rest of the 

US East Coast, with effects from both the Bay, and the Atlantic Ocean. Along with the 

well understood impacts of Bay breezes and the ability of the Bay to influence local 

temperatures, many have speculated on the impact of the Bay on convective precipitation 

and severe weather. This research sought to quantify the effect of the Chesapeake Bay on 

frontally induced and/or quasi-linear precipitation during the spring, summer, and fall 

utili zing level-4 radar derived precipitation data. Chesapeake Bay sea surface 

temperatures (SST), Temporal Synoptic Index (TSI) derived synoptic types, and 

manually classified atmospheric flow regimes and synoptic causes are used as the 

primary means of examining forcing mechanisms responsible for modification of 

precipitation events introduced by the Bay environment. It was found that more target 

events were stronger to the west of the Bay, and among possible causes that were 

examined, storm angle of travel, storm speed, Bay width, and instability characteristics 

were the most important factors. This research also examines tornado activity around the 

Bay, exploring a large discrepancy in reported tornadoes between the sides of the Bay to 

determine whether the Chesapeake impacts the likelihood of tornadic cells entering the 
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Delmarva Peninsula. This work will assist in forecasting severe weather for the Delmarva 

Peninsula, and the Chesapeake Bay region as a whole, as well as examining whether a 

predominately inland body of water is able to impact mesoscale precipitation totals. 
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Chapter 1  

INTRODUCTION  

1.1 Chesapeake Bay Region Studies 

Research specific to the impact of the Chesapeake Bay on 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 Chesapeake Bay on cold 

frontal precipitation totals for the period 1997-2011. This study found a notable 

difference in frontal precipitation totals between the Western Shore and Eastern Shore in 

the months of April and May, with the Western Shore receiving more precipitation than 

the Eastern Shore for a typical frontal passage. In summer months results were slightly 

more ambiguous, but at times showed the opposite effect, of the Eastern Shore receiving 

more precipitation than the Western Shore, indicating a possible amplifying effect 

imparted by the Bay. A weak negative correlation was discovered between the 

Chesapeake Bayôs SST (SST) derived from buoy data, and the Western Shore-Eastern 

Shore difference, meaning that as the Bay becomes warmer, the Eastern Shore has a 

tendency to receive more precipitation from cold frontal passages, though it is noted that 

buoy data is insufficient to draw concise conclusions due to its lack of spatial coverage 

and resolution (Skeeter 2013). 
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 Other meteorological phenomena related to the Chesapeake Bay region have been 

studied, though work in this area has been limited. Sikora and Halverson (2002) showed 

that the Bay is able to have an observable effect on the lower atmosphere, using satellite 

and in-situ observations to examine anomalous cloud lines associated with the 

Chesapeake Bay, finding that they were present on 3% of all 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 down-Bay winds, rather than cross-Bay 

winds, and negative air-sea temperature differences (meaning that the Bay 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 when the Bay is 

warmer than the air above, particularly when the difference between the Bay temperature 

and 850 hPa temperature is greater than 13°C. Stuart (2003) notes that forecast models (at 

least at that time) were not able to resolve the mesoscale nature of the plume 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 the Bay on winds has been studied extensively. Slade (1962) 

examined the impact of the Bay on winds traveling across it by measuring winds on both 

shores, and temperatures via sensors mounted on the Chesapeake Bay Bridge that 

traverses the north central Bay. It was found that as winds cross the Bay for 

approximately 7 miles, fluctuations in the direction of the winds were always less than 
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they were before reaching the Bay. It was also found that wind speeds usually increase, 

doing so more drastically when the air was warmer than the water, noting that 

occasionally, when the water was cooler than the air above, wind speeds sometimes 

decreased. Sikora et al. (2010) examined the Bay breeze along the Western Shore of the 

Chesapeake, principally in the northern half of the Bay where more surface stations are 

located. During the warm season (March-September) they found that Bay breezes were 

most common on days with weak zonal flow, and stronger than normal water-land 

temperature gradients. Stauffer and Thompson (2015) also examined the Chesapeake Bay 

breeze, relating it to surface air quality using data from two surface observing stations. 

They found that, particularly in the southern Bay, Bay breeze events are an important 

factor in determining air quality, with Bay breeze days often causing surface ozone 

values to exceed standards set by the environmental protection agency (EPA), noting that 

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

 While the impact of the Chesapeake Bay on precipitation events has not been 

directly evaluated outside of Skeeter (2013), precipitation in areas around the Bay, 

particularly along the Western Shore, has been examined in other ways. Ntelekos et al. 

(2007) used lightning data and stream discharge data 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 Mountains, some 50-60 miles to the west of the Bay. Of 

particular interest, it was found that as storms move out over the Chesapeake Bay and 

eventually over the Atlantic Ocean, lightning frequency notably decreases. Zhang et al. 
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(2011) examined the urban heat island (UHI) created by the Baltimore-Washington 

corridor, an area just to the west of the Bay with significant urban development. In 

particular, this research examined the impact of upstream urbanization on enhancing the 

heat island effect, finding through modeled data that upstream urbanization was able to 

increase the UHI effect over Baltimore by as much as 25%. It was also found that heat 

island ñplumesò within the mixed layer have a notable rising component, and can be 

advected many kilometers downstream, which holds possible importance for precipitation 

events passing through the area. Ryu et al. (2015) again focuses on the Baltimore-

Washington metropolitan area west of the Bay to evaluate the impact of land surface 

heterogeneities on heavy convective rainfall. It is found that the combination of land-

water and urban-nonurban contrasts play a noteworthy role in these events, particularly 

through creating abnormal temperature differences, and causing moisture to be advected 

inland from the Bay. Their findings indicate that Bay breezes from the Chesapeake Bay 

and the UHI effect imparted by the Baltimore-Washington corridor are able to work in 

unison, with the heat island strengthening the moisture rich Bay breeze. This setup can 

increase moisture supply and the likelihood 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 
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SSTs and convection albeit in a tropical environment, finding that there is a noticeable 

intraseasonal relationship between SSTs and convection. It is noted that 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 Chesapeake Bay, as a 

model-based study of the Bay conducted by Muhling et al. (2017) projects a continued 

upward trend in Bay SSTs, and a potential increase of between 2-5.5°C in Bay SSTs by 

the end of the century. The impact of warming SSTs on 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 the Bay has not been heavily researched. 

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 Radar-1988 Doppler (WSR-88D) data to examine lake effect 

precipitation events associated with the Finger Lakes in upstate New York, a relatively 

small series of inland lakes that are generally not thought to be significant enough to have 

an effect on the atmosphere. Their findings indicate however, that the Finger Lakes were 

associated with 125 lake effect events during the 11 winters between 1995/96 to 2005/06, 

showing that even small inland bodies of water (i.e., smaller than the Chesapeake Bay) 

can have noticeable impacts on local weather. These events were classified as being 



6 
 

either well defined isolated bands downwind of the lakes, an enhancement of pre-existing 

events passing through the region, a quasi-stationary mesoscale band positioned over the 

lakes, or as a transition from one type to another, showing that these lake effect events 

take on many different forms. In a similar study, Laird et al. (2009b) utilized WSR-88D 

data to examine lake effect precipitation events over Lake Champlain, a slightly larger 

lake on the border between New York and Vermont. In this study, 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, quasi-stationary 

lake-effect bands embedded within extensive regional precipitation, or a transition type 

event.  

Durkee et al. (2014) examined an area in southwestern Kentucky known as the 

ñLand Between the Lakes, to evaluate the impact on storm systems imparted by two 

impoundments that flank the area, Kentucky Lake (approximately 2 miles across), and 

Lake Barkley (approximately 1.5 miles across), and 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 out of 12 convective events, 8 showed 

potential qualitative modifications by these bodies of water, and the LULC changes to the 

surrounding area. Winchester et al. (2017) also performed a study examining the Land 

Between the Lakes, conducting a model-based study 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 
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that these reservoirs, despite their relatively small size, have the ability to alter local 

precipitation totals. 

Alcott et al. (2012) examined lake-effect precipitation associated with the Great 

Salt Lake in Utah, a drastically different environment from the previous studies. Great 

Salt 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 seasons, and least 

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 from 1996-2010. They 

found 4.4 lake effect events per year on average, with an average duration of 6.3 hours. 

Lake effect events in this region were most common when air temperatures were below 

freezing, when the mean difference between the lake temperature and surface air 

temperature was 11.5°C. Joshi et al. (2017) conducted 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 increase in open 

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 precipitation - though the vast majority of that research focuses strictly 

on snowfall, which will not be discussed here. Focusing on rainfall, Moore and Orville 
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(1990) examined lake-effect thunderstorms, finding that lake-effect thunderstorms 

generally manifest as a single band, and are most common when low level flow is parallel 

to the lakeôs longest axis. Steiger et al. (2009) used lightning, radar, and radiosonde data 

to examine lake-effect thunderstorms during the cool season in the lower Great Lakes, 

finding that 75% of lightning producing lake-effect storms occurred during November or 

December. Lechter and Steiger (2010) created a lake-effect lightning 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, followed by Lakes Huron (18%), 

Michigan (11.2%), and Superior (4.3%). An interesting caveat of these studies is that 

they specifically chose to ignore the warm season because, as they say, ñThe entire lake 

effect season is defined as the months during which much-colder air can cross the warmer 

Great Lakes and produce these storms: typically, SeptemberïMarch. It is believed that 

the potential for lake-effect storms with cloud-to-ground (CG) lightning is greater during 

earlier months because of the warmer lake surface temperatures and the greater 

convective cloud depths relative to the rest of the lake-effect seasonò (Steiger et al. 2009). 

 

1.3 Precipitation Measurements 

 There are a number of ways that precipitation totals can be measured. Rain gauge 

data, while certainly 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 Chesapeake Bay region. In areas 
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such as this, multi-sensor and radar-derived 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 (2012) evaluated radar precipitation estimates from the National 

Mosaic and Multi-sensor Quantitative Precipitation Estimation System (NMQ) and the 

Weather Surveillance Radar-1988 Doppler (WSR-88D) Precipitation Processing System 

(PPS). The authors used Automated Surface Observing Systems (ASOS) surface 

observations as ground truth, and Gridded Stage IV multi-sensor precipitation estimates 

(the same as will be used in this research) for additional ground truth verification. They 

found that NMQ estimates generally had higher correlation to reality and smaller errors 

relative to rain gauge reports, but note that the skill of either could be dependent on 

regionality. Of particular note, Wu et al. (2012) chose to use NCEP Stage IV estimates as 

one of their ground truths, which speaks to the quality of this data. 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 multi-sensor precipitation 

estimates due to its ability to mitigate 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 beam blockages were noted in seasonal products.  

 In this research, NCEP Stage IV precipitation estimates are used to examine 

whether precipitation totals are different between the eastern and western sides of the 

Chesapeake Bay during strong frontal or quasi-linear precipitation events. Chesapeake 

Bay SSTs, synoptic types, atmospheric flow types, and atmospheric stability will be used 
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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 Chesapeake Bay region have been 

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 have 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 the Mid-Atlantic during 

the warm season, though this study only focused on strong storms (>EF-3). Market 

(1996) examined the mesoscale characteristics of tornadoes for a swath of the Mid-

Atlantic which included the northern half of the Chesapeake Bay, though the primary 

area of interest for this study 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 Delmarva 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, hail, and high wind reports. 

In addition to full climatologies of other regions, a number of studies have 

examined individual tornado events in and near the Chesapeake Bay region. Pryor et al. 

(2019) produced a synoptic and mesoscale overview of an EF-3 tornado that impacted 

College Park, Maryland on September 24, 2001. Strong & Zubrick (2004) created a 

synoptic assessment of the 2002 La Plata Maryland EF-4 tornado, the strongest tornado 

to ever impact the Chesapeake Bay region. They found that its strength was a result of a 

combination of high wind shear and reasonable instability, combined with a coupled 

upper-level jet, dry mid-levels, and a developing low-level jet. The La Plata tornado has 

added significance in that it was able to cross the Chesapeake Bay and produce tornado 

damage on the Eastern Shore of Maryland. 

 This research will produce a climatology of tornado activity around the 

Chesapeake Bay to examine differences between the sides of the Bay with regards to 

tornadic events ï providing clarity on the tornado climatology of an area of the country 

that has not been heavily examined, but whose risk and vulnerability to tornadoes is 

reasonably high. This climatology will examine the strength, seasonality, and recurrence 

of tornadoes in the Chesapeake Bay region. It 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 to the authorôs experiences. As a native of 

the Eastern Shore of Maryland, the author has often observed thunderstorms moving 

toward the Delmarva Peninsula from the west that produce significant amounts of rainfall 

on the western side of the Chesapeake Bay. With seeming regularity, these events cross 

the Bay, and by the time they reach the Eastern Shore, they appear to be significantly 

weaker than they were on the western side of the Bay. This is a phenomenon that is 

frequently discussed by on-air 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 true nature of the Bayôs effect on precipitation.   

 The impact of the Bay will be explored using level-4 (or stage IV) radar derived 

precipitation data. Level-4 data for all frontal events determined to be appropriate for 

evaluation were collected and analyzed to determine whether there was a significant 

change in precipitation totals from one side of the Bay to the other during these frontal or 

quasi-linear (i.e., formed generally in a line) convective events.  Meteorological data as 

well as SSTs for the Chesapeake Bay were collected for each event in order to establish 

what conditions are most likely to enhance or diminish the effects of the Bay. An 
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additional portion of the research will examine the impact of the Chesapeake Bay on 

tornadic activity as another measure of the Bayôs influence on local convective weather. 
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Chapter 3  

OVERVIEW OF THE CHESAPEAKE BAY REGION CLIMATE AND 

GEOGRAPHY 

Covering nearly 4,500 square miles, the Chesapeake Bay is 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 the Bay ranges from about 4 miles between Aberdeen Proving 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 15-25 miles south of there. Generally speaking, 

the mid-sections of the Bay are between 10-15 miles wide, with several river mouths and 

marshlands making exact Figures vague. 

The Chesapeake Bay is relatively shallow, with an average depth of 21 feet. 

However, the Bay has a main channel that runs through it which is of variable depth, 

generally from 40-75 feet with isolated areas near or just over 100 feet deep, particularly 

in the southern half of the Bay (Figure 1). North of the Chesapeake Bay Bridge (just 

north of the second most northern line in Figure 1), the Bay is typically only 10-20 feet 

deep with the main channel being less pronounced than it is in areas south of the bridge.  
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The land area around the Chesapeake Bay is varied when comparing the Eastern 

Shore to the Western Shore. On the Delmarva Peninsula, elevations are generally about 

10 feet above sea level, peaking between 40-60 feet from Salisbury, MD northward along 

the western border of Delaware. On the western side of the Bay however, elevations 

quickly rise to well over 100 feet, reaching 500+ feet just west of the Interstate 95 

corridor connecting Baltimore to Washington D.C.. Further west, the Appalachian 

Mountains rise between 2,000-4,000 feet which, while quite far removed from the Bay, 

are an important factor in the formation of thunderstorms that impact the area, as 

thunderstorm activity in the Chesapeake Bay region is oftentimes heavily dependent on 

Figure 1: Bathymetry of the Chesapeake Bay (Du 2017), superimposed with lines to 

demark latitudinal regions used in following analysis. 



16 
 

orographic influences imparted by mountains that are some 50-60 miles to the west of the 

Bay (Ntelekos et al. 2007). 

It is important to note the level of urbanization on the western side of the Bay 

relative to the principally rural Delmarva Peninsula, particularly areas to the north of 

Washington D.C. The prevalence and role of the UHI created by the Baltimore-

Washington corridor has been researched quite extensively, as is discussed in the above 

literature review. 

It is important to understand the general climate of the Chesapeake Bay region. 

Using gridded climate normals data produced by Oregon State Universityôs PRISM 

group (PRISM, 2023), a brief summary of temperature and precipitation patterns around 

the Bay has been constructed. Beginning with precipitation, Figure 2 shows monthly 

average precipitation for the period from 1991-2020, presenting both the average across 

the entire region (not including directly over the Bay itself), and for both sides of the Bay. 

There is not a great deal of spatial variation in precipitation totals around the Bay, 

but there are patterns worth noting. In a normal year, the Chesapeake region as a 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 averages. Figure 2 was constructed 

using high resolution, gridded data, and it is clear that during certain times of the year, 

the east side of the Bay receives notably less precipitation than the west side.  
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 Interestingly in the context of this particular study, from March-October the east 

side of the Bay receives less precipitation on average than the west, with differences of 

more than a quarter of an inch in May, July, and September. In total, within the 25-mile 

buffer around the Bay, areas to the east of the Bay received 1.29 inches less precipitation 

in a typical year than areas to the west of the Bay. It is worth noting that a large portion 

of these differences are concentrated in the southern quarter (latitudinally) of areas 

surrounding the Bay. Every month except for November and December saw the southern 

quarter of the eastern side of the Bay receive lower average precipitation than the western 

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 east of the Bay (north 

= -0.97/yr., south-central = -0.85/yr.), with the lone exception being the north-central 
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Figure 2: Average monthly precipitation to the west of the Bay, to the east of the Bay, 

and throughout the entire study area. 
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region, in which the eastern side of the Bay receives 0.1 inches more precipitation in a 

typical year according to the PRISM data. 

 

Figure 3 shows a graph of average monthly temperatures within the same 25-mile 

buffer, now separated only by latitudinal regions (see Figure 1 for extent of latitudinal 

regions). From October to April, the southern reaches of the Bay are notably warmer than 

the rest of the area (2°-5°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 differences may partly be due to the fact that SSTs 

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. Average temperatures peak in July and August, with 
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Figure 3: Average daily high temperatures in the Chesapeake Bay region for each month, 

divided by latitudinal region. 
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temperatures averaging just above 85°F. For context, SSTs this time of year are generally 

in the high 70ôs to low 80ôs, which would produce a smaller influence on air temperatures 

ï hence a muted difference across the regions, and even a slight tendency for the southern 

reaches of the Bay ï where the Bay is wider ï to actually have slightly cooler air 

temperatures than areas further north.  

As a natural segue, it is important to examine SSTs in the Chesapeake Bay 

directly as well, as the temperature of the Bay likely plays a significant role in its ability 

to modify storms that cross it. Buoy data on the Bay are sparse, but fortunately satellite 

derived data are able to resolve the Bayôs SSTs at very high resolution. Monthly average 

MODIS AQUA satellite derived SST data (NASA) have been used to construct a 

latitudinally based monthly climatology of the Bayôs SSTs (Figure 4). 
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Figure 4: Satellite derived average monthly SSTs of the Chesapeake Bay, divided into 

latitudinal regions. 
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As expected, the Bay is cooler further to the north throughout the majority of the 

year, with a difference of about 3°-5°F from November to May between the southern 

region and the northern region. SSTs peak throughout the Bay 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 southern Bay is actually cooler than regions to the north in July and 

August, likely due to more turbulent mixing and deeper water near the Bayôs mouth. The 

period of time that is of greatest interest to this research is likely March to July. From 

March to May the difference from the northern Bay to the southern Bay 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 difference between the temperature of the Bay and the air 

above it during these months. 

Finally, Figure 5 compares average daily high air temperatures to average Bay 

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 between Bay temperatures and daily high temperatures, indicating that the Bay 

is markedly cooler than the air above it during that month. 
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 The temperature differences between the air and Bay match expectations. The 

Bay is 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 degrees, but a more 

muted signal is present from August to December. An additional interesting finding is 

that the months of highest interest for this research (March-June) are among the times of 

year when the lower atmosphere is most notably warmer than the Bay, particularly April 

and May, and particularly for the northern reaches of the Bay. 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 full 24-hour average temperatures had been 

used, it is likely that October through February would have had a relationship showing 
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Figure 5: Comparison of monthly SSTs of the Chesapeake Bay with average daily high 

air temperatures for all four latitudinal regions. Larger values indicate air above the Bay 

that is warmer than the water. 
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Bay temperatures actually exceeding average daily air temperatures. However, since the 

majority of target events in this research occur in the afternoon into early evening, it was 

deemed that examining the differences between maximum temperatures and Bay SSTs 

would be appropriate. 
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Chapter 4  

DATA & METHODS  

4.1 Data Collection & Bay Buffer  

         NCEP Stage IV precipitation data were collected for the spring, summer, and fall 

seasons of each year between 2008-2020 for the region around the Chesapeake Bay 

(Figure 6). Winter data were not collected due to a general lack of either intense, or 

convectively active precipitation events during the winter months. Following the 

collection of precipitation data, a shapefile was created in GIS that followed the shoreline 

of the Chesapeake Bay (Figure 7). This shapefile was constructed by hand in order to 

avoid the tributaries and marshlands that surround the Bay, with the goal being to create a 

simple border of the Bay. In order to construct the shapefile, a basemap was imported 

into GIS, and the shoreline of the Bay was manually traced, ignoring the mouths of 

rivers, streams, and guts, to create a polygon of the Bay itself. 
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Figure 6: Spatial coverage of level-4 data collected for event identification. 

Figure 7: Manually constructed polygon of the Chesapeake Bay, ignoring the mouths of 

tributaries and widespread marshland. 
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After a shoreline polygon was created, a 25-mile buffer was established around 

the Bay within which precipitation on each side would be examined (Figure 8).  A 25-

mile buffer was chosen as a compromise between the need for sufficient data for analysis 

and the need to isolate the true impact of the Bay on precipitation totals.  The buffer 

shapefile was then broken into two, defining points both west and east of the Bay. 

  

 

 

 

 

 

 

 

 As level-4 points directly over the Bay have no means of being reliably gauge 

corrected, these points were not included in the analysis. As such, any points that fell 

within the polygon of the Bay itself were flagged and excluded from the dataset. The 

same is true for points that are located over the ocean, meaning that a relatively large 

number of points in the portion of the buffer east of the Bay - specifically, those points 

Figure 8: 25-mile buffer established around the Chesapeake Bay polygon ï this buffer 

was used for event identification. 
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offshore of the Eastern Shore of Virginia - were excluded. While this exclusion was 

needed for analysis, removing these data did reduce the number of points east of the Bay 

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

made at later stages of the research to adequately account for this difference. Points that 

lie over tributary rivers & 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 the final spatial coverage of level-4 precipitation grid points in the study area. 

 

 

 

 

 

 

 

 

4.2 Level-4 Precipitation Data ï Description & Justification of Use 

         Level-4 radar derived precipitation data are a national mosaic product provided by 

NCEP that produces hourly precipitation totals based on multi-sensor (radar and rain 

Figure 9: Spatial coverage of level-4 points contained within the 25-mile buffer. 
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gauge) measurements. This product has been created 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 College, PA. Daily, 6-hour, and 1-hour precipitation totals 

(mm) are available. For the purpose of this research, hourly data are used. Data is at a 

4km x 4km resolution (see Figures 6 and 7 to view spatial resolution), which provides 

suitable coverage of the study area. 

         This remotely sensed product provides quality-controlled data at high spatial and 

temporal resolutions. These two factors in particular make level-4 data a preferable 

alternative to raw level-2 radar data. Although level-2 imagery has both higher spatial 

and temporal resolution, it has not undergone the rigorous quality control of level-4 data. 

Additionally, there is no single standardized way to convert level-2 radar decibel levels to 

precipitation rates. All of these factors combine to make level-4 data the most suitable for 

this research.  

There is the added issue in using level-2 data that, while the primary NEXRAD 

station for the Chesapeake Bay region, KDOX in central Delaware, has reasonable 

coverage across the study area, data from two additional NEXRAD stations, KLWX in 

Sterling Virginia, and KAKQ in Wakefield Virginia, would have to be collected in order 

to have complete, high quality coverage of the entire study area if using level-2 data. 

Level-4 gridded data already incorporates other regional radars to provide a consistent 

radar product throughout the region. 
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         Another potential data source was rain gauge measurement data. While these data 

would certainly be the most accurate assuming the gauges are of high quality and 

regularly maintained, there are not a sufficient enough number of surface observing 

stations on either side of the Chesapeake Bay, particularly on the Eastern Shore of 

Maryland, to use rain gauge data. This lack of coverage is both spatial, and temporal, as 

many stations surrounding the Bay were either short lived (operational for a few years, 

then deactivated/removed), or have spotty coverage with abundant missing data - neither 

of which were acceptable for this research. Level-4 data provides continuous coverage 

across the entire study area, both spatially, and temporally (hourly data). Additionally, 

level-4 data is gauge calibrated, so any available surface station data is already included 

in the creation of this product.  

 

4.3 Event Identification & Characteristics 

 Appropriate convective events could have been identified in a variety of ways, 

using both automated and/or manual approaches. It was determined that a hybrid 

automated-manual approach was most suitable for this research. This involved sorting out 

weak events in an automated fashion before manually viewing the radar imagery of each 

event that was deemed strong enough for potential inclusion in the final dataset. This 

decision was made because the manual component of the approach allowed each possible 

eventôs radar imagery and surface maps to be examined by human agents, while the 

automated component drastically increased the efficiency of  identifying target events. 
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         After collection of the precipitation data and the development of a buffer around 

the Bay, a script was written to cycle through 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, as 8mm/hour is what the 

USGS classifies as heavy precipitation. Other threshold values were also considered, 

namely 5mm/hour, and 15mm/hour, however 15mm/hour resulted in a drastically smaller 

dataset, while 5mm/hour led to the inclusion of many particularly weak events. Using an 

8mm/hour threshold produced a dataset in which early spring and late fall were 

underrepresented in frequency of events relative to the warm season. This was not 

considered to be problematic as the monthly distribution of events generally matched the 

distribution of convective event frequency in the region. The threshold of requiring 15 

radar pixels (4km by 4km grid boxes encompassing 240 km2) was chosen as a reasonable 

value for a significant area of convective rainfall. 

            Once potential convective events were identified in this automated manner, they 

were manually examined using archived radar imagery provided by UCAR (UCAR: 

https://www2.mmm.ucar.edu/imagearchive/). This site has archived regional level 2 radar 

mosaics at 30-minute resolution beginning in 1996 for some regions, and in 2008 for the 

Mid-Atlantic, with nearly continuous coverage. In the case that there was an event for 

which data were not available, level-2 radar data were directly downloaded from the 

National Centers for Environmental Information (NCEI) (NCEI: 

https://www.ncdc.noaa.gov/nexradinv/), and the radar data visualization program 

GR2Analyst was utilized to evaluate the event. The UCAR site referenced above has 
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hourly radar/surface map composite imagery for the majority of events which were used 

to determine the synoptic forcing for the rainfall. In events where the surface maps were 

not available, three-hourly surface maps from the Weather Prediction Center (WPC) 

(Weather Prediction Center: https://www.wpc.ncep.noaa.gov/html/sfc2.shtml) were 

utilized to determine the synoptic nature of the event. Synoptic 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, or non-frontal QLCS. 

Further, it was specified whether or not each event was 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, the event was cataloged as a ñborderlineò 

event. Level-2 data were downloaded from NCEI for each borderline event, and these 

events were then evaluated in GR2Analyst, which provides better temporal and spatial 

resolution, as well as information on warnings and special bulletins for specific storms. 

Thus, the level-2 data were helpful in determining whether some events were classified as 

frontal linear or quasi-linear convective storms.  

            The following guidelines were used while evaluating potential convective events 

to determine inclusion in the study. If a potential event met these criteria, it was identified 

as a confirmed convective event, and level-4 data were collected for the full duration of 

the stormôs passage through the Bay region for further analysis: 
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1. The event must either be frontal in nature - created by a direct frontal passage, or 

as an outflow from a nearby frontal boundary - or have a quasi-linear structure.  

2. Both cold fronts and stationary fronts were included in this study, and have been 

differentiated from each other. Cold fronts typically have a more linear 

orientation, while stationary fronts often send less linear ñmassesò of precipitation 

across the Bay. Even though the majority of stationary fronts do not have a linear 

structure, previous unpublished research by the author shows that they are one of 

the main producers of intense precipitation events in the Mid-Atlantic region, and 

as such their inclusion was deemed appropriate. 

3. If an event was caused by an outflow from a front, rather than the passage of a 

main frontal boundary, it was included and labeled as an outflow boundary. 

4. The event could not simply ñtrainò heavy precipitation orthogonally across the 

Bay. A static image of such an event can be seen in Figure 10. Events of this 

nature would be difficult to evaluate using hourly level-4 data due to their long 

residence time over the Bay, and often spatially inhomogeneous structure.  

 

 

 

 

Figure 10: Example of an event orthogonally training precipitation across the Bay. 
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5. The event must be in a mature state by the time it reaches the study region, 

meaning that if there is obvious weakening or strengthening of the event as it 

approaches the Bay, it was not included. Of course, many events will have minor 

changes in strength moving west to east toward the Bay, as no event is static in 

nature, but events in states of obvious transition were avoided. 

6. The event must be moving generally from west to east. Events that move up the 

Bay, or ñbackdoorò type events, were not included. An angle of 45 degrees from 

either the southwest or northwest were used as the cutoff threshold for inclusion. 

7. Doverôs NEXRAD station (KDOX) must be operational while the event is 

impacting the area. If KDOX observations were not available, the event was not 

included.   

         It is recognized that manual event identification has the potential to introduce bias 

in the event selection process. However, it is argued that the benefits of a manual 

selection methodology outweigh the negative aspects due to the nature of the systems 

being studied. ñExpert analysisò has been used for climatological studies throughout the 

entire history of the discipline, and its utility for this research is due to the multi-layered 

identification procedure. Additionally, the initial automated component of requiring the 

events be of a minimum strength and areal extent, as well as requiring that they pass 

within the 25-mile buffer lends additional reliability to the subsequent manual analysis.  
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4.4 Event-Specific level-4 Data Collection & Management 

 Once all convective events were identified, level-4 data for each event were 

collected on a smaller domain around the Bay. While data collection was ongoing, NCEP 

changed the gridding scheme for their level-4 data, which resulted in slightly mismatched 

points between many events. The points from data downloaded before the gridding 

switch were located approximately 418 meters to the north northeast of the datapoints 

collected after the gridding switch. Rather than re-gridding or re-downloading the data, it 

was decided that two datasets would be used, one with ñnewò gridded data, and one with 

ñoldò gridded data, as the issue had no impact on the results.  

 Once all level-4 data were collected, each event was ñtrimmedò using GIS 

software (ESRI; ArcGIS Pro). In the trimming process each hour of data were inspected 

and any grid cells from precipitation that fell within the buffer around the Chesapeake 

Bay, but were not directly a result of the target event were removed. Leading or trailing 

stratiform precipitation, or precipitation associated with other nearby events were the two 

primary sources of data that were trimmed from each event. An example of the trimming 

process can be seen in Figure 11. This process was critical for three reasons. First, it 

ensured that light stratiform precipitation, which could impact the results, was not 

included in the precipitation for each event. Second, it ensured that rainfall that was not 

directly associated with the main convective event (e.g., an airmass thunderstorm, a small 

pre-frontal squall, etc.) were not included in the eventôs precipitation totals. Finally, it 
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ensured that portions of each event that did not actually cross the Chesapeake Bay were 

not included in that eventôs precipitation totals.  

The trimming process, while accomplishing the primary goal of filtering each 

eventôs data to only contain precipitation related to the main convective event, provided 

added benefits. Trimming afforded the opportunity to perform a final high-resolution 

quality control on the data assuring that no anomalous precipitation values were present. 
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4.5 ñStorm Swathsò 

 After all precipitation data were trimmed, the direction each storm took in its 

movement across the Bay was considered. Identifying 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 the Bay (i.e., northern Bay, central Bay, southern Bay). For 

example, if an event is traveling from the northeast, a part of the event that crossed the 

ñnorthernò region of the Bay area on the Western Shore would make landfall on the 

Eastern Shore of the Bay within the ñNorth Centralò region. Likewise, portions of the 

event that fall within the northern region to the east of the Bay may not have even crossed 

the Bay at all if its movement was northwest to southeast. Initially, creating a set of 45 

degree ñnotchesò at the north and south portions of the study region was thought to be a 

sufficient fix for the issue of capturing only data that crossed the Bay directly, but this did 

not address the issue of regional analysis. Considering storm direction explicitly while 

trimming would ensure that both potential issues were completely addressed. 

In order to identify the direction of motion of each event, radar imagery was re-

examined, and the angle relative to movement directly east was determined within 5-

degree intervals between -45 degrees (i.e., traveling from the southwest to the northeast) 

and +45 degrees (i.e., traveling from the northwest to the southeast). No events exceeding 

45 degrees in either direction were included in the dataset. While not common, in cases 
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that had multiple portions of the event moving in different directions, the average 

between the directions was used. 

Once a direction had been established for each event, that eventôs level-4 data 

were analyzed in GIS. Using one of a series of 19 polygons, to represent each of the 19 

possible directions of travel between -45 and 45 degrees, the data were ñtrimmedò a final 

time to only include data that fell within the appropriate polygon. Additionally, as can be 

seen in Figure 12, each polygon was split into four rectangular quarters, allowing a new 

column to be added to each eventôs dataset categorizing each point into a latitudinal 

region - north, north-central, south-central, and south. An example of this storm-track 

trimming process can be seen in Figure 12.  

Of note, the 45-degree notches (see Figure 9) that were cut into the northern and 

southern parts of the study area caused a small number of points in the far southern 

reaches of the western side of the Bay to be excluded for any events which had directions 

of motion of less than 25 degrees. Data for these points were re-downloaded for each 

event, and re-trimmed when needed to exclude stratiform or non-target portions of the 

event in order to have a complete dataset for each event.  
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Subsequently, level-2 data were imported into 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 placed in GRAnalyst over that spot, the imagery was 

moved forward as far as was needed to adequately track the stormôs movement. Then, the 

distance that part of the storm had traveled was determined using built in functionality 

present in GRAnalyst which allows the distance in nautical miles to be measured from a 

starting point. To convert the storm specific speed to a zonal speed, a trigonometric 

adjustment was made using the distance traveled and the angle of travel to determine the 

distance to the east the storm had traveled, allowing calculation of the zonal speed. 

The end product of this process was a complete dataset of event total precipitation 

values, with each point categorized by latitudinal regions which are based on the storm 

swaths. Additionally, each event was categorized by direction of travel, speed (both 

storm-specific, and zonal), and synoptic cause.  

 

4.6 Additional Data  

 SST data for the Chesapeake Bay were needed to examine the possible influence 

of the Bayôs surface temperatures on precipitation totals. It was determined that satellite 

derived SST data were the optimal data source. Buoy data were considered, but due to the 

general lack of buoy-based SST data in the Chesapeake Bay, satellite data were chosen as 

they provided a much higher spatial and temporal resolution. Weekly average Bay SSTs 
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were collected for every convective event, with the day of the event marking the last day 

of the seven-day average SST values. Weekly averages had to be used rather than daily 

average because many events had little to no data available over the Bay on the day of a 

given event, as often the Bay was cloud covered on the day in question, making the 

collection of SST information by satellite impossible. Occasionally, even week-long 

averages provided insufficient spatial coverage of the Bay. In such cases, weekly 

averages were moved forward in time day by day until a weekly average that provided 

adequate coverage was identified. Typically, moving forward between 1-3 days proved 

sufficient. Each eventôs SST data were then divided into regions utilizing the storm 

swaths discussed in the previous section, providing the ability to examine SSTs in a 

regional manner as well. 

NCEP/NCAR reanalysis data of 850 mb temperatures over the Chesapeake Bay 

Region were also collected (Kalnay et al. 1996). The Chesapeake Bay sits between four 

grid points in the NCEP/NCAR dataset, with no individual point directly over the Bay 

(Figure 13). As such, data for all four of these points were collected for the hour closest 

to the start time of each event, and the average 850-mb temperature of those points was 

used as the 850-mb temperature. 
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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 of the research. As such, ERA-5 satellite-based 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 established around the Bay, 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 in Figure 14 were collected. 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. 

Figure 13: Location of NCEP/NCAR Reanalysis grid points. 
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In addition to the synoptic analysis which manually identified the surface forcing 

mechanisms associated with each event, additional information about the state of the 

atmosphere associated with each event was desired. The temporal synoptic index (TSI) is 

a weather type classification scheme which assigns each day to a particular synoptic 

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

1. Air temperature  

 2. Relative humidity  

 3. Air pressure 

 4. Wind speed  

Figure 14: Domain and resolution of ERA-5 CAPE data utilized. Yellow cells were 

included in the analysis, while blue cells were not. 
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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, PA, the closest appropriate station to the 

study area, were collected for the day of each event. Weather type classification analysis 

is a hallmark of climatological research (Yarnal, 1993). Additionally, utilizing the TSI 

removes the need for a data-intensive and time-consuming synoptic flow analysis, while 

increasing the replicability of the research.  

 

4.7 Statistical Analysis 

 The final product of the processes outlined above was two datasets for each event 

- one that contained gridded data of precipitation totals to the west of the Bay, and one 

with the same to the east of the Bay. A series of t-tests were conducted to determine 

whether there was a statistically significant difference in precipitation totals from one 

side of the Bay to the other. These t-tests used the 2-tailed, and 2-sample of unequal 

variance options. Two-tailed tests were used as the purpose was to identify significant 

differences between the east and west sides of the Bay, not to explore the nature of those 

differences. Two-sample of unequal variances were used as the standard deviation was 
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assumed to be unequal between the two sides of the Bay. For testing purposes, both 

unequal and equal variance t-test methods were examined, and produced the same 

results.  

Precipitation data is generally left-skewed with more small values than large. 

However, the datasets used in this research are large enough (n > 400 for both sides of the 

Bay) that the assumptions required for usage of t-tests regarding the distribution of the 

data are adequately met. Even for finer scale regional analysis, sample size was still 

considered to be sufficient to avoid difficulties caused by left-skewed data. Additionally, 

there is the likelihood of zeroes being present with precipitation data, which can increase 

the skewness of the data. To alleviate this issue, zero values were replaced with ñnullò 

values and not included in the analysis. T-tests were completed both with and without 

zeroes initially, but results were nearly identical. Further transformations beyond the 

removal of zero values, or use of non-parametric alternatives to the t-test were 

considered, but the t-test was determined to be a sufficient means of statistical analysis 

given its common usage, and the large sample sizes used 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 side of the Bay experienced 

more precipitation. This was done in four ways ï 1) finding the number of cells on each 

side of the Bay that fell above the 90th percentile of the full dataset, 2) finding the 

percentage of cells on both sides of the Bay that fall above the 90th percentile (the 
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percentage of cells accounts for the fact that the eastern side of the Bay has 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 sides of the Bay, and 4) a 

simple average precipitation value for both sides of the Bay. As was the case for the t-

tests, these values were calculated excluding zero values.  

Each of the four methods have benefits - raw averages allow the entirety of each 

event to be represented, the value of the 99th percentile allows for the areas of each event 

that received the heaviest precipitation to be the focal point of analysis, and the number 

and/or percentage of grid points that fall above the 90th percentile allows for capturing 

the heaviest precipitation but not limiting the number of points for analysis. For ease of 

interpretation, and because the majority of results were very similar regardless of 

methodology, the results will be presented utilizing the adjusted 90th percentile 

methodology in most cases. 

 

4.8 Tornado Climatology 

The tornado track data used is from the SvrGIS dataset produced by the Storm 

Prediction Center (SPC) (SvrGIS Dataset: https://www.spc.noaa.gov/gis/svrgis/). This 

dataset provided all recorded tornado tracks from 1950-2019 as a GIS shapefile, in which 

basic information about each storm can be examined (e.g., strength, path length, width, 

injuries, etc.). This portion of the study will utilize the entirety of the SvrGIS dataset for 

the period 1950 through 2019, though it is recognized that track data prior to the region-
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wide implementation NEXRAD WSR-88D radars in the early 1990ôs is largely 

incomplete, as many small events went undetected before the advent of reliable radar 

technology. 

         The same border around the Chesapeake Bay that was created for the examination 

of precipitation data were utilized to identify target tornado tracks. A series of 45 degree 

ñnotchesò were trimmed away from the north and south portions of both the east and west 

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 of the Bay. 

Any tornado tracks from the SvrGIS dataset that intersected with one 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 the Bay 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 

the area, 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-depth analysis of the instability characteristics of storms after 1979 was 

conducted as well, examining Convective Available Potential Energy values associated 

with any tornadoes of EF-1 or greater strength. However, this research was conducted as 
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part of a related 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. Synoptic types were classified following the same procedure as 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. These causes were determined by manually evaluating archived surface 

weather maps, 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 staple within climatology since the scienceôs inception. Additionally, the inclusion 

of the ñcombinationò category is intended to ease concerns of choosing one synoptic type 

over another when there are multiple possible causes.  
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Chapter 5  

RESULTS 

5.1  Full Study Area Findings 

5.1.1  Full -Area Occurrence 

 During the period of record (2008-2020), 247 frontal or quasi-linear events were 

identified using the methodologies discussed above. The interannual distribution of 

events is shown in Figure 15, while the annual cycle of events can be seen in Figure 16. 

The interannual distribution of events is a result of the nature of the atmospheric 

circulation in a given year, and the number of frontal convective systems crossing the 

Bay. The annual cycle of 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 

throughout the year. 
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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 on the two-tailed t-test. That total increases to 207 (83.8%) if a 95% 

confidence level is used instead. The results that follow use the 99% confidence level (p 

< 0.01)  unless otherwise stated.  
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Figure 15: Total number of events each year, regardless of significance, from 2008-2020. 

Figure 16: Total number of events by month, regardless of significance, from 2008-2020. 
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Once events with significant differences were identified, the nature of the 

differences were examined via the methods previously discussed. These analyses were 

conducted only for events with significance of p < 0.01. Examining the average 

precipitation on both sides, 105 events had more precipitation to the west of the Bay 

compared to 88 events having more precipitation to the east of the Bay. Examining the 

number of grid points on each side of the Bay that fell above the 90th percentile of the 

entire study area, again 105 events had more grid points above the 90th percentile to the 

west of the Bay while 88 had more to the east of the Bay. Adjusting those results to 

account for the difference in size of the eastern and western sides of the Bay 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 the Bay, while 90 had a higher percentage to the east. Finally, calculating the 

value of the 99th percentile for both sides of the Bay for each event, 106 events had a 

higher value to the west of the Bay, while 86 had a higher value to the East of the Bay - 

two fewer events are shown in this final comparison because two events did not have 

enough cells to calculate a 99th percentile value east of the Bay. A full breakdown of 

these results, as well as results for the 95% confidence level, can be seen in Table 1. As 

all four methods show quite similar results, most findings that follow will use only the 

adjusted 90th percentile methodology which is believed to be the most robust method due 

to the adjustment for the smaller size of the eastern side of the Bay.  
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Table 1: Total number of events for both a 99% and 95% criteria that were significantly 

stronger on either side of the Bay based on the four modes of analysis. Additionally, the 

total number of non-significant events is included. 

99% Confidence Events  95% Confidence 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 yields similar results: of events that experience a statistically 

significant difference in precipitation totals between the sides of the Bay, the majority of 

those events produce more precipitation to the west of the Bay than to the east of it, a 

significant finding which aligns with anecdotal evidence. It is important to examine how 

this phenomenon varies throughout the year. Figure 17 uses the adjusted 90th percentile 

results to show the annual cycle of events that were stronger on both sides of the Bay. In 

the months of May, June, and July, events are far more likely to produce more 

precipitation to the west of the Bay than they are to the east. During April, September, 

October, and November, more precipitation typically falls east of the Bay than to the 

west, though this tendency is less pronounced. Of the 21.7% of events that were not 

significantly different, only March and April had non-significant events as the most 

common occurrence. 
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 While the months of May, June, and July still have more events that were stronger 

west of the Bay than are either stronger east of the Bay, or are not significantly different 

on either side, only the month of July has more events that were stronger to the west of 

the Bay than the other two possibilities combined. Even so, across these three months it is 

much more likely that a significant frontal or quasi-linear event will produce more 

precipitation to the west of the Bay than it is that the event will produce more 

precipitation to the east of it, or that it will not experience any notable change. November 

is the only month in which all events experienced a significant change, with a notable 

signal towards events being stronger east of the Bay. Similar to early spring however, that 
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Figure 17: Total number of events that were stronger to the west of the Bay (orange) 

stronger to the east of the Bay (blue) and that experienced no statistically significant 

difference between the sides (gray) at a 99% confidence interval. The side that is 

ñstrongerò is based on the results of the adjusted 90th percentile methodology. 
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sample is also adversely affected by a small number of events, and would be interesting 

to evaluate using a lower precipitation threshold in future research.  

  Figure 2 of the climate summary showed that during most months of the year 

areas to the east of the Bay receive less precipitation than areas to the west of it. Specific 

to May, June, and July the eastern side of the Bay typically receives around .3 inches less 

precipitation than the western side of the Bay. The phenomena examined here likely 

plays a notable role in that difference. Except for those three months, climatologically 

every month between March and November experiences less precipitation east of the Bay 

- though only September and October experience a particularly notable difference, of 

approximately .3 and .2 inches less precipitation east of the Bay respectively. The only 

months in which the eastern side of the Bay 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 events - i.e., they should not be meaningfully impacted by the Bay, 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 

observed precipitation differences from one side of the Bay to the other.  These include 

storm angle of travel, speed, synoptics, stability, diurnal influences, and Chesapeake Bay 

SSTs. Following those analyses, the data will be divided into latitudinal regions, and 

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 five major categories to correspond 

roughly to compass directions. Five-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 including; from the southwest (-45, -40, -35), from 

the west southwest (-30, -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, 45). Table 2 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 significant change that were 

stronger to the east and west of the Bay, using the adjusted 90th percentile methodology, 

with both raw totals and percentages given. 

Table 2: Total number of events that were stronger on either side of the Bay, and that did 

not experience a significant change, based on angle of travel. ñAngleò column is based on 

the direction the events travelled from. 

Angle West Stronger East Stronger No Sig. Diff.  

NW 6 3 2 

WNW 28 10 7 

W  39 31 21 

WSW 15 20 16 

SW 15 26 8 
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The category with the most events was between +/-10 degrees, or generally from 

the west, which 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 the Bay, and 31 (34.1%) being stronger to the East. Events 

traveling from the west southwest (-30 to -15) had the next most events with 51, while 49 

events travelled from the southwest. 

 The results for storms traveling from the southwest were unexpectedly striking. 

Of the 49 events, 26 (53%) were stronger to the east of the Bay, compared to 15 (30.6%) 

that were stronger to the west, and 8 (16.3%) that experienced no significant precipitation 

change. Events traveling from the west southwest presented similar results, with only 15 

(29.4%) events being stronger to the west of the 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 largest west/east difference were events traveling from the 

west northwest. Of the 45 events that fell within this category, 28 (62.2%) were stronger 

to the west of the Bay, while 10 (22.2%) were stronger to the east of it, and only 7 

(15.6%) events experienced no significant change. Finally, only 11 events had an angle of 

travel from the northwest. Of those 11 events, only two did not experience a statistically 

significant change, while six were stronger to the west of the Bay, and three were 

stronger to the east. 
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These findings appear to suggest a connection between a stormôs direction of 

travel and whether that event is likely to be stronger or weaker after crossing the Bay. 

Events that travel from the southwest are more likely to be stronger to the east of the Bay, 

while events that travel from the northwest are more likely to be stronger to the west of 

the Bay. Events that travel generally due west are slightly more likely to be stronger west 

of the Bay than to the east, but they are also quite likely to not experience significant 

differences in precipitation. 

 

5.1.3 Storm Speed 

Storm speed in knots was divided into five equal-sized categories for both zonal 

(west to east) and storm-relative speeds for ease of analysis. Figure 18 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 seen in Table 3.  
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Speed Zonal     

Storm 

Relative     

Category 

West 

Stronger 

East 

Stronger 

No Sig. 

Diff  

West  

Stronger 

East 

Stronger 

No Sig. 

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 

Figure 18: Box & whisker plots of zonal speeds (left) and storm-relative speeds (right) of 

events. 

Table 3: Distribution of events that were stronger on either side of the Bay based on event 

specific speed (left) and zonal speed (right). 
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Beginning with zonal speed, the five categories were defined as: speed <= 21.6 

kts, 21.61-25.86 kts, 25.87-30.0 kts, 30.1-40.85 kts, and speed >= 40.86 kts. The slowest 

moving storms were far more likely to be stronger to the west of the Bay, while the 

fastest moving storms were more likely to be stronger east of the Bay. In the slowest 

category, 29 events were stronger to the west of the Bay, compared to just 14 being 

stronger to the east of it, and 7 without a significant difference. Conversely for the fastest 

class, only 12 of  47 events were stronger to the west of the Bay, while nearly double that 

total were stronger to the east of it, with 23. 12 events in the fastest class did not 

experience a significant precipitation difference. The second and third slowest classes 

also showed a likelihood for events to be stronger west of the Bay, and with more non-

significant events (23:17:9 and 21:16:13 respectively). The second fastest class had a 

much more even distribution across all three possibilities (18:20:13).  

Storm-relative 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 

the Bay, compared to only 11 that were stronger to the east of it, and 6 with no significant 

precipitation difference. Conversely, the fastest class had 26 events that were stronger to 

the east of the Bay, compared to only 11 that were stronger to the west, and 11 that 

experienced no significant change. The intermediate 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 the west of the 
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Bay, while storms that travel faster are more likely to be stronger to the East of the Bay, 

or experience no statistically significant difference between sides.  

 

5.1.4 Synoptic Cause & TSI 

 Of the 247 events examined, 170 were associated with cold fronts, 63 were 

associated with stationary fronts, 13 were associated with non-frontally forced quasi-

linear convective system (QLCS) events, and one was a warm front that produced a 

quasi-linear event. Of the 170 cold fronts, 52 of those were associated with outflow 

boundaries rather than the actual frontal boundary, and of the 63 stationary fronts, 23 

were associated with an outflow boundary. 

 Figure 19 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 of the Bay, with 32 events compared to 

only 18 that were stronger to the east. Non-frontal QLCS events showed an even 

distribution with 7 being stronger west of the Bay, and 5 being stronger to the east. 

Further dividing cold and stationary fronts to examine only outflow events produces 

similar results (Figure 20), with cold frontal outflows producing a relatively even 

distribution, and stationary fronts more often being stronger west of the Bay.  
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Figure 19: Distribution of events that were stronger on either side of the Bay based on the 

synoptic pattern. 
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Figure 20: Distribution of outflow events associated with cold fronts & stationary 

fronts, as well as the overall distribution, that were stronger on either side of the Bay. 
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Both cold fronts and stationary fronts have been further broken down into a 

monthly distribution (Figures 21- 22) to see if they generally match the results shown 

across the full study area. Focusing on May, June, and July, the months with the largest 

differences, it appears that stationary fronts are the primary drivers of the May and July 

differences, while cold fronts are the main driver of those in June. Outside of the May 

through July period, few stationary fronts were identified, likely due to more meridional 

mid-tropospheric flow patterns during the shoulder seasons. Cold fronts are more likely 

in April and the autumn season, and are more likely to produce heavier precipitation east 

of the Bay.  
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Figure 21: Monthly distribution of cold frontal events that were stronger on either side 

of the Bay. 

Figure 22: Monthly distribution of cold frontal events that were stronger on either 

side of the Bay. 
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To further explore the synoptic characteristics of the events, a Temporal Synoptic 

Index approach was utilized. The TSI classification for each event was collected, and the 

results are given in Table 4. Any TSI classification (synoptic type) with a difference of at 

least four events printed in bold, and color coded (orange if there were more events 

stronger to the west of the Bay, and blue of there were more events stronger to the east). 

The TSI maps for all classes associated with any of these events are included in the 

appendix. 

While the majority of TSI classes have either mostly even distributions of events 

that were stronger on either side of the Bay, or simply have a very small number of 

events, five classes stand out as having larger east/west Bay precipitation differences; 

types 2019, 3010, 3015, and 3034 which have more events that were stronger to the west 

of the Bay, and 4035 which has more events that were stronger to the east of the Bay.  

 TSI 2019 is a spring (MAM) synoptic type characterized by a broad surface low 

over the southern Great Plains. This pattern would produce generally southwesterly flow 

through the southeastern US towards the Chesapeake Bay region, which would likely 

lead to conditions suitable for convective events. TSI 3010 is a summer synoptic type 

characterized by an offshore high pressure system and zonal flow aloft which creates 

convection encouraging warm air advection (WAA) across the study area. TSI 3015 (also 

a summer type) shows signs of being associated with a notable cold frontal event, evident 

both from the isobars of surface pressure, and the strong surface temperature gradient  
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Table 4: Distribution of TSI classifications for events stronger on both sides of the Bay. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

present west of the study area. This class had the strongest ratio of events that were 

stronger more often to the west of the Bay, with 10 events that were stronger to the west 

compared to only one that was stronger to the east, while also only having one event that 

TSI West Stronger East Stronger 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 

2019 6 1 3 

2020 2 1 0 

2031 6 7 5 

2032 0 0 1 

2034 4 1 2 

3002 3 1 2 

3003 7 4 2 

3010 8 3 2 

3012 2 4 3 

3015 10 1 1 

3031 19 17 6 

3032 2 5 3 

3033 1 0 0 

3034 11 7 5 

4006 1 2 0 

4020 1 1 0 

4032 1 4 0 

4033 0 1 0 

4034 1 1 1 

4035 9 14 8 
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did not experience a significant difference. TSI 3034 (summer type) has a more active 

synoptic setup than the four other patterns, and is marked by a large low over Eastern 

Canada with meridional flow aloft, indicative of a cold frontal passage, likely one 

moving more so from the west or northwest rather than the southwest. Lastly, the lone 

class with more events that were stronger east of the Bay, TSI 4035 (an autumn synoptic 

type), is associated with a strong high pressure offshore which creates an area of WAA 

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

advection (PVA) in the area of upper-level divergence downstream of the trough, 

creating strong dynamical forcing for ascent. This is the only TSI class in which more 

events were stronger east of the Bay than west of it.  

 The classification with the most events is TSI 3031 (a summer synoptic type), 

which is marked by a surface high pressure system east of Bermuda, and broad surface 

low pressure over northeastern 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 west. When utilizing the adjusted 90th percentile 

methodology, there is no appreciable difference in the precipitation from one side of the 

Bay to the other. However, when using the 99th percentile methodology, a notable 

difference occurs with more events having a higher 99th percentile value to the west of 

the Bay (21:15). This indicates that this synoptic pattern may have similarities to those 

discussed above. 
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 To summarize the major conclusions of the synoptic analysis, the precipitation 

associated with stationary fronts tends to be stronger west of the Bay more often than to 

the east. In addition, synoptic types that are dominated by an unstable atmosphere over 

the region also tend to have heavier precipitation to the west of the Bay. These findings 

led to further investigation of the role that instability plays in the 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 500 Joules per kilogram (J/kg), while 128 events had 

maximum CAPE values above 1500 J/kg. When examining the average CAPE of the full 

domain, 122 events had average CAPE values below 500 J/kg, while only 31 had average 

CAPE values above 1500 J/kg. Figure 23 presents a box and whisker plot of the CAPE 

distribution of all events. Similar to previous sections, CAPE values have been divided 

into classes for analysis, with six equal-sized classes used due to the wide range of values 

for both max and mean.  
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 Examining maximum CAPE first (Table 5) the results appear to indicate that 

events with higher maximum CAPE values are more likely to be stronger to the west of 

the Bay, while those that are associated with exceptionally low CAPE values are more 

likely to be stronger to the East of the Bay. The three classes with the highest maximum 

CAPE values (1535-2261, 2262-3111, and 3112-5569 J/kg respectively) all show a 

notable dominance of events stronger west of the Bay. These CAPE categories also have 

the three fewest number of events that showed non-significant change, showing that high 

CAPE events are more likely to be influenced in either way while crossing the Bay 

compared to low CAPE events. The class with the lowest CAPE values, representing 

CAPE between 11-366 J/kg, shows that exceptionally low CAPE events are more likely 

Figure 23: Box plots showing the distribution of mean and max CAPE values for all 

events. 
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to be stronger to the east of the Bay, the only category with such a signal. The classes 

with the second and third lowest CAPE values (367-938, and 939-1525 J/kg respectively) 

show a relatively even distribution between events that were stronger on both sides of the 

Bay, but also have the two highest numbers of events that experience no significant 

change, supporting the finding that high CAPE events are 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. 

 

 

 

  

Examining full-domain average CAPE (Table 6) values yields similar results, but 

with key differences. While the class with the lowest CAPE values still is dominated by 

events being stronger east of the Bay, the class with the second lowest CAPE values (72-

207 J/kg) now has a stronger signal of events being stronger west of the Bay, 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 events stronger west of 

the Bay, and markedly fewer events that experience no significant change, the classes 

with the highest and third highest average CAPE values do not have as strong a signal as 

is the case with 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 
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Table 6: Distribution of events that were stronger on either side of the Bay organized by 

full -domain average CAPE. 

 

 

 

 

These findings indicate that events that are driven by instability, which indicates 

strong ties to the lower troposphere, rather than by upper-atmosphere dynamic forcings 

are more likely to have their character modified while crossing the Bay, and more likely 

to be weaker to the east of the Bay than to the west. This point will be discussed in more 

detail in 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 

event enters the study area. Figure 24 shows the distribution of significant events that 

were stronger on each side of the Bay based on start time. As can be seen, there are 

generally a small number of events that enter the region in the overnight hours between 

10:00pm and 11:00 am, with the majority of events arriving from midday into the early 

evening.  

Avg CAPE West Stronger East Stronger 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 
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 Events that arrive at 12:00pm and 1:00pm are likely to be stronger west of the 

Bay, as do events that arrive at 3:00pm, particularly when examining the 99th percentile 

values. Events that arrive at 2:00pm and 4:00pm show the opposite, as they are typically 

stronger east of the Bay or have no significant difference. Collectively, these early to 

mid-afternoon events have a slightly higher chance of being stronger west of the Bay, 

particularly when examining the 99th percentile values.  

Events that arrive between 5:00pm and 8:00pm are significantly more likely to be 

stronger to the west of the Bay, particularly events that arrive at 5:00pm, which had 13 

events that were stronger west of the Bay, compared to only three that were stronger to 

the east. Depending on the methodology used, 6:00pm and 7:00pm events have a strong 

tendency to be stronger west of the Bay, though there are a large number of non-

significant events in the 6:00pm category. Collectively, these late afternoon events had 38 
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Figure 24: Distribution of events that were stronger on both sides of the Bay based on event 

start time. 
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events that were stronger west of the Bay compared to 19 that were stronger to the east, 

and 14 that did not experience a significant difference.  

 The above results are for the complete dataset. It is prudent when discussing 

diurnal influences to focus specifically on events that are over the Bay for a shorter 

amount of time, as those events are only going to experience one diurnal cycle (i.e., they 

will not experience two separate day-night transitions). Many events examined were quite 

long - as such, Figure 25 presents the same results as Figure 24, but only shows the 

results for events that are 12 or fewer hours in length, to reduce the chance that they 

experienced more than a single diurnal transition. This resulted in the exclusion of 74 

events that lasted longer than 12 hours. These results are similar, as they still show a clear 

trend of late afternoon and early evening events being more likely to be stronger west of 

the Bay, with a collective difference of 34 that were stronger west of the Bay, 15 that 

were stronger to the East, and 9 that did not experience a significant difference. These 

results also continue to show that early/mid-afternoon events do not have an 

overwhelming trend towards events being stronger to the west or to the east of the Bay.  
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In summary, events that enter the study area late in the afternoon (the majority of 

the total events) will begin crossing the Bay as net radiation becomes negative. This 

consequently causes air temperatures to cool decreasing the supply of warm buoyant air 

that is an energy source for convective storms, weakening the storms as they move east. 

During other hours (late evening through overnight) there is a weak tendency for heavier 

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

 

5.1.7 Bay SST Anomalies 

 Satellite derived SSTs were collected for the 7-day period ending as close as 

possible to the day of an event. The average temperature of the entire Bay was calculated 

for each event, as was the average temperature for each latitudinal region within the Bay. 
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Figure 25: Distribution of events that were 12 or fewer hours in length that were stronger 

on both sides of the Bay based on event start time. 
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The long-term average temperature for the same 7-day period was calculated based on a 

running-average climatology of SSTs for the years 2003 - 2020.  Subsequently, the long-

term average SST was subtracted from the event SST in order to produce temperature 

anomalies for the Bay. It is useful to define SST anomalies as categories based on the 

eventôs temperature anomaly. Events in which the Bay was more than 1.5 degrees Celsius 

colder than normal, and events in which the Bay was between 0.5 and 1.5 degrees colder 

than normal were placed into two ñcoldò classes. Events in which the Bay was between 

0.5 degrees colder and 0.5 degrees warmer than normal were placed into a ñneutralò 

class. Lastly, events in which the Bay was between 0.5 and 1.5 degrees warmer than 

normal, and events in which the Bay was more than 1.5 degrees warmer than normal 

were divided into two ñwarmò classes. Of the 247 events, two did not have enough SST 

data present in the Bay to construct long-term averages. 

Figure 26 shows the results for each SST anomaly category using the adjusted 

90th percentile methodology. These results indicate that events in which the Bay is at 

least 0.5 degrees warmer than average are more likely to have heavier precipitation to the 

west of the Bay. It is important to contextualize these results, as they are temperature 

anomalies, meaning that they are event temperatures compared to the long-term average. 

There is a warming trend in Chesapeake Bay SSTs which makes it more likely that at any 

given time in the last decade, Bay SSTs are more likely to be warmer than the running 

average over that time. As such there are more events that are associated with warmer 

than normal Bay SSTs. These data show that 86 events were associated with a negative 

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

examining Bay temperature anomalies alone.  

 

To strengthen the SST analysis, 850-mb temperatures were collected for the 6-

hour interval closest to the start time of each event to be 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 in Figure 27, 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 the Bay, while events associated with smaller or even inverse temperature differences 

are less likely to be stronger west of the Bay - though neither trend is particularly 

overwhelming. This trend was also examined using the 99th percentile methodology, and 

Figure 26: Distribution of events that were stronger on either side of the Bay based 

on SST anomalies divided into five classes. 
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produced similar results with the exception of flipping the dominance of the second class 

from one more event that was stronger east of the Bay to having four more events that 

were stronger to the west.  

  

 

These results are likely skewed however by the fact that the months in which 

events are most likely to be stronger west of the Bay - May, June, and to a lesser extent 

July - are more likely to have large differences between 850-mb temperatures and Bay 

SSTs. As a final analysis, those three months have been further evaluated, with each 

having their events divided into four classes based on the magnitude of the SST 850mb 

temperature difference (Table 7). These higher specificity findings do not paint a much 

clearer picture. For each month, all four classifications either consistently have more 

events that were stronger to the west of the Bay, or have a small dominance of events that 
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Figure 27: Distribution of events that were stronger on either side of the Bay based on the 

full Bay average SST value minus the 850mb temperature. 
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were stronger to the east. If the above speculation that events with large differences 

between Bay SSTs and 850-mb temperatures are more likely to be associated with events 

that weaken while crossing the Bay was accurate, then this would not likely be the case - 

if it were, the classifications in these three months associated with the largest temperature 

differences would have a more pronounced dominance of events being stronger west of 

the Bay, while the events that were stronger east of the Bay would be more so 

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

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

Table 7: Distribution of events in May, June, and July that were stronger on either side of 

the Bay, examining the average SST value across the full Bay minus 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 

7.6-18.7 6 4 0 

        

June West Stronger East Stronger No Sig. Diff. 

3.5-7.5 6 3 4 

7.8-8.8 6 2 5 

8.8-10.9 9 3 2 

10.9-13.2 4 5 4 

        

July West Stronger East Stronger No Sig. Diff. 

6.0-8.65 7 3 1 

8.65-10.05 5 6 1 

10.05-11.0 6 4 1 

11.0-13.7 8 2 2 
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These findings appear to indicate that while a large difference between 850 hPa 

temperatures and Bay SSTs may play a small role in determining whether an event is 

likely to be stronger to the west or to the east of the Bay, it is not necessarily a primary 

factor, nor a predictable one.  

 

5.2 Regional Findings 

  This section will present findings based on latitude and storm angle of travel. For 

each eventôs regional evaluations, the region in question must have at least 50% of the 

total points on at least one side of the Bay as non-zero values. For example: in the 

northern region, event óAô has 90% of its points west of the Bay as non-zero values, and 

75% of its points east of the Bay as non-zero values, so it is evaluated. Event óBô has 40% 

of its points west of the Bay as non-zero values, and 70% of its points east of the Bay as 

non-zero, so it is also evaluated. Event óCô has 20% of its points west of the Bay as non-

zero values, and 40% of its points east of the Bay as non-zero, so it would be 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 using a t-test at a 99% confidence 

interval. Subsections will follow that present the same results as those 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), and 195 events in the 

southern region (143 statistically significant) had at least one side of the Bay with 50% or 

more of their points as non-zero values. Figure 28 shows the distribution of events by 

month for each region, showing the number of events that were stronger west of the Bay, 

the number of events that were stronger east of the Bay, and the number of events that did 

not experience a statistically significant change at a 99% confidence interval.  
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In the North Region, findings do not align with the full study area, as there is no 

notable tendency for events to be stronger west of the Bay. In fact, across the full year, 

there are more events that were stronger east of the Bay (94) than are stronger west of the 

Bay (78) for the North Region. In the other three regions, the distribution of events is 

more closely aligned with the full study area results, as all three regions have more events 

Figure 28: Monthly distribution for all four regions of the total number of events that 

were stronger on either side of the Bay. 
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that were stronger west of the Bay. The  months of May, June, and July are especially 

notable across the North Central and South Central study regions. In the north central 

region across the full year, 93 events were stronger west of the Bay compared to 81 that 

were stronger east of it, and 54 that did not experience a significant change. In the 

southern region, 83 events were stronger west of the Bay, while 57 were stronger east of 

it, and 47 did not experience a significant change. The South Central region, the portion 

of the study area where the Bay is the widest, had the strongest results, as the 

summertime tendency for events being stronger west of the Bay extends into both April 

and August. Overall, this region had 104 events that were stronger west of the Bay, 62 

that were stronger to the east of it, and 53 that did not experience a significant change.  

 Only the northern region produced results that did not align with the full study 

area, seeing more storms that were stronger east of the Bay. This is not surprising, as this 

is where the Bay is at its narrowest extent, and shallowest average depth, which both 

suggest that this regions should be where the impact of the Bay would likely be weakest. 

 

5.2.2 Angle of Travel 

 To examine the influence of the angle of travel, results were divided into five 

categories; from the southwest (-45, -40, -35), from the west southwest (-30, -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, 45). Figure 29 presents the results for each latitudinal region. 
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 For the North Region, events traveling from the  south west and west southwest 

are far more likely to be stronger to the east of the Bay. While this is also the case for two 

of the other three regions, the North Regionôs tendency is the strongest. In particular, 

events traveling from the most extreme southwesterly direction (-45 degrees) were 

stronger to the east of the Bay 13 times, while they were only stronger west of the Bay 

once, and had no significant difference twice. Events traveling from the SW that impact 

Figure 29: Regional distributions of the number of events that were stronger on either 

side of the Bay based on angle of travel.  
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the North Region are crossing a large area of the Bay, and this may indicate that 

modification of the boundary layer by the Bay is responsible for their strengthening. 

Moreover, since events traveling from the southwest are often associated with strong 

upper-level dynamics, an influx of low-level moisture associated with a long track over 

the Bay 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 persistent tendency to be stronger west of the Bay, while only events traveling from 

the southwest had more events that were stronger east of the Bay.  

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 central regions. This 

is not exceptionally surprising, as these two regions are the ones where the Bay is at its 

narrowest, and a western track minimizes the residence time of storms over the Bay, and 

subsequently minimizes the impact one would expect the Bay to have. This tendency for 

events traveling from the west is not replicated in the south central region, the region in 

which the Bay is the widest, as there is a tendency to have events stronger west 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 also had clear trends for 

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

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

west of the Bay, compared to only 37 that were stronger east of 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 the Bay as there is still a long fetch of water for these 

typically dynamically forced storms to cross. 

 The southern region is the lone region in which events traveling from the 

southwest are not more likely to be stronger to the east of the Bay, as there is simply less 

open water to cross as the storms leave mainland Virginia, which reduces residence time 

and minimizes any possible modification of the boundary layer that the other regions 

provide.  

 These findings further strengthen the results of the full study area in regards to 

events traveling from the southwest being more likely to be stronger to the east of the 

Bay, and also provides the opportunity to speculate on the reasons. These findings also 

indicate that a large portion of the initial results are driven by the south central region of 

the Bay. Since these events are often more instability driven than strictly dynamic in 

nature, they are more closely tied to boundary layer conditions. As such, crossing a body 

of water like the Chesapeake Bay is more likely to influence their structure, and doing so 

at the widest point, as events in this regional classification 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 storm-relative and zonal storm 

speeds for each region were broken into five equal-size categories. 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). Figure 30 presents the results for storm relative event speed, while Figure 31 shows 

zonal event speed. 

Figure 30: Regional distributions of events that were stronger on either side of the Bay 

based on storm relative speed. 

0

5

10

15

20

25

30

1 (Slow) 2 3 4 5 (Fast)

North Storm Rel. Speed

West StrongerEast StrongerNo Sig. Diff.

0

5

10

15

20

25

30

1 (Slow) 2 3 4 5 (Fast)

N. Central Storm Rel. Speed

West StrongerEast StrongerNo Sig. Diff.

0

5

10

15

20

25

30

1 (Slow) 2 3 4 5 (Fast)

S. Central Storm Rel. Speed

West StrongerEast StrongerNo Sig. Diff.

0

5

10

15

20

25

30

1 (Slow) 2 3 4 5 (Fast)

South Storm Rel. Speed

West StrongerEast StrongerNo Sig. Diff.



85 
 

 

 In the northern region, only the slowest events show a trend towards being 

stronger west of the Bay, a finding which generally aligns with the full study area. The 

three fastest classes show a significant tendency of events to be stronger east of the Bay, 

which also aligns with the full study area. Collectively, these three speed categories have 

64 events that were stronger east of the Bay, compared to 40 that were stronger west of it, 

and 30 that did not experience a significant change.  

Figure 31: Regional distributions of events that were stronger on either side of the Bay 

based on zonal speed. 
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 In the north central region, the slowest events are again associated with more 

events that were stronger west of the Bay, while only the fastest category is associated 

with more events that were stronger east of it.  

 In the south central region, every speed category is associated with more events 

that were stronger west of the Bay, with the exception of the fastest classification. The 

fastest storm relative speeds also had the most events which did not experience a 

statistically significant difference between sides, with 17, nearly as many as the 18 that 

were stronger east of the Bay, a noteworthy finding that indicates that in this region, the 

fastest events are exceptionally unlikely to be stronger west of the Bay; they are far more 

likely to either be strengthened, or not modified at all. Storm relative speeds in this region 

show the strongest tendency for slower events being likely to be weakened after crossing 

the Bay, as the two slowest classes combine to have 52 events that were stronger west of 

the Bay, compared to only 17 that were stronger east of it, and 18 that did not experience 

a significant change.  

 Finally, the south region generally had the weakest results of the four, with each 

speed category having a modest preference toward events being stronger west of the Bay 

with the exception of the fastest, which had an even distribution of events that were 

stronger to the west and east of the Bay when examining storm relative speed, and only 

two more events that were stronger east of the Bay when 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 the Bay 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 

 Figure 32 shows the distribution for each region of the number of events 

associated with each synoptic classification. In the northern region there is a tendency for 

cold front events to be stronger to the east of the Bay. Cold frontal events were very often 

associated with angles of travel from the southwest, which also saw more events in this 

region that were stronger east of the Bay. There is only a modest increase in the number 

of stationary front events that were stronger west of the Bay, which contrasts with the full 

study area findings, and both central regions. The north central region also has more cold 

front events that were stronger east of the Bay, though less so than the north. The north 

central and south central regions both have markedly more stationary fronts that were 

stronger West of the Bay. The north central had a 31:16 ratio of events stronger West of 

the Bay to events stronger east of it, while the south central region had an even more 

prominent 33:13 ratio. Meanwhile, there were only 9 stationary front events in both 

regions that did not experience a significant difference. The south central and southern 

regions both had a notable trend of cold fronts being more likely to be stronger west of 

the Bay than 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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and 33 respectively. The south region also had the smallest number of stationary frontal 

events being stronger west of the Bay, with a ratio of just 17:15:14.  

 These findings indicate that in the southern reaches of the study area cold fronts  

are more likely to be stronger west of the Bay, while in areas further north they are more 

likely to be stronger east of it. Meanwhile, stationary fronts are generally stronger west of 

the Bay across all four regions, but the trend is clearly strongest in the central portions of 

the Bay. 

Figure 32: Regional distributions of events that were stronger on either side of the Bay 

based on synoptic cause. 
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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 events. Table 8 shows the results for each region, with any TSI class that 

has a difference of more than three events highlighted. Maps of each TSI classification 

can be found in the appendix.  

In the northern region, events of TSI classes 2009 (cold front), 3034 (cold front), 

and in particular 4035 (PVA & WAA overlap) are more likely to be stronger east of the 

Bay, while events classified as 2019 (SW flow, low in southern Great Plains), 3003 (SW 

flow, low in central Great Plains), and 3015 (cold front) are more likely to be stronger 

west of the Bay. In the north central region 2019 (SW flow, low in southern Great 

Plains), 3002 (weak low over study area), and 3010 (offshore high, WAA) were all more 

likely to be stronger west of the Bay, and 4035 (PVA & WAA overlap) was again found 

to be more likely to produce events that were stronger east of the Bay. The 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 of the Bay, with 2002 (likely stationary front), 

2031 (offshore high, WAA), 3012 (PVA & WAA overlap), and in particular 3015 (cold 

front) and 3031 (WAA & weak PVA overlap) all being notably more likely to be stronger 

west of the Bay. Lastly, the southern region reversed what was found in the two northern 

regions, as 4035 (PVA & WAA overlap) events in the southern region were found to 

more likely be stronger west of the Bay, not east of it. A strong trend was also found for 

TSI 3031 (WAA & weak PVA overlap) events being stronger west of the Bay, but this 

class is also more likely to experience no significant change than 4035 events. TSIôs 2031 



90 
 

(offshore high, WAA), 3010 (offshore high, WAA), and 4032 (high pressure west of 

region, NW flow) events were also more likely to be stronger west of the Bay, while 

2009 (cold front) and 3034 (cold front) events were more likely to be stronger east of it. 
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The generally poor overlap between regions with regards to these results further 

supports the notion that the influence of synoptic type and event structure on whether an 

event is likely to be weakened, strengthened, or not affected by crossing the Bay is 

closely tied to what part of the Bay it is actually crossing. Events that are strongly 

dynamically forced are more likely to be strengthened while crossing the Bay in the 

northern reaches of the study area, while events with less defined dynamics, that are 

driven more by stability, are more likely to be weakened, particularly in the southern 

regions where they must cross more open water, stabilizing 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 final form, the 

CAPE values examined are not the maximum and average values for the Bay regions 

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 stability perspective, 

which is the main goal of this discussion. However, in light of the issue of having the full 

regionôs CAPE data used in a sub-regional analysis, only average CAPE values will be 

examined here, as the maximum CAPE values could be remote from a specific region.  

 Figure 33 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 east of the Bay 

(69:49 ratio of events being stronger to the east across the four classes), while the second  
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highest CAPE classification was the only one with more events that were stronger west of 

the Bay. The strongest CAPE class in this region did not present a tendency for either 

side of the Bay, yet again setting the north region aside as a unique area when compared 

to the south. In the north central region, results are largely random, with the classes with 

the lowest and second highest CAPE values associated with more events that were 

stronger east of the Bay, the classes with the strongest and second weakest CAPE values 

being associated with events that were stronger west of the Bay, and the two intermediate 
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Figure 33: Regional distributions of events that were stronger on either side of the Bay 

based on full-domain average CAPE. 
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classes having relatively even distributions - indicating that instability is not a great 

predictor of event modification in this region.  

 In the south central region, every classification of CAPE is associated with more 

events that were stronger west of the Bay. By far the strongest tendency however is seen 

in the two categories associated with the highest CAPE values, with 43 that were stronger 

west of the Bay, 18 that were stronger east of it, and 23 that experienced no significant 

change. This indicates that events associated with high CAPE environments are usually 

weakened while crossing the Bay, providing strong support for the idea of Bay 

modification of these convective storms. The southern region produces similar results, 

though does not lend 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 south central region in particular support the hypothesis 

that events that are most associated with instability are more likely to be weakened as 

they cross the Bay. The fact that this tendency was strongest in the region in which the 

Bay is at its widest lends support to this result. 

 

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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diurnal cycle are the only events that can be adequately examined in this context. Table 9 

presents the results, with any time that has a difference between east and west of four or 

more events highlighted. 
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 In the northern region 60 events were stronger west of the Bay, while 54 were 

stronger east of it, and 37 did not experience a significant difference. Temporally, events 

that entered the region between 2:00pm and 4:00pm were slightly more likely to be 

stronger east of the Bay, while events that entered the region in the early evening, 

between 5:00pm and 8:00pm were more likely to be stronger west of the Bay. In the 

north central region, 65 events were stronger west of the Bay, 56 were stronger east of it, 

and 34 did not experience a significant difference. There were no times that were notably 

more associated with events being stronger east of the Bay, though there was a slight 

trend towards that during the overnight and early morning hours. Meanwhile, every hour 

between 1:00-8:00pm except for 4:00pm had more events that were stronger west of the 

Bay, though only 1:00pm and 6:00pm had a strong trend. 

In the south central region, 70 events were stronger west of the Bay, 42 were 

stronger east of it, and 37 did not experience a significant difference. This result makes 

the south central region the one with 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 striking tendency is that events that occurred between 3:00-8:00pm, 

especially those between 4:00-6:00pm, were far more likely to be stronger west of the 

Bay. Collectively, the hours of 3:00-8:00pm have a ratio of 42 events that were stronger 

west of the Bay, 16 that were stronger to the east, and 21 that experienced no significant 

difference. Lastly, in the southern region 60 events were stronger west of the Bay, 37 

were stronger east of it, and 31 did not experience a significant difference. The vast 

majority of times had a relatively even distribution of events that were stronger on either 
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side of the Bay, with only scattered small differences. The lone exception was events that 

entered the region at 5:00pm, which had a very strong tendency to be stronger 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 the Bay, which indicates that diurnal factors, and atmospheric stability play an 

important role. 

 

5.2.7 SST Anomalies 

 SST anomalies were re-examined regionally as well. SST data in the Bay were re-

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 SSTs that 

those events were crossing. Just as was done for the full study area, each region will have 

its events separated into categories with SSTs more than 1.5 C above normal, 0.5-1.5 C 

above normal, between 0.5--0.5 C, -0.5--1.5 C, and less than 1.5 C cooler than normal 

separated into five classes (Figure 34).  

 In the north, the only two categories of note are the second coldest and the second 

warmest, both of which have more events that were stronger east of the Bay - indicating 

that Bay temperature anomalies are likely not important in this region, an expected result  
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given how narrow the Bay is in this region. In the north central region, there is a tendency  

for events associated with warmer than normal SSTs to be stronger west of the Bay, 

though these classes also have the most events that did not experience a significant 

difference. In the south central region, the three categories associated with above normal 

SSTs are far more likely to be associated with events that were stronger west of the Bay, 

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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Figure 34: Regional distributions of events that were stronger on either side of the Bay 

based on SST Anomalies. 
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+/- 0.5C of average. Lastly, the southern region generally replicates the trend for the 

south central region, with the lone exception of events associated with the coldest class 

being slightly stronger east of the Bay. 

 As was the case in the full study area, these findings appear to indicate that SST 

anomalies do not determine the strength of the modifying effect of the Bay on convective 

storms. With that in mind 850-mb temperatures were compared to regional average SST 

averages, with the resultant values divided into five equal sized classes (Figure 35). 
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Figure 35: Regional distributions of events that were stronger on either side of the Bay 

based on SST-850mb values. 
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 In the north, the only category that is associated with a notable difference is the 

fourth largest in which 10 more events were stronger east of the Bay. Whether that 

finding is meaningful is drawn into question however by the fact that the warmest and 

second coolest classes had an even distribution, indicating it is most likely random. In the 

north central region, the two categories with the smallest SST-850mb values are slightly 

more likely to be stronger east of the Bay, while the largest and most intermediate class 

are associated with more events that were stronger west of the Bay - 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 the Bay, as is the case for every class in the southern region except for the second 

smallest. 

Regionally based findings for SST values, both in terms of anomalies and 

differences between SSTs 850 hPa air temperatures, appear to back the previous assertion 

that SSTs alone are not likely a driving factor in modification by the Bay. If they were, 

there would likely be a stronger dominance of events being either stronger or weaker on 

either side of the Bay 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 Chesapeake Bay, there were 245 tornadoes 

reported in the area west of the Bay, compared to 96 in areas to the east of the Bay. The 

buffered area to the west of the Bay is larger than the area to the east due principally to 

the shape and size of the Eastern Shore of Virginia (4481 sq. miles versus 5266 sq. miles) 

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

Figure 36: Map of all tornadoes, and their respective EF magnitudes, that occurred 

within the study area from 1950-2019. 
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area of the buffers (i.e. multiplying the western sideôs total by 0.851 to compensate for 

the land area size difference), the west side of the Bay still has a significantly higher total 

of approximately 209 compared to 96 tornadoes along the eastern side of the Bay. Figure 

36 presents a map of all tornado tracks within the buffer, color-coded by EF-scale rating. 

 

5.3.2 Pre & post NEXRAD Occurrence 

 Figure 37 shows the annual number of tornadoes from 1950 to 2019 for both sides 

of the Bay. This is not included to discuss trends in increasing or decreasing tornado 

occurrence, as this is not a conclusion that can be accurately drawn from a dataset of this 

nature, but rather to discuss possible reporting bias on both sides of the Bay prior to, and 

following the construction of the three NEXRAD radars in 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 west of the Bay (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 the Bay (avg=6.7/yr), compared to only 53 east of the Bay 

(avg=1.9/yr). Using only 1997 to 2019, at which point all three NEXRAD stations in the 

region were operational, the difference changes to 127 to the west (avg=5.5/yr), and 34 to 

the east (avg=1.5/yr). 
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 This marked jump in storm reports to the west of the Bay likely indicates that 

prior to the installation of NEXRAD stations in the region, weak tornadoes on both sides 

of the Bay, but particularly to the west of it, were often going unreported. It was initially 

anticipated that for the period prior to the installation of the NEXRAD the western side of 

the Bay would experience a reporting bias with far more storms being reported, due 

principally to higher population totals. This was not the case however, as there is not a 

notable difference in tornado occurrence until the NEXRAD stations became 

operational.  
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5.3.1 Monthly Occurrence 

         Figure 38 examines tornado occurrence on each side of the Bay by month. 

Although the western side of the Bay dominates each month in terms of number of 

events, the annual distribution of tornadoes on both sides is interesting. May accounts for 

17.7% of the total tornadoes recorded east of the Bay, while storms recorded in July 

account for over a quarter of all tornadoes east of the Bay, at 27.1%. June and August 

make up 11.5% and 15.6% respectively east of the Bay. All told, the months of May to 

August account for 71.9% of all storms recorded east of the Bay, while over that same 

period only accounting for 55.9% of all storms recorded west of the Bay. July, June, and 

April are the most active months west of the Bay, 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 the Bay, while certainly having a peak of activity in the warm season, is 

far more prone to tornadoes outside of the warm season than the eastern side of the Bay.  

0

5

10

15

20

25

30

35

40

45

50

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

C
o

u
n
t

Monthly Distribution of Tornadoes

West East

Figure 38: Monthly tornado distribution on both sides of the Bay. 
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5.3.4) Path Length & Magnitude 

          Examining the character of the tornadoes themselves, Figure 39 provides a 

breakdown of the path lengths of reported tornadoes both west of and east of the Bay. 

The majority of tornadoes on both sides of the Bay are short track storms with path 

lengths of less than one mile - in this category, the western side of the Bay (n=112) more 

than doubles the total for areas east of the Bay (n=50). The western side of the Bay 

dominates in terms of occurrence across all chosen path length intervals, except for 10-

19.99 miles, where there are understandably fewer events on both sides. When examined 

as percentages of total occurrence for each category, both sides are relatively similar 

across each category, except for 10-19.99. It is noteworthy that the entire study 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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 Examining storm intensity, Figure 40 shows the distribution of storms on both 

sides of the Bay based on EF-category. These results are as expected, with an interesting 

caveat of there being more EF-1 tornadoes to the east of the Bay than there have been 

EF-0 tornadoes. It is speculated that this may be the lone manifestation of west of Bay vs 

east of Bay reporting bias present in this dataset. EF-0 tornadoes are more difficult to 

detect on radar, and more likely to be unreported if they do not impact a populated area. 

The east side of the Bay has many large areas of unpopulated or sparsely populated land, 

which increases the likelihood of weak tornadoes going unreported. That is not the case  

Figure 39: Tornado path length distribution on both sides of the Bay. Percentages 

represent the contribution of that category to each sides total. 
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for most areas west of the Bay, which does not show the same distribution as there have 

been 22 more EF-0 tornadoes than EF-1ôs west of the Bay.  

Examining this trend temporally, the reporting of EF-0 tornadoes appears to be 

very closely related to the implementation of NEXRAD stations in the area, as prior to 

1992, only eight EF-0 tornadoes were reported west of the Bay, compared to 112 that 

were reported from 1992-2019. East of the Bay, 12 EF-0 storms were reported prior to 

1992, and 29 were reported from 1992-2019. A similar trend is present west of the Bay 

with EF-1 tornadoes as well, though it is far less extreme with 33 EF-1ôs prior to 1992, 

Figure 40: Enhanced Fujita Scale Classification distribution on both sides of the Bay. 

Percentages represent the contribution of that category to each sides total. 
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and 65 from 1992-2019. East of the Bay the trend is not nearly as notable, with 24 EF-1ôs 

prior to 1992, and 19 from 1992-2019. EF-2 and EF-3 storms do not appear to suffer 

from any such tendencies, as 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 

         Table 10 shows the total number of events caused by each synoptic class on both 

sides of the Bay, as well as the percent contribution to that sideôs total number of events 

for which each synoptic cause was responsible. Most tornadoes on both sides of the Bay 

are caused by cold fronts or low pressure events. Unsurprisingly, each synoptic class has 

more tornadoes west of the Bay than to the east of it, though for this analysis raw counts 

are not of concern. Most synoptic causes have a relatively even percentage contribution 

to the total number of events on both sides, with the notable exceptions of stationary 

fronts, and tropical events. Stationary fronts make up a larger percentage contribution to 

the total number of Eastern Shore tornadoes than they do to Western Shore tornadoes. In 

the case of tropical events however, the difference between sides is exceptional. West of 

the Bay, 38 events (15.5% of all west of Bay events since 1950) were associated with 

tropical or post-tropical events, while east of the Bay only two events occurred.  
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Further evaluation shows that of the 38 tropical tornadoes that occurred west of 

the Bay, 32 of them were associated with just five named storms. Seven were associated 

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

Hurricane Opal in 1995,  9 with Hurricane Bertha in 1996, 6 with Hurricane Gaston in 

2004, and 4 with the remnants of Hurricane Michael in 2018. Of those storms, only 

1996ôs Hurricane Bertha, which made landfall along the Carolina coast and proceeded 

northward directly through the study area produced a tornado East of the Bay. 

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

landfall (albeit not in the Chesapeake Bay region), with David and Michael both being 

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

the Gulf Coast - though they both did make landfall south of the study area, and moved 

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

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

1950. 

Synoptic Cause West East West % East %

Airmass 10 5 4.1% 5.2%

Cold Front 70 29 28.6% 30.2%

Combination 34 13 13.9% 13.5%

Low Pressure (MLC) 53 24 21.6% 25.0%

Stationary Front 35 22 14.3% 22.9%

Tropical 38 2 15.5% 2.1%

Warm Front 5 1 2.0% 1.0%

Table 10: Distribution of synoptic scale causes of tornadoes on both sides of the Bay, and 

the percent contribution to that sideôs tornadoes are made up by each synoptic cause. 
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Chapter 6 

SUMMARY &  CONCLUSIONS 

 The results of this research have both supported, and contradicted conventional 

thinking on modification of precipitation by the Chesapeake Bay. Conventional thinking 

posited that the Chesapeake Bay is able to ñshieldò the Delmarva Peninsula from the 

most adverse impacts of storms, including heavy precipitation. This type of phenomena 

has been explored in other pieces of research relative to other bodies of water (Laird et al. 

(2009), Laird et al. (2009b), Durkee et al. (2014), Laird et al. (2016), Winchester et al. 

(2016)) as well as relative to the Chesapeake Bay itself (Skeeter, 2013) with the 

overriding consensus being that water bodies are able to modify precipitation totals. This 

research did identify that eastward propagating frontal and quasi-linear storms often 

produce higher precipitation totals to the west of the Bay than they do to the east. 

However, it was initially hypothesized that Bay modification should be most pronounced 

during times of the year where the Bay may be significantly cooler than the air above it 

(i.e., the Spring), which was not found. Instead, precipitation tends to be significantly 

higher on the west side of the Bay during the late spring into early/mid-summer. This 

result was initially surprising, as it had been speculated by this author, as well as 

discussed by Skeeter (2013), that the summer months would produce either a small west-
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to-east difference in precipitation, or even find that storms increased in strength crossing 

the Bay.   

 During the late spring and summer months, precipitation events, even those which 

are associated with fronts, are more convective in nature, meaning they are more closely 

associated with conditions in the planetary boundary layer and atmospheric stability. As 

such, if an event crosses a body of water such as the Chesapeake Bay, characteristics of 

the lower atmosphere will inherently change. Not only is the water, even when it is at its 

warmest, likely to be cooler than the air above it, but the roughness of the surface is 

drastically reduced as well. 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 potential to ñstretch outò the bottom of the storm, 

altering the orientation 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 crossing the Bay were identified. Among the most 

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 of the Bay, while 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 the Bay due largely to the increased residence time over the 
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Bay of such storms. Finally, storms that were more associated with instability than with 

larger scale dynamic processes were more likely to be stronger west of the Bay due to 

their more explicit connection with boundary layer conditions. This was 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. The most notable finding was that the 

southern reaches of the Bay, particularly the south-central region, appear to be where the 

majority of events stronger west of the Bay are located, while areas further north where 

the Bay is narrower have a stronger likelihood to either be unaltered, or strengthened 

crossing the Bay. This result is not unexpected, as 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 the Bay creates. 

 Additional research, using high resolution models, should be performed to verify 

the Bay modification of precipitation amounts in greater detail, particularly as it relates to 

the boundary layer modifications likely imparted to events crossing the Bay. Nonetheless, 

this research was able to identify a number of factors that appear to play a role in the 

presence or absence of a Bay effect. The specification of modification by the Bay, in this 

research, is significant, and opens the door for additional research on the topic, both in 

the Chesapeake Bay region, and other similar bodies of water across the world. It is of 
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note that these findings contrast with those of Skeeter (2013), particularly with regards to 

the summer months producing the most significant weakening of precipitation east of the 

Bay. This difference can likely be explained by differences in methodology, particularly 

the quality and types of data used in each study, and the rigorous event identification 

process that was 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 small number of events in March and April it is difficult 

to make conclusions about the presence of significant Bay modifications during those 

months. It would be beneficial to conduct future research using a lower precipitation 

threshold for inclusion specific to the shoulder seasons, as March and April were the 

months that were initially hypothesized to experience the greatest Bay 

modification. Despite the shortcomings that have been noted with regards to level-2 radar 

data, much of the previous research on phenomena related to what is examined in this 

research (Laird et al. (2009), Skeeter (2013), Durkee et al. (2014)) has been conducted 

using such data. It may be valuable to conduct similar future research using level-2 data 

and to examine differences between the results using level-4 data relative to level-2 data.  

 In regards to the tornado climatology, the conclusive determination that more 

tornadoes occur west of the Bay than east of it is by itself an important result, 

demonstrating again the importance of the Bay to the climate of the region. However, the 

magnitude of the difference, even when adjusted for land area differences, was 
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unexpectedly large. This modification of the strongest storms crossing the Bay likely has 

similar causal factors as the findings related to convective precipitation totals.  

Tornadic events are associated with boundary layer processes, principally surface 

based instability and wind shear. Events that may be capable of producing tornadoes west 

of the Bay will have their boundary layer characteristics significantly altered while 

crossing the Bay in a way that makes them less likely to produce tornadoes east of the 

Bay in that instability is lower as there is less buoyant, rising air over the open waters of 

the Bay, and wind shear characteristics are altered by the lower friction present over open 

water. Even as the events have finished crossing the Bay, it is oftentimes the case that 

their character has been altered in a way that the storms are not able to ñrecoverò and 

produce a tornado following the crossing. Only events that are associated with strong 

dynamic processes and/or instability characteristics that are strong enough to ñsurviveò 

traversing the Bay are able to produce tornadoes - and even if they do so, they are most 

likely to be quite weak. As is the case in the discussion of convective precipitation totals, 

much of this discussion of boundary layer alteration should be confirmed by modeling 

experiments. 

This research opens the door for other regional scale tornado climatologies to be 

conducted to examine the influence of water bodies on tornadic development. While 

large areal scale tornado climatologies are common (Leathers 1993, Market 1996, Dixon 

et al. 2011, Farney & Dixon 2014, Benjamin & Leathers 2017), spatially limited 

regional-scale climatologies are less prevalent despite their clear utility for local 
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stakeholders. It also provides an opportunity to expand on the findings of this specific 

tornado climatology with additional future research to incorporate instability 

characteristics of these events to see if tornadoes that are able to form east of the Bay are 

in fact typically associated with higher CAPE values.  

Both the precipitation and tornado sections of this dissertation produced several 

compelling results that the Chesapeake Bay does indeed modify the character of 

convective events crossing it. These results give quantitative evidence for Bay 

modification that was not previously available. It is hoped that additional research can 

assist in identifying causal factors with greater specificity for both convective 

precipitation, and tornado activity. The findings discussed here have given validity to 

what had previously been speculative observations and experience-based claims of the 

Chesapeake Bayôs ability to modify convective storms.    
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Appendix A 

TEMPORAL SYNOPTIC INDEX TYPES  

 

Figure A.1: Temporal Synoptic Index maps showing sea level pressure (top left), geopotential 

height (top right), air temperature in degrees Kelvin (bottom left), and precipitation in mm 

(bottom right). 
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