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ABSTRACT 

 

MASTER OF SCIENCE IN APPLIED  

METEOROLOGY  

by 

Erin Rinehart 

Plymouth State University, December, 2019 

 

Linear convective systems (LCS) over northern New England were 

classified for 5 warm seasons (April-September 2003-2007) using 0.5 degree 

base reflectivity radar data for the Gray, Maine (KGYX) radar domain. This 

classification was used to develop a climatology of LCS mountain interactions. 

The LCS were identified by their structure, following the method of Lombardo and 

Colle, into: broken lines, bow echos, lines with no stratiform precipitation, lines 

with leading stratiform precipitation, lines with trailing stratiform precipitation, 

lines with parallel stratiform precipitation, and an additional classification for this 

study, miscellaneous structures. Lines were then categorized by their interaction 

with the mountain ranges within the KGYX radar domain, specifically the White 

and Ossipee Mountains of New Hampshire, and the Longfellow Mountains of 

Maine. The interaction types were increasing intensity, decreasing intensity, no 

change in intensity, dissipating entirely, or dissipating and then reforming 

downstream of the mountains. Prevailing 700 hPa flow was identified to 

determine if the storm intensity was affected by prevailing wind direction. The 



xii 
 

purpose of this study was to: 1) determine if a previous classification system 

developed for the Midwest could be used in complex, mountainous terrain; 2) 

create a climatology of LCS mountain interactions; and 3) determine the factors 

driving the interactions. No correlation was found between prevailing flow and 

mountain interaction. One interesting discovery was that in southwest flow 

storms tended to increase intensity only slightly less often than they dissipated 

entirely, with other interactions being statistically insignificant. Two case studies 

were completed to determine what other factors most likely had the strongest 

impact on the LCS interaction with the mountains for both southwest flow 

increasing intensity and southwest flow dissipating entirely. 
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CHAPTER 1 

 

1.  Introduction 

Convective weather is a common occurrence across New England in the 

summer months. Forecasting convection in relatively flat terrain can be 

challenging enough, but add in the northernmost part of the Appalachian 

Mountains and forecasters have a recipe for disaster in the form of misses and 

busted forecasts. If there were a way to determine how convection, and in 

particular convective lines, would react with the mountains, forecasts could be 

more accurate. Several studies have examined the effect of topography on 

convective initiation. Kuo and Orville (1973) determined that radar reflectivity 

maxima in the Black Hills were due to convergence of NW or SW flow with 

upslope and lee flow. Schaaf, Banta, and Wurman (1988) analyzed convective 

initiation along mountain ranges in the Desert Southwest and concluded that 

individual terrain features can influence convective initiation when the upper 

level flow is favorable. Topographical influence on convective initiation, 

specifically in the Northeast, was studied by Wasula et al. (2002). They 

determined that severe weather is affected by underlying terrain; the orientation 

of the terrain relative to the 700-hPa flow has an influence on the severity of 

storms.  Enhanced upslope flow led to stronger storms and a greater threat for 

severe storms. Despite these results, little research is available examining the 

evolution and intensity of lines of thunderstorms, or linear convective systems 

(LCS), in mountainous terrain. The goal of this study is to determine if previous 
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classification systems for LCS can be adapted for mountainous terrain, and 

furthermore use those classifications to create a climatology of LCS in northern 

New England. 

2. Background 

Several previous studies have classified LCS. Parker and Johnson 

(2000) classified LCS into three morphologies based on radar reflectivity as 

shown in Fig. 1. 

This classification system categorized LCS based on the location of the 

stratiform precipitation associated with the LCS and was comprised of leading 

stratiform (LS), trailing stratiform (TS), and parallel stratiform (PS). Gallus et al. 

(2008) crafted a classification system of warm season systems into 9 different 

morphologies shown in Fig. 2. They kept the original three classifications (LS, 

TS, and PS), but also added LCS with no stratiform precipitation (NS), bow echo 

(BE), and broken lines (BL). The overarching reason behind having so many 

different classification systems is because these systems behave differently, 

and dynamically have different structures. Lombardo and Colle (2010) put these 

morphologies into practice over the Atlantic coastal plain in New England (Fig. 

3). That was the first study to utilize the classification system in the northeastern 

United States. They created a climatology of spatial and temporal distribution of 

convective structures along the Appalachian slope and coastal plain in the 

Northeast. Additionally, their study created a clear definition of an LCS, which 

will be discussed in detail in chapter two. In 2012, Lombardo and Colle 

continued their research and focused on maintenance and decay of quasi-linear 
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convective systems and discovered that they usually organize in a surface 

trough. They also discovered that 20% of all convective structures were linear. 

Because LCS account for only one fifth of convection, there is not as much data 

or prior research on LCS behavior as there is isolated cells or cell clusters. This 

is evidenced by the fact that there was no research to be found on the topic of 

linear convection in New England prior to Lombardo and Colle completing their 

initial study on convection in the Northeast. 

In order to investigate the role of terrain and low-level flow on convection 

in northern New England, Lowery (2008) created a 5-year warm season 

climatology of individual thunderstorms in the Gray, ME (KGYX) radar domain. 

Lowery discovered that the majority of cases occurred in SW flow, but W and 

NW flow also had a significant amount of cases, such that these three directions 

combined accounted for 90% of cases. He suspected that flow with a southerly 

component enhanced upslope flow and therefore created a more favorable 

atmosphere for thunderstorm formation. Locations where convection commonly 

initiated in each flow regime were noted as “typical” regions, though he did not 

determine why thunderstorms formed in these source regions. While this 

research did not analyze specific thunderstorm cases, it did begin to build a 

database of research that would go on to be used in multiple studies. Another 

related climatology was created for northern New England by Griffith (2010) 

using the thunderstorm days compiled by Lowery but instead producing a radar 

climatology consisting of convective morphologies. These morphologies were 

isolated cells and lines categorized by pre-frontal, frontal, and post-frontal 
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convective elements. 

Using the Lowery (2008) data set, Belge (2009) specifically studied cases 

of pre- frontal convective initiation for isolated cells in southwesterly flow that 

formed in a “typical” region to determine factors that caused the formation of 

these thunderstorm cells. She found that large-scale pressure troughs were a 

key factor in the development of convection. These troughs were enhanced in 

the lee of the mountain and at the surface the axes of the troughs were 

collocated with the areas of greatest instability and moisture. The deepening 

surface trough caused winds to converge and this convergence provided the 

necessary lift for convection. This deepening trough and subsequent surface 

convergence would also act to intensify convection in an LCS as it crossed the 

mountain. Another case study was completed by Lee (2009) to determine 

convective initiation mechanisms in westerly flow. The isolated cell had to form 

in a “typical” region and be pre-frontal in nature. She found little to no synoptic 

support for convection and concluded that the convection was surface-driven. 

Griffith (2010) also performed a case study on a southeasterly flow case, 

as it was an outlier from the typical flow directions, SW, W, and NW. As Belge 

had just completed a SW case study the year before, Griffith was able to 

compare and contrast the two cases and concluded that a pre-existing surface 

trough along the White Mountains had been a factor. In the SW flow case by 

Belge this trough was on the eastern side of the mountains and in the SE case it 

was on the western side. Another conclusion, based on an examination of 

moisture and instability parameters, was that moisture and instability were 
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similar across northern New England and therefore did not play a critical role in 

convective initiation. Another SE flow case study was analyzed by Mulford 

(2011). In addition to a large-scale pressure trough interacting with a lee trough, 

she concluded that surface winds from the sea breeze caused surface 

convergence and upslope flow, which was a primary factor in the convective 

initiation in that case study. 

The storms investigated by Belge (2009), Lee (2009), Griffith (2010), and 

Mulford (2011) were not linear in nature, rather single cell convection. Isolated 

cells were chosen because their evolution in relation to the flow and terrain was 

less complicated than the evolution of LCS. With LCS it is difficult to separate 

the effect of the terrain from the internal dynamics of the LCS.  Previous work in 

this region specifically targeted isolated single cell thunderstorms, and as such, 

several components were missing from the attempt to discern why LCS 

behaved as they did when they crossed mountainous terrain. 

3. Preview 

The weather forecasting office (WFO) in Gray, Maine (ME) has the task of 

forecasting the formation, movement, and decay of LCS throughout their forecast 

region. This region extends throughout the southwest half of ME and all of New 

Hampshire (NH) (Fig. 4). Three key mountain ranges exist in the area of 

responsibility (AOR) of the Gray, ME WFO. These are the White Mountains of 

northern NH, the Ossipee Mountains of central NH, and the Longfellow 

Mountains of northwestern ME (Fig. 5). It is the hope that the results from this 
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study will allow give forecasters information about the behavior of convective 

lines related to complex terrain in the Gray, Maine (ME), (KGYX) radar domain. 

The purpose of this study is to: 1) determine if the Gallus et al. (2008) 

classification system developed for the Midwest could be used in complex, 

mountainous terrain; 2) create a climatology of LCS mountain interactions; and 3) 

determine the factors driving the interactions, looking primarily at topography and 

prevailing wind. In chapter two the classification of the LCS will be discussed. 

Chapter three will examine the topographical interactions of the LCS. Two case 

studies will be analyzed in chapter four to determine additional convection 

influencing parameters. Chapter five will discuss the results and future work.  
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CHAPTER 2 

 

1. LCS classification and climatology 

The first step to understanding the interaction of LCS with terrain in 

northern New England was to create a climatological classification of LCS in 

Northern New England. The goal of this chapter was to discern whether the LCS 

classification used by Gallus et al. (2008) in the Midwest and Lombardo and 

Colle (2010) in the Mid-Atlantic was capable of being used in the mountainous 

terrain of the northern Appalachian Mountains. Additionally, the data were 

investigated to determine the relationship of LCS classification to the 700-hPa 

prevailing wind direction to see if flow parallel or perpendicular to the mountains 

changed the shear profile and hence the convective type.  

2. Data and methodology 

Griffith (2010) used the Lowery (2008) 5-year (2003-2007), warm season 

(April – September) data set to identify thunderstorm days with isolated 

convection and/or LCS by examining radar reflectivity from KGYX NEXRAD 

Level II data. The Level II (0.5 degree) reflectivity data obtained from the National 

Climactic Data Center (NCDC) NEXRAD Data Inventory (available online at 

http://www.ncdc.noaa.gov/nexradinv/index.jsp) were used to subjectively classify 

LCSs for all thunderstorm days in Lowery (2008). To focus this study on LCS, all 

cellular convection (clusters of cells and isolated cells) and nonlinear systems 

were removed from the data set. After manually reviewing radar reflectivity 
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values from the entire data set, the LCS identified by Griffith (2010), as well as 

additional LCS not found by Griffith, were included. 

All the data were viewed in GR2Analyst and analyzed to detect LCSs. To 

determine if a line of thunderstorms qualified as an LCS, storms had to meet the 

criteria set forth by Lombardo and Colle (2010). These criteria required a 

continuous length of reflectivity ≥ 35 dBz with a length-to-width ratio of 5:1. To 

simplify this study, all LCS were added to the data set if a continuous area of 

reflectivity ≥ 35 dBz had a length of 50 km (31 mi). Additionally, this study defined 

broken lines as having at least four cells with reflectivity ≥ 35 dBz in a linear 

pattern with no more than 50 km between. This study acknowledges the 

subjective nature of determining if the four or more cells form a “linear” pattern. 

Using these criteria, 203 thunderstorm events with LCS were identified, 

168 of which events interacted directly with the topography of the three mountain 

ranges. Some of these mountain events contained multiple LCS. There were a 

total of 246 LCS with 303 individual mountain interaction cases. Each LCS may 

have interacted with each mountain range, accounting for up to three cases per 

LCS. This data set will be honed further in chapter 3 and those numbers will 

reflect a lesser number of events and mountain interaction cases. 

The formation and dissipation time for each individual LCS as well as a 

subjective analysis of LCS type was determined (see Tab. 1 for an example). 

Additionally, each LCS was categorized into one of the primary classification 

morphologies (Gallus et al. 2008): BE, TS, PS, LS, NS, BL (see Fig. 6 for 

examples). For any LCS that did not conform to one of these categories, a 
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descriptor of miscellaneous (M) was used instead. On some occasions, an LCS 

evolved into more than one classification. For this reason, there are four 

categorical computations of LCS type; the first considered the initial classification 

type upon formation, the second considered the classification type upon 

dissipation, the third is storms that began and remained only a single 

classification throughout their duration, the fourth is storms that did not change 

classification but still may have exemplified characteristics of multiple 

classifications simultaneously. There were instances where the LCS had more 

than one classification represented at the time of initial development or final 

dissipation. 

3. Results 

Figure 7 shows the number of occurrences of each LCS type over the 5-

year (2003-2007) period. The most common classification was BL and the least 

common classification, aside from miscellaneous, was the BE. It should be noted 

that there were significantly more LCS that began as BL but then transitioned to 

a different line type as they gained strength or crossed the mountains (compare 

Figs. 7a and 7b). Because of this BL were the most frequent type observed at the 

initiation of the LCS (Fig. 7a), however upon dissipation the most common 

classification was TS (Fig. 7b). Of the remaining LCS classifications (NS, LS, 

PS), the number of NS cases was slightly higher than for both LS and PS. The 

very low number of miscellaneous cases demonstrates that the methodology for 

classifying the lines is robust and the classification system developed for 

Midwestern convection (Gallus et al. 2008) is applicable in the Northeast. 
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For a comparison of individual years, refer to Table 2. It can be seen that 

the 2003 and 2005 seasons were less active overall. There were fewer 

thunderstorm days and fewer cases, therefore there were fewer lines to study. 

On the other hand, 2007 was an active year with approximately double the cases 

of 2003 or 2005. There were more BL and TS cases in 2004, 2005, 2006, and 

2007 and in addition 2006 and 2007 also had a fair amount more NS cases. 

Each year showed that the number of BL cases decreased and the number of TS 

cases increased between the single and final classifications. The amount of the 

decrease of BL cases and increase of TS cases was greater than the amount of 

change in the other line types and therefore the data suggests that BL will often 

transition to TS. The 2004 and 2005 seasons strongly showed this trend of BL 

transitioning to TS. In 2004 BL cases decreased by five and TS cases increased 

by six and in 2005 BL cases decreased by eight and TS cases increased by nine, 

whereas other line types changed by only one or none at all. 

4. Discussion 

The large number of broken lines could be due to the mountainous terrain. 

It is possible individual peaks caused convective initiation to occur in specific 

locations, as postulated by Lowery (2008) as he found regions of convective 

activity maxima across the region. These locations, and particularly other finer-

scale locations, could likely initiate convection regularly as seen along individual 

peaks in varying prevailing 700-hPa flow in Schaaf, Banta, and Wurman (1998) 

in the Desert Southwest. When 700-hPa flow was steering the individual 

thunderstorms and there was a short wave or front, the storms would organize 
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into a linear pattern but may not be connected into a solid line of convection. This 

was observed on the radar imagery time and time again leading up to the initial 

moment when a few storms met the criteria for a BL. 

Once the BL formed, it would either continue as a broken line or transition 

into another LCS classification. This was not unique to BL, but this did occur 

substantially more frequently in BL cases as opposed to any of the other 

classifications, which tended to not change substantially during their lifetimes. BL 

cases often picked up stratiform precipitation behind the primary linear feature. 

This would often fill in the gaps between the cells with reflectivity values larger 

than 35 dBz and the BL would transition into a TS. In the next chapter, a detailed 

analysis of mountain interactions, prevailing flow, and behavior of LCS will be 

discussed.    
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CHAPTER 3 

 

1. LCS behavior: flow direction and mountain interaction 

The second phase of the research was to determine the most common 

behavior of each LCS classification based on topographical interaction and 

prevailing wind direction. Each LCS was cataloged based on its behavior as it 

crossed mountainous terrain. This chapter covers additional data and the 

methodology used to determine the influence of the topography in northern New 

England on the strength of lines of thunderstorms as they pass through the 

region. It will discuss the following: the data that were collected and used for this 

part of study; the subsequent radar analysis and the subjectivity of that analysis; 

and how the analysis aided in determining the likelihood of a specific LCS 

topographic interaction. Additionally, the 700-hPa prevailing wind direction was 

analyzed to try to further dissect the behavior of LCS as they interact with the 

topography. 

2. Data and methodology 

Previously the LCS classification system was determined to be effective 

for mountainous terrain. In total there were a total of 203 line events, 168 of 

which interacted with the terrain by passing over the mountains and exhibiting 

one of the five distinct behaviors listed in the following paragraph. These 168 

cases were further studied to determine interaction type and location using 

GR2Analyst. 
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Each case was analyzed to determine which mountain range (White, 

Ossipee, Longfellow) the LCS interacted with. Once that was achieved, each 

LCS case was viewed subjectively to determine the intensity of 0.5 degree base 

reflectivity (dBz), before, during, and after mountain interaction. Each LCS was 

cataloged as either: increasing as it crossed the mountain, decreasing as it 

crossed the mountain, dissipating entirely as it crossed the mountain, dissipating 

as it crossed the mountain but immediately reforming on the other side, or 

showed no change as it crossed the mountain. An increase or decrease was 

denoted by a change of at least 5 dBz higher or lower, respectively, from the 

initial intensity when the storm approached the mountain range. This assessment 

of intensity change was done for each individual interaction with the LCS over 

each of the mountain ranges. Each LCS could interact with any or all of the 

mountains and each of the individual mountain interactions were described by 

the intensity changes the LCS underwent as it passed. In total there were 246 

separate LCS formed during the 168 thunderstorm events that interacted with 

mountainous terrain. The last step was to determine the exact line type for each 

LCS at the moment the system was over the mountains. This allowed each case 

to be classified based on line type, even if the LCS changed over time or 

interacted with more than one mountain range. 

Typically, composite reflectivity is utilized to determine storm intensity 

trends (NOAA, 2012) as storm intensity changes can be different for different 

radar elevation angles. In order to assess whether base reflectivity was adequate 

for describing intensity change, both base and composite reflectivity were 
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analyzed for 2003 to determine if there were any differences in interaction type 

due to the beam broadening at the far reaches of the radar, in the 125-140 mile 

range. Additionally, base reflectivity will only measure intensity in the lower part 

of the storm. This was useful in observing interactions with the storms and the 

topography because the base of the storm is where the interactions occur. 

Integrated Data Viewer was used to view the composite reflectivity and 

GR2Analyst was used to view the base reflectivity due to computer system 

limitations. There were 24 line events with 32 separate mountain interactions in 

the 2003 convective season. Of those 24 events, two differences between 

intensity changes in base reflectivity and composite reflectivity were noted. It is 

possible these differences might be due to the data smoothing that IDV performs 

on the radar data. The first was an instance where initially the LCS appeared to 

dissipate over the Ossipee Mountains on GR2 (base reflectivity) but IDV 

(composite reflectivity) showed decreasing rather than dissipating entirely. The 

second instance was a multi-mountain interaction case. Subjective analysis of 

the base reflectivity (GR2) showed that the line dissipated over the White and 

Longfellow mountains but showed no change over the Ossipee Mountains where 

the line was strongest. The analysis of composite reflectivity (IDV) appeared, to 

decrease rather than dissipate entirely over the White and Longfellow mountains, 

but matched with the no change analysis over the Ossipee Mountains. So, 2/24 

cases appear to be slightly different, and 3/32 interactions appear to be slightly 

different. Each time the difference was between dissipating entirely versus 

decreasing in intensity. Therefore, base reflectivity was chosen for the analysis of 
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storm intensity because it matched with previous research (e.g., Lowery 2008) 

and it was convenient to use GR2 for the analysis. 

Additionally, the directions of line movement and cell movement were 

documented to compare to prevailing winds. Following previous studies (e.g., 

Wasula et al. 2002 and Lowery 2008) prevailing wind direction was determined 

by the 700-hPa flow. 700-hPa was chosen because it is the first mandatory 

pressure level above the mountains and can therefore be used without any land-

interaction at mountain peaks. Wasula et al. (2002) determined that the synoptic 

scale flow at 700-hPa was related to the spatial distribution of convection. Lowery 

(2008) had documented 700-hPa flow for the 2003-2006 climatology and 

determined the 700-hPa flow direction for each cell/line using a proximity 

sounding from the nearest grid point in the RUC analysis. This study used his 

data to determine the flow direction for the lines for the period 2003-2006. The 

data from 2007 was missing from Lowery’s original dataset. For 2007, the 

prevailing wind data were gathered from 1200 UTC KGYX WFO soundings on 

the dates of the convective cases using Plymouth State University’s VORTEX 

website. The KGYX 12Z sounding was viewed for each day with an observed 

LCS to determine the prevailing wind flow. 

3. Results 

a. Interaction with mountains – intensity change 

After examining the intensity changes of LCS taken together across all 

three mountain ranges, it was difficult to discern any patterns. Once the data 

were broken down by mountain range, a better picture began to emerge. When 
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line types were compared to intensity changes some interesting trends 

developed as well as some unexpected results. 

INTENSITY BY MOUNTAIN RANGE 

Across all three ranges (White, Longfellow, Ossipee), lines of convection 

tended to increase as often as they dissipated entirely (Fig. 8). Out of 303 cases 

of individual interactions, 97 increased and 98 dissipated. The remaining were 

predominately lines that showed no change in intensity as they crossed the 

mountains. Interestingly LCS didn’t decrease with the same frequency as 

increasing and dissipating cases. Given the height and horizontal extent of the 

mountain ranges, one might expect different results for each range. As such, 

each mountain range was investigated separately to see if the location could 

paint a better picture of the LCS interactions.  

Looking specifically at the White Mountains, the story is the same. Out of 

110 cases, there were 32 increasing cases and 37 dissipating cases (Fig. 9a). 

This did nothing to help pinpoint specific interaction types as most common or 

most likely. The Longfellow Mountains did show a more promising trend as 44 of 

the 105 cases increased while only 27 dissipated, which was the second highest 

intensity change category (Fig. 9b). The greater amount of increasing cases 

means that the Longfellow Mountains are more likely to increase the intensity of 

lines that pass over them. The Ossipee Mountains were the opposite and out of 

88 cases had more dissipating cases than any other range with a total of 34 (Fig. 

9c). LCS that pass over the Ossipee Mountains are more likely to dissipate 
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entirely than they are to increase, decrease, remain the same, or reform after a 

short dissipation. 

INTENSITY BY LINE TYPE AND MOUNTAIN RANGE 

The White, Longfellow, and Ossipee Mountain storm interactions were 

broken down by line type to determine if the interaction with topography could be 

related to line types (Fig. 10). Initially the picture was fuzzy but upon closer 

inspection a few patterns began to emerge. For the total number of interactions 

across all three mountain ranges, both BL and TS were mostly likely to increase 

in intensity but also had a high chance of dissipating entirely, similar to the 

behavior for all line types. This makes sense because thus far, the overall trend 

has been that lines will likely increase as often as they dissipate. BE and PS 

cases tended to dissipate most often. However, small sample sizes and the fact 

that all the interactions occurred on just two thunderstorm days caused this 

finding to be less significant overall. LS cases definitively dissipated most often 

while NS cases were as likely to not change at all as they were to increase or 

dissipate.  

When looking at the mountain ranges individually, a few more inferences 

could be made about the behavior of LCS as related to the classification type. In 

the White Mountains, BL and TS still followed the trend of being as likely to 

increase as dissipate (Fig. 11). Again, LS cases were most likely to dissipate by 

a large margin. Cases of NS were most likely to not change their intensity as they 

crossed the mountains. In the Longfellow Mountains, BL, TS, and NS cases will 

increase at least twice as often as any other interaction type (Fig. 12). 
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Alternately, LS and PS will dissipate more often than any other interaction type. 

Lastly, the Ossipee Mountains saw some expected interactions, though the 

classification types associated with them were slightly different than previously 

seen (Fig. 13). The BL and LS cases dissipated more often while the TS and NS 

cases were as likely to not change as they were to increase or dissipate. 

A change in intensity, either increasing or decreasing, was the most 

common behavior observed as LCS moved across the mountains. Therefore, 

forecasters should anticipate some change rather than expect no change. More 

cases in the Longfellow Mountains were likely to increase while more cases in 

the Ossipee Mountains were likely to decrease. This was shown in both the 

comparison of interaction types to mountains and in the comparison of interaction 

types to lines. It was also noted that LS cases were most likely to dissipate for all 

three mountain ranges. Additionally, NS cases had a higher tendency to not 

change their intensity compared to the other classification types. In the next 

section, prevailing wind direction will be compared and contrasted with both the 

interaction type and the mountain range. 

b. Interaction with mountains – flow direction 

Prevailing wind direction was compared to the direction of the movement 

of lines and the direction of the movement of individual cells within those lines, 

but no correlations could be made as this movement was found to be in the same 

direction in over 90% of cases. Therefore, there was no further research into how 

line and cell movement impact LCS behavior. Only prevailing wind direction, as it 

applies to mountain interactions and line types, was further studied. 
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MOUNTAIN VS FLOW DIRECTION 

All three mountain ranges had roughly the same percentage of SW, W, 

and NW cases when compared to each other (Fig 14a, b, c). For all three of the 

mountain ranges, a little over half of the cases were in SW flow, while W flow 

accounted for approximately a quarter of the cases and NW flow occurred in 

approximately one fifth of the cases. The SW and W flow had approximately the 

same percentage of White and Longfellow Mountain cases and a lower 

percentage of Ossipee Mountain cases (Fig. 15).  Flow from the NW had a 

higher percentage of White Mountain cases, followed by Longfellow and the 

Ossipee Mountains. All three directions had the same percentage of cases from 

the Ossipee Mountains, which were lower than both the Longfellow and White 

Mountains for each flow direction. Looking at the raw data, for both SW and W 

flow the Longfellow Mountains had slightly more interactions than the White 

Mountains, while in NW flow the White Mountains had slightly more cases than 

the Longfellow Mountains (Fig. 16). Both N and S flow had too small a sample 

size to draw any conclusion. It is for this reason that only the three westerly flow 

directions, SW, W, and NW, were interrogated for any correlations between 

prevailing wind direction and mountain interaction or behavior.  

Southwest Flow 

SW flow was the dominant prevailing wind, which was not surprising given 

that Lowry (2008) and Griffith (2010) both found the same to be true. New 

England is the region of the United States where low pressure systems cross and 

exit into the Atlantic Ocean or eastern Canada. Since so many storm tracks 
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funnel through New England, and they come from the W and SW, both of those 

directions are going to have greater numbers of cases. It was previously stated 

that no 700-hPa flow direction had any particular effect on line type. SW was the 

most common flow direction, but as such, it was the most common flow direction 

for all six line types. To show more accurately a comparison of SW flow to the 

less common W and NW flow, most of the data presented in this chapter have 

been normalized as a percent of cases within each flow direction. 

LINE TYPE BY FLOW DIRECTION AND MOUNTAINS 

The total number of each LCS classification across all mountains in each 

flow direction can be seen in Fig. 17. For SW, W, and NW flow, all line types 

reacted similarly when the data were normalized (Fig. 18). There were 

significantly more BL and TS LCS than any other type in SW flow, each making 

up approximately one third of the lines observed. It was no surprise that the 

same held true for W and NW flow. When LCS line types were compared to the 

700-hPa flow for the three primary directions, each direction had the same 

percent of each line type (+/- 3%). For example, 36% of cases in S flow were 

broken lines, compared to 34 and 33 percent for W and NW flow respectively. 

This continued throughout all the line types with the order of most common to 

least common being BL, TS, NS, PS, LS, and BE.  

(i). Line type vs flow 

In total, there were more than twice the BL and just under twice the TS 

LCS cases than the next numerous line type in SW flow which was NS (Fig. 19). 

It was no surprise that W and NW flow also had approximately twice as many BL 
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and TS as NS. It was also noted that W and NW flow had almost identical 

numbers of cases across all the mountain ranges. Since the total number of W 

flow LCS cases was approximately one quarter of the total of all LCS cases, and 

the total number of NW LCS was approximately one fifth, it was not surprising 

that they had a similar number of cases. Additionally, as there were more SW 

LCS cases in general, there were more SW cases for every line classification 

when compared to W or NW flow. 

(ii). Line type and flow direction by mountain range 

When exclusively the White Mountains were interrogated, the same 

pattern of a greater number of BL and TS LCS emerged, in addition to the 

continuing trend of W and NW LCS being of similar amounts (Fig. 20). One 

noticeable difference was that in the BE category, two thirds of BEs were in NW 

flow. With only six BE cases, the small data set might misrepresent the behavior 

of BE across northern New England. In the Longfellow Mountains again the 

pattern of more BL and TS cases was apparent. One unique observation in the 

Longfellow Mountains was that there were more SW LCS than any other 

direction for all line classifications except PS (Fig. 21). In the case of PS, this line 

type occurs with the same frequency in SW, W, and NW flows. Also the BL and 

TS LCS had significantly more SW LCS, but the number of W LCS was also 

twice that of the NW LCS. For the Ossipee Mountains, the overall trend of more 

SW cases and more BL and TS cases continued, but like with the White 

Mountains, the BE LCS bucked the trend (Fig. 22). In this case, the BE LCS were 

more numerous in W flow. However, the small sample size, like with the White 
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Mountains, may not be a fair representation of all BE LCS in the region. Again, W 

and NW LCS tended to be similar in amount for each classification type. 

MOUNTAIN INTERACTIONS BY LINE TYPE AND FLOW 

Across all three mountain ranges, some behaviors were more or less 

common based on LCS classification type and 700-hPa prevailing wind direction. 

In SW flow, increasing and dissipating cases were most common (Fig 23). This 

was also true for most of the NW cases, though there were some exceptions (Fig 

25). LCS cases with prevailing flow from the W were much less likely to increase 

but much more likely to not change intensity as the LCS crossed the mountains 

(Fig 24). Other more subtle differences are discussed below based on prevailing 

flow direction. It should be noted that by breaking down the data set into both 

LCS classification type and prevailing wind direction, some sample sizes were 

reduced such that the strength of the conclusions may not be statistically 

significant, but patterns can still be discerned and inferences made about the 

data. 

(i). Mountain interaction for SW flow by line type 

In SW flow LS cases dissipated almost 70% of the time (Fig 23b). This is a 

clear delineation from all other classifications, as they tend to split evenly 

between two or three behavior types. The LCS in SW flow rarely decrease 

intensity and then maintain a lower dBz value once they have crossed the 

mountains. More often they would dissipate entirely or reform on the downstream 

side of the mountains. With the exception of LS, LCS in SW flow are more likely 

to increase than dissipate but dissipate is the second most common behavior for 
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BL and TS cases (Fig. 23a, d). PS cases were equally likely to increase as 

dissipate or not change at all (Fig. 23f), while NS cases were most likely to 

increase, but had an equal chance or dissipating or not changing as their second 

most likely behavior (Fig. 23c). 

(ii). Mountain interaction for W flow by line type 

For LCS in W flow, lines that had no change in intensity were a larger 

percentage of cases for many LCS classification types when compared to SW 

and NW flow. Only PS cases did not see an increase in number of lines that 

showed no change (Fig. 24f). In both BL and NS cases, the most common 

behavior was for lines to not change as they crossed the mountains (Fig. 24a, c). 

NS were highly likely (75%) to not change intensity as they crossed the 

mountains (Fig. 24c). Additionally, LS cases had only two outcomes: they 

dissipated entirely or remained the same, roughly 60/40% of the time 

respectively (Fig. 24b). LS cases had the second largest percentage of cases 

that did not change intensity, behind only the NS cases. LS, NS, and BE tended 

to not increase intensity at all or had only one case of increasing intensity (Fig. 

24b, c, e). The other LCS classifications (BL, TS, PS), still had only one quarter 

to one third of cases that increased (Fig. 24a, d, f). 

(iii). Mountain interaction for NW flow by line type 

For NW flow, generalizations about intensity changes across most line 

types cannot be made (Fig. 31). However, BL and NS are more likely to dissipate 

(Fig. 25a, c). These are also the only classifications where dissipation is even 

likely in NW flow. For both LS and PS cases, these types are equally likely to 
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increase as they are decrease, and these behaviors have the highest percentage 

for both of those classifications (Fig. 25b, f). For BL the LCS are also equally 

likely to increase or decrease, but in this instance these were not the most 

common behavior (Fig. 25a). TS cases are slightly more likely to not change 

intensity as the cross the mountains, but all other behaviors for TS cases are 

nearly equally likely (Fig. 25d). Ultimately, it is difficult to distinguish the likelihood 

of whether an LCS will increase or decrease for most LCS classifications in NW 

flow. 

(iv). Directional similarities 

BL and NS behave similarly to each other across the three main flow 

directions (Figs. 23a, c, 24a, c, 25a, c). One possible explanation for this is that 

many BL cases became NS cases, and vice versa. Therefore, intensity changes 

were counted for both line types. Additionally, LS generally behaved quite 

different from other LCS classification types within each flow direction (Figs. 23b, 

24b, 25b). As such, LS cases seem to be outliers in addition to being less 

common as a classification. 

4. Discussion 

Ultimately, it was found that no strong correlation could be made about the 

behavior of an LCS as it crossed over mountainous terrain. The results above 

indicate that the intensity change of an LCS as it crossed over mountainous 

terrain is generally equally likely to increase or dissipate. This held true when 

each mountain range was examined individually. Additionally, prevailing wind 

was analyzed to try to further dissect the behavior of LCS as they interact with 
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the topography. When prevailing wind direction was compared to topographic 

interaction, no clear interpretation could be gleaned from the data regarding the 

likelihood of each interaction type. However, once the data were broken down to 

base components and LCS behavior was analyzed based on both wind direction 

and LCS type simultaneously across all three mountain ranges, a few 

generalizations could be made. This is a start toward determining individual 

interactions when more data is analyzed and a larger sample size provided. Only 

then can these findings potentially be upheld and become useful in forecast 

operations. 

When looking at types of squall lines, the RKW theory (Rotunno et al. 

1987) can be used to predict the strength and structure of the squall. When a 

shower or thunderstorm rains out, evaporational cooling produces a cold pool 

along the surface that propagates away from the cloud laterally. As discussed by 

Rotunno et al (1987) this theory states that when there is cold pooling without 

shear, vertical motions will be somewhat inhibited and the cloud and updraft will 

both tilt upshear due to a negative horizontal vorticity bias. However, when shear 

is present with no cold pooling, the cloud will lean to the downshear side of the 

storm due to a positive horizontal vorticity bias and the updraft will tilt over the 

cold pool. When cold pooling and shear can balance one another, the storm 

retains a vertical updraft and has little tilt. In the case of TS squalls, the cold pool 

is stronger than the shear and the cloud tilts upshear, trailing the precipitation 

behind it. Alternately, the LS squalls have stronger shear and tilt downshear, 

which pushes the precipitation ahead of the bulk of the cloud. 



26 
 

In the case of a LCS interacting with topography, both the environmental 

shear and the shear associated with cold pool can be altered by the flow around 

the mountains adding significant complexity to observed changes in LCS 

intensity. As a squall line approaches the mountains the cold pool could either be 

blocked or unblocked and able flow over the terrain. This will likely depend on the 

local Froude number, which in turn depends on the depth and strength of the 

inversion associated with the cold pool, the height of the mountains, as well as 

the background flow. If the cold pool is blocked, one might expect the LCS to 

weaken or perhaps dissipate as it crosses the mountains. This study shows that 

LS cases often behave in this manner. It can be speculated that weaker cold 

pools associated with LS structure often become blocked and therefore the 

convective updrafts lose intensity as they cross the mountains. Alternately if it is 

not blocked then the LCS would be expected to continue in its normal evolution. 

Again, if the cold pool is blocked but can reform quickly on the downstream side 

of the mountains the intensity of the convection may appear to maintain and then 

increase in the lee. In this study, LCS in general and BL and TS cases in 

particular are equally observed to either increase in intensity or dissipate.  

Unfortunately, the data collected does not measure the information necessary 

(e.g., cold pool depth, local low-level vertical shear, or Froude number) to 

determine if lines that dissipate/increase are associated with cold pool blocking. 

There is still some debate over whether this theory applied to all squalls or 

only strong, long-lived squalls (Bryan, 2012). This study recognizes the impact of 

both shear and cold pooling, but did not expressly analyze either for 
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determination of LCS behavior when interacting with mountains as we do not 

have the mesoscale data to perform such a study at this time. Additionally, since 

the study had a majority of broken lines, none of these would be considered a 

strong long-lived squall and therefore RKW theory may not apply to a majority of 

our cases. 

The next chapter is a detailed look at two case studies, one is an 

increasing broken line and the other is a dissipating broken line, in the White 

Mountains. The goal was to attempt to discern if synoptic scale dynamics could 

be driving the behaviors since very few clear and concise conclusions could be 

crafted in relation to 700-hPa flow, line type, or topography of each mountain 

range. 
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CHAPTER 4 

1. Introduction 

The previous chapters showed that neither topography nor prevailing wind 

direction seemed to have a direct effect on the behavior of LCS in northern New 

England. There are additional factors beyond topography and prevailing winds 

that could be influencing the intensity of LCS as they cross the White Mountains. 

These factors may include the large scale synoptic environment as well as the 

mesoscale structure of the LCS. This chapter will focus on the synoptic and 

larger mesoscale environments by examining two case studies. One case study 

is of a LCS that increased in intensity as it crossed the White Mountains and the 

other is a LCS that dissipated entirely. This chapter attempts to answer the 

question: Does the large scale environment play a role in why one LCS 

increased in intensity while another dissipated entirely, despite forming in the 

same location, exhibiting the same LCS classification type, having similar 

intensity approaching the White Mountains, and having the same prevailing flow? 

2. Data 

For each case, North American Model (NAM) analysis data were collected 

from the NOAA National Operational Model Archive & Distribution System 

(NOMADS). Surface analysis maps were gathered from the University 

Corporation of Atmospheric Research (UCAR) and Colorado State NWS 

Defense Intelligence Security Facsimile Network (DIFAX) Weather Map Archive. 

Surface analysis and radar composite imagery was obtained from Unisys. Skew-
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T Log-p sounding diagrams were collected from the University of Wyoming 

Sounding Archive. 

3. Methodology 

The two cases chosen for the study were BLs that interacted with the 

White Mountain in SW flow. Previous research by Lowery (2008) found that 

single thunderstorm cells occurred more often in SW flow than in either W or NW 

flow. Additionally, southwesterly flow was identified as the most predominant 

flow. In Chapter 3, it was shown that BLs in the White Mountains had the most 

cases of interaction. The BL data also showed that these LCS tend to increase 

as often as they dissipate (Tab. 3), so the goal was to determine what other 

synoptic or dynamic factors could influence the LCS aside from topography and 

predominant wind direction. One increasing case and one dissipating case of BL 

LCS in southwest flow over the White Mountains were chosen. GR2 Analyst was 

used to subjectively examine radar reflectivity and determine the BL that most 

clearly increased (11 May 2007) and most clearly dissipated (30 June 2006). 

Both of these cases formed at the northern edge of Grafton County in NH (Fig. 

26). Also in both cases the lines and individual cells move southeast, though the 

overall prevailing wind at 700 hPa is southwesterly (Fig. 27). 

The NAM data were manipulated using the Integrated Data Viewer (IDV). 

This allowed data to be plotted concurrently to optimize viewing of synoptic and 

mesoscale features. An analysis of all the plotted charts was completed to 

determine which features helped or hindered convection in the region. 
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4. Results 

a. 30 June 2006 – dissipating case 

On 30 June 2006 the 1200 UTC NCEP analysis showed that a cold front 

was draped from a low pressure system east of Hudson's Bay to north of the 

US/Canadian border near upstate NY (Fig 28a). By 1500 UTC (Fig. 28b) the cold 

front had become stationary north of the Canadian border where it remained 

through 1800 and 2100 UTC (Figs. 28c, d). A small area of convection formed 

over extreme northern VT and NH north of the White Mountains between 1200 

and 1500 UTC and as the cells moved southeast, they were enhanced as they 

moved upslope and shaped into a linear pattern. The dissipating BL LCS that 

was chosen for this case formed at 1705 UTC from a cluster of individual cells 

across the northern VT/NH border and moved SE (Fig. 29a). The LCS reached 

the White Mountains at 1800 UTC (Fig. 29c) and began to dissipate. By 1901 

UTC (Fig. 29e) the LCS barely met the criteria established for a BL and it 

dissipated entirely at 1931 UTC (Fig. 29f). 

CONVECTIVE INITIATION: SYNOPTIC CONDITIONS AT 1200 UTC 

At 250 hPa a jet maximum was positioned north of New England (Fig. 

30a). A large region of confluence aloft at 250 hPa encompassed most of New 

England. The source region for the LCS was directly in the center of the entrance 

region of the jet streak. The overall 500 hPa long wave pattern had a trough 

stemming from a closed low over southern Hudson's Bay tilted negatively across 

New England into the Atlantic Ocean (Fig. 31a). There was a weak positive 

vorticity region over NH at 500 hPa.  
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The analysis of 700 hPa showed the longwave trough over the East Coast 

vertically stacked with the 500 hPa trough (Fig. 32a). Additionally, there was a 

short wave trough just west of the large-scale trough axis stretching from NJ up 

across VT into Canada. The 700 hPa flow entered the region curving into the 

trough axis from the Great Lakes. There was a region of mesoscale diffluence 

over central NY, which caused winds to flow southwesterly across northern New 

England, parallel to the White Mountains. Flow over southern New England was 

cyclonic from the west. Meso-beta scale troughs were apparent, one positively 

tilted along the NY/VT border and another oriented negatively from western ME 

into the Gulf of Maine. There was a region of high relative humidity over New 

England and across ME and NB there was moist air advection from over the Gulf 

of Maine. Moisture across northern New England was primarily greater than 70% 

RH. Across New England there was neutral temperature advection (Fig. 35a). 

The 850 hPa heights indicated a low center east of Hudson's Bay with a 

negatively tilted long wave trough that extended south through the Gulf of Maine 

into the Atlantic Ocean. Moisture advection from the Gulf of Maine was set to 

pump moisture into New England (Fig. 33a). Across the Northeast, wind from the 

Great Lakes region was westerly with an area of diffluence over the Albany area. 

Winds were westerly across northern New England and southwesterly across 

southern New England. Trough/ridge couplets oriented N-S were analyzed 

across the region. There was a trough across central NY, a ridge across the 

NY/VT border, and a trough from western ME down to Cape Cod. Moisture 

across New England was patchy with areas of 50%-90% RH and moisture 
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advection into the White Mountains from the north. The cold-air advection was 

observed across New England with neutral temperature advection from the Gulf 

of Maine into far eastern ME (Fig 35c). 

At the surface in the Northeast, there was light cyclonic flow into and 

through a long wave trough that extended from a low pressure center situated 

east of Hudson's Bay out into the Atlantic Ocean (Fig. 34a). There was WAA 

moving up the coast of the Gulf of Maine. The overall flow pattern was cyclonic 

through the primary trough axis over western ME. In general, the flow was 

northwesterly over western New England and south-southwesterly across 

eastern leaving a region of confluence, though winds were light and variable 

across the region of convection along the mountains. Several meso-beta troughs 

were progressing through the region: a trough along the NY/VT border, a ridge 

through western VT/MA, a trough from western ME to Cape Cod that was almost 

embedded in the axis of the long wave trough. RH values at the surface were 

consistent with values at 850 hPa. New England was entirely 70-90% RH and 

there was CAA from Hudson's Bay into New England (Fig. 35e). This was just 

the precursor of dry air that would intrude into the region over the next few hours. 

There was a region of surface based CAPE approximately 1200 Jkg-1 

south of the White Mountains to the southern New England coast (Fig. 36a). 

Northern NH had no CIN but a small area in south central NH had values of 

approximately -50 Jkg-1 (Fig. 36c). One way to assess mid-level lapse rates is to 

calculate the temperature difference between 850 and 700 mb. At 1200 UTC 

over northern New England, the 850-700 hPa lapse rate was calculated to be 8 
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°C/km. Please refer to Table 4 for the remainder of the indices taken from the 

KGYX 1200 UTC sounding (Fig. 46). Overall, the stability indices were weakly 

indicative that widespread thunderstorms would occur in the region downstream 

of the White Mountains. However, the KGYX is likely to be representative of the 

general air mass conditions in the formation region of the LCS upstream of the 

White Mountains.  

The 1200 UTC 30 June 2006 sounding from KGYX (Fig. 46) indicates that 

in the lowest 50 hPa there was a weak morning radiation inversion. Above the 

inversion the winds in the lowest 1 - 2 km (950 - 800 hPa) were primarily from the 

southwest at 5 - 10 kts with little to no increase in speed. The lapse rates in the 

middle troposphere were moderate with a rate of 8 °C/km. The pre-frontal 

environment with little low-level shear and moderate instability was not 

particularly conducive to the formation and maintenance of QLCS convection. 

This suggests that in this case as the BL interacted with the mountains, any 

interruption of the cold pool/shear circulations would likely lead to dissipation.  

CONVECTIVE DISSIPATION: SYNOPTIC CONDITIONS AT 1800 UTC 

At 250 hPa the jet maximum had progressed eastward, leaving the 

convective region under the left entrance region (Fig. 30b) which consisted of 

convergence aloft. The area of convergence aloft transitioned to divergence aloft 

over western New England to the south of the White Mountains. The 500 hPa 

long wave pattern did not propagate eastward throughout the afternoon and the 

trough was still in approximately the same place as it had been at 1200 UTC 

(Fig. 31b). As with the long wave pattern, the absolute vorticity remained the 
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same, weak over New England and strong southeast of Hudson’s Bay. The 

smaller area of weak positive vorticity over NH progressed into central northern 

ME.  

The major change in 700 hPa heights was the short wave that was 

positioned over VT into NJ moved from west to east through the long wave 

trough into western ME (Fig. 32b). The meso-beta scale trough over the NY/VT 

border moved slightly south though it remained positively tilted. Dry air intruded 

into southern New England, which decreased the moisture south of the White 

and Longfellow Mountains. The diffluence propagated into western New England 

and weakened slightly. The second meso-beta trough propagated into the base 

of the long wave trough. At this time there was significantly less moisture across 

New England due to the strong dry air advection along the southern regions, but 

north of the White and Longfellow Mountains the moisture content remained 

above 70% RH. The only change in temperature advection was that weak CAA 

moved into New England (Fig. 35b). 

The 850 hPa analysis showed a wind shift from the southwest to the 

northwest across New England as the low pressure progressed east (Fig. 33b). 

Across the Northeast, the primary long wave trough at 850 hPa had progressed 

east and was still negatively tilted but now oriented across central ME. The 

trough/ridge couplets progressed through the long wave pattern as well. There 

was a trough in eastern NY, a ridge still along the NY/VT border, and a trough 

had developed on the lee side of the White Mountains in NH. The meso-beta 

trough that had been in ME was absorbed into the long wave flow. At this time 
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diffluence shifted to southwest New England which caused the winds to become 

westerly across northern New England but remain southwesterly over southern 

New England. Winds were slightly cyclonically curved from VT to eastern ME 

through the base of the long wave trough. Moisture advection continued into the 

region and New England was primarily >70% RH with localized areas of 60%. 

The primary change in temperature advection was the neutral advection had 

shifted east out of ME (Fig. 35d). 

At the surface, Northern New England still had some areas of >70% RH, 

particularly in areas north of the White Mountains (Fig. 34b). The overall pattern 

of the surface winds was still cyclonic but a region of diffluence had developed 

over northern VT and NH while a region of confluence had developed over the 

central ME coast. The meso-beta scale trough/ridge couplets failed to progress 

through the flow and remained stationary, mimicking the low pressure to the 

north. The first trough was still settled over the NY/VT border and the ridge was 

still through VT into western MA, however the second trough across western ME 

down to Cape Cod had embedded into the axis of the larger scale surface trough 

and the long wave appeared to retrograde over Cape Cod. At the time, almost 

the entire New England region was 50-60% RH or less, though a few pockets of 

>70% RH remained trapped in central VT, north of the White Mountains in NH, 

and in the northern half of ME. The temperature advection over New England 

became neutral (Fig. 35f). 

During this period, CAPE across northern NH was < 1000 Jkg-1 (Fig. 36b) 

and there was no CIN throughout the convective region in northern New England 
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(Fig. 36d). For the remainder of the indices taken from the KGYX 1200 UTC 

sounding, please refer to Figure 46. During this time period there were no new 

soundings taken, so the indices and shear profile from the 1200 UTC were used 

and there was only a weak indication of widespread thunderstorms downstream 

of the White Mountains. 

Certain themes emerged from the analysis of the dissipating case. 

Between 1200 and 1800 UTC the lower levels dried out and meso-beta scale 

troughs moved into less favorable regions for producing lift. There was low-level 

divergence, and the upper-level dynamics of negative vorticity advection and the 

left entrance region of the jet caused subsiding air while temperature advection 

was generally cooler or neutral.  Thermodynamically the atmosphere was weakly 

unstable, so continued thunderstorm activity was possible, but given the weak 

unidirectional shear organized LCS were not particularly favored. The main 

dynamic features of thunderstorm formation (lift, moisture, exhaust) were 

becoming more favorable for descent despite the weakly unstable thermal 

structure of the downstream atmosphere. Adding the downslope effect of 

mountainous terrain and the interruption cold pool/shear circulations by the 

underlying terrain may have been all that was needed to overcome the marginal 

instability and force the storms to dissipate rather than maintain their intensity or 

develop further. 

b. 11 May 2007 – increasing case 

On 11 May 2007 at 1200 UTC the NCEP analysis showed an active cold 

front that was oriented NE-SW from a low pressure system in Canada east of 
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Hudson Bay into the Midwest (Fig. 37a). This cold front continued to progress SE 

on the 1500 and 1800 UTC analyses (Fig. 37b, c) analysis and it then advanced 

through northern VT and NH at 2100 UTC (Fig. 37d). This provided continual lift 

at and ahead of the cold front across northern New England. At 1200 UTC 

convection was already present across New England. As the day progressed, the 

convection became more linear in nature and LCS formed across northern VT 

along a pre-frontal trough. At 1712 UTC the LCS chosen to represent the 

increasing intensity case study formed along the windward side of the White 

Mountains, meaning it met the criteria previously set forth for a broken line LCS, 

and began to move SE (Fig. 38a). The LCS began crossing the White Mountains 

at 1840 UTC (Fig. 38d) and intensified in intensity at 1909 UTC (Fig. 38e). Once 

past the mountains, the LCS maintained intensity for another hour as it continued 

downslope and into the coastal plains of NH and ME. The LCS ended at 2039 

UTC (Fig. 38h) as it reached the radar site and the central portion of the LCS 

became obscured by the cone of silence at the radar location. 

CONVECTIVE INITIATION: SYNOPTIC CONDITIONS AT 1200 UTC 

At 250 hPa the jet stream was positioned just north of New England (Fig. 

39a). There was a small area of convergence at 250 hPa over central NH and 

VT. The 500 hPa long wave pattern consisted of a trough slightly positively 

oriented SW-NE across eastern NY and VT into Canada (Fig. 40a). Weak 

positive absolute vorticity existed over New England. There was a strong positive 

absolute vorticity maximum curving cyclonically SSE of Hudson's Bay. 
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In the Northeast at 700 hPa there was a low heights center east of 

Hudson's Bay with a positively tilted trough over New England (Fig. 41a). The 

wind over the convective region of NH and western ME was southwesterly exiting 

the trough. A strong dry slot associated with the low heights center east of 

Hudson's Bay was sitting along the Canadian border, poised to bring CAA into 

New England (Fig. 44a). There were meso-beta scale troughs over central VT 

and the White Mountains oriented slightly negatively on the leading edge of the 

long wave trough. The majority of New England was >70% RH with a small area 

of 60% RH over western VT and a larger region of <40% RH along the far 

eastern border of ME. 

Across the Northeast at 850 hPa the map showed the long wave trough 

across central NY with winds curving cyclonically through it (Fig. 42a). The winds 

over the Gulf of Maine were flowing anticyclonically, which created a region of 

confluence over central NH. Two meso-beta troughs were present; one short 

wave was along the NY/VT border and the other along the NH/ME border. All of 

north central New England was covered in >70% RH values. There was also 

CAA moving into New England (Fig. 44c). 

At the surface, the long wave trough and associated cold front from that 

system stretched across eastern NY (Fig. 43a). The pressure gradient behind the 

cold front was tightly packed and oriented NE-SW along and behind the surface 

cold front. The wind was flowing cyclonically through the positively tilted trough 

entering over central NY and exiting over northern VT. Anticyclonic flow off the 

coast near Cape Cod was moving into New England causing an area of 
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confluence across NH. Meso-beta short waves were present across the NY/VT 

border and along the NH/ME border. A mesoscale low of 1010 hPa had 

developed in the lee of the White Mountains. The Northeast was covered in one 

large area of >70% RH with localized pockets of 60% RH. Dry air behind the front 

was approaching the New England/Canadian border. There was moderate CAA 

into New England from Canada (Fig. 44e). There was also neutral-to-cool air 

advection from the Gulf of Maine over southern NE. 

There was a small region of CAPE with values of approximately 1200 Jkg-

1 over the VT/NH border in NH’s northern Grafton County and southwest Coos 

County directly in the region of convective initiation for this LCS case (Fig. 45a). 

Another region of CAPE of similar intensity was on the windward side of the 

Longfellow Mountains in northwest ME. There was no CIN across northern VT 

and NH in the convective region (Fig. 45c). The 850-70 hPa lapse rate for this 

case was calculated as 7 °C/km. For the remainder of the indices taken from the 

KGYX 1200 UTC sounding, please refer to Table 5. These indices are of a 

weakly stable atmosphere but for the coastal plain, not the White Mountains. As 

such the convection was able to form likely in an unstable environment in the 

mountains.  

The 1200 UTC 11 May 2007 sounding from KGYX (Fig. 47) is 

representative of the pre-frontal air mass. In the lowest 50 hPa there was a 

morning radiation inversion. Above the inversion the winds in the lowest 1 - 2 km 

(950 - 800 hPa) were primarily from the southwest at 15 - 20 kts with little to no 

increase in speed. As noted above, the lapse rates in the middle troposphere 
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were moderate with a rate of 7 °C/km. As with the previous case, the pre-frontal 

environment has little low-level shear and moderate instability, which was not 

conducive QLCS convection. This suggests again that as the BL interacted with 

the mountains, any interruption of the cold pool/shear circulations should have 

led to dissipation. 

INCREASING CONVECTIVE INTENSITY: SYNOPTIC CONDITIONS AT 

1800 UTC 

The 250 hPa jet stream was along the US/Canadian border and 

convergence was now spread across central and southern New England (Fig. 

39b). The ridging at 500 hPa had amplified and tilted slightly to the east (Fig. 

40b). Along the East Coast the long wave trough that progressed only as far as 

western MA and the positive absolute vorticity over New England weakened. 

In the Northeast, the 700 hPa long wave trough axis ran directly over and 

parallel to the White Mountains and down through NY into NJ (Fig. 41b). The dry 

air intrusion was moving slowly southeast toward the region of convection. The 

meso-beta scale troughs progressed eastward such that they were located in 

central NH just barely ahead of the trough axis and in far eastern ME over the 

coast. The moisture field had shrunk but maintained its humidity value over the 

region of convection both north and south of the White Mountains. A thin area of 

60% RH stretched SW-NE along the leeward slopes of the White and Longfellow 

Mountains but it was bounded to the northwest and southeast by areas of >70% 

RH. New England was also affected by moderate CAA at this level (Fig. 44b). 
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The 850 hPa long wave trough had progressed into central New England 

and was oriented positively from central ME to western CT and down the East 

Coast (Fig. 42b). Southwesterly anticyclonic flow off the coast of New England 

kept the area of confluence over the southern NH region and into western ME. 

The meso-beta troughs did not progress significantly and the first was located 

across northern VT to central NY while the second became absorbed into the 

long wave flow and created an apparent lee trough along the White and 

Longfellow Mountains. A slender region of 60% RH values was oriented SW-NE 

along the lee slopes of the White and Longfellow Mountains but both northwest 

on the windward side of the mountains and southeast along the coastal plain 

were regions of >70% RH. Moderate CAA was present across New England (Fig. 

44d). 

The surface long wave trough in the Northeast had progressed into New 

England and was becoming neutrally tilted across the VT/NH border southward 

to Long Island (Fig. 43b). Wind flowed cyclonically into the trough and exited the 

trough across northern ME. Confluence was also present at the surface 

throughout the southern NH and western ME region. The meso-beta scale short 

wave trough was still across the NY/VT border but it became more neutrally 

oriented. The lee low was absorbed into the long wave flow across NH and 

presented as another meso-beta trough across the NH/ME border parallel to the 

White Mountains. The largest change between 1200 and 1800 UTC was in the 

moisture field. Moisture north of the mountains was rapidly decreasing as the 

cold front approached and had become <60% RH on the windward side of the 
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White and Longfellow Mountains. The lee side of the mountains downslope and 

along the coastal plain of NH and ME still retained ample moisture, >70% RH, 

from the anticyclonic flow off the Gulf of Maine. The cool air advection from the 

Gulf of Maine strengthened from neutral to weak and flowed onshore across the 

region (Fig. 44f). 

The small region of CAPE north of the White Mountains had dissipated 

and there was one area of approximately 1500 Jkg-1 CAPE on the downslopes 

of the Longfellow Mountains in central western ME (Fig. 45b). At this time there 

was no CIN across western ME and eastern NH (Fig. 45d). An area of > -50 Jkg-

1 was approaching the western edge of the White Mountains. For the remainder 

of the indices taken from the KGYX 1200 UTC sounding, please refer to Figure 

47. As the 1200 UTC sounding was for downstream of the White Mountains, this 

was used to infer the stability and shear profile of the atmosphere at 1800 UTC 

because no new sounding was available. The weakly stable environment should 

not have been considered favorable for thunderstorm activity, yet the LCS 

increased intensity as it entered the coastal plain. 

Unlike the previous case, this LCS was capable of increasing intensity due 

to continued moist conditions and additional warm air advection into the region. 

One of the meso-beta troughs was also favorably located behind the convective 

activity in the lee of the White Mountains to give additional lift as the LCS crossed 

into the coastal plain. Despite a lack of strong thermal structure, both the neutral 

upper air environment and surface convergence aided in creating a favorable 

exhaust environment for the storms to maintain their structure. Additionally, warm 
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and moist air advection funneled by the topography into the downstream region 

either helped maintain the cold pool as it crossed the mountains or a new cold 

pool to form on the lee side allowing the LCS to maintain and increase intensity 

as it crossed over the mountains into the coastal plain.  

5. Discussion 

a. Synoptic scale 

On 30 June 2006 at 1200 UTC, the dissipating LCS case, there existed 

some upper level support for convection. The convection occurred directly in the 

center of the entrance region of the jet maximum where divergence aloft acted to 

aid convection. By 1800 UTC, the jet had progressed east and left the region of 

convection under the left entrance region of the jet maximum. This part of the jet 

maximum had divergence aloft which should have aided convection but the area 

of anticyclonic vorticity advection in the same area acted to inhibit convection. 

With convective inhibition stronger than divergence-aided lift, any convection 

currently in existence would have begun to deteriorate regardless of the 

topography below it. The 850 hPa negatively tilted long wave trough had 

propagated east of the convective region by 1800 UTC and now sat across 

central ME. This put the area of convection and LCS formation behind the long 

wave trough axis in an area unfavorable to convection. 

The 11 May 2007 case had an increasing LCS and moderate upper level 

support for convection though the mid-levels synoptically had the best support. At 

1200 UTC the jet streak was displaced well to the north of the convective region 

and no significant jet maximums were in the area. This put NH far enough away 



44 
 

that there was no significant impact from the convergence or divergence aloft in 

the quadrants of the jet maximums. This remained the case throughout the day 

as the LCS strengthened. A positively tilted long wave trough sat across New 

England at 1200 UTC and remained behind the LCS throughout its lifespan. This 

acted to maintain an environment favorable for large-scale lift that continued to 

support the convection. 

b. Mesoscale 

On 30 June 2006 at 700 hPa, the mesoscale environment was a key 

player in both the formation and particularly dissipation of the LCS. Meso-beta 

short waves propagating into the base of the trough amplified the trough as CAA 

was brought into the trough from behind the short wave. At all levels from 700 

hPa to the surface between 1200 and 1800 UTC the moist air across New 

England was overtaken by dry air advecting in from the southwest. This starved 

the convection of a key ingredient and aided in shutting off convective activity as 

it passed across the White Mountains into the drier air over southern New 

England. At 1200 UTC an area of weak low-level confluence was over central NH 

and eastern ME which aided in building convection but by 1800 UTC there was 

diffluence at the surface over central NH between a positively oriented 

ridge/trough couplet. This diffluence at the surface over the region of convection 

helped to inhibit lift and prevented the storms from receiving another vital 

component of convection. The surface cold front became stationary north of the 

US border where it kept the New England region lacking a necessary mechanical 

lifting mechanism to enhance convection. The area that the LCS moved into was 
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devoid of moisture, lift, and behind a short wave trough/ahead of a short wave 

ridge. There was no support at the mesoscale to keep the convection occurring 

and driving forward as it crossed the White Mountains. 

The mesoscale environment on 11 May 2007 was ripe for convection as a 

cold front began to move into New England. The surface front at 1200 UTC was 

situated just north of the US/Canadian border. It continued pushing southeast 

into New England and had just crossed the border in eastern NY at 1800 UTC. 

This provided large-scale lift across the region of convection. At 850 hPa the long 

wave trough and associated cold front brought cold air into the region from the 

northwest as cool air from over the ocean was being advected onto the land from 

the southeast. This lifted the warmer air mass along the coastal plain and aided 

in maintaining convection. Several meso-beta scale troughs were progressing 

through the region and acted as smaller pockets of mechanical lift to help 

generate and maintain convection. One of these short waves was upstream of 

the LCS and assisted in propagating it across the mountains. This short wave 

was absorbed into the long wave flow just on the lee side of the mountains, 

which was found favorable for convection (Griffith 2010). As the convection 

continued toward the coastal plain, the lee trough behind it provided lift, which 

maintained the upward vertical motions in the storms. The analysis showed a 

wind shift between 1200 and 1800 UTC, which changed the low level wind from 

the southeast to the northwest. At 1200 UTC at 700 hPa, 850 hPa, and the 

surface, the environment was saturated or near-saturated with RH values above 

70% throughout the region of convection. At 1800 UTC behind the LCS was 
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strong dry air intrusion on the windward side of the mountains, but on the 

leeward side the atmosphere still provided ample moisture to fuel the convection 

as the LCS crossed over the mountains. The 850 hPa and surface wind also 

remained confluent across NH and western ME throughout the period, which 

helped maintain surface convergence and upward vertical motions. All necessary 

physical components for convection (moisture, lift, and exhaust) were in place 

throughout the 1200-1800 UTC timeframe, which assured the continuation of the 

LCS, and even contributed to its increase in intensity, as it crossed the White 

Mountains. 

c. Thermodynamic structure 

At 1200 UTC on 30 June 2006 the atmosphere was weakly unstable at 

KGYX as indicated by a lifted index (LI) of -1.4 (Tab. 4), though in the higher 

elevations of the White Mountains this translated to a weak-to-moderate 

instability due to a need to modify the values upward to account for the elevation 

(MedEd Skew-T Module). Total Totals (TT) were 49 which indicated a strong 

likelihood for thunderstorms across the area. KGYX had a K-Index (KI) of 35, 

which is the lower limit indicating widespread convection (MetEd Skew-T 

Module). It should be noted that both TT and KI are not applicable to the areas 

around some of the higher peaks in the White Mountains because the surface 

pressure is below 850 hPa and this height is used in their calculation. The Bulk 

Richardson Number (BRN) is the ratio of buoyancy to wind shear and for KGYX 

at 1200 UTC the BRN was 6.2. Values less than 10 mean that there is much 

more shear than buoyancy and as such, inflow will overwhelm the outflow, 
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causing short-lived storm cells tend to be torn apart by the wind shear. When 

viewing the sounding data, no speed or directional shear was observed at the 

1200UTC hour. The 850-700 hPa lapse rate of 8 °C/km indicated that the mid-

levels were conditionally unstable as the lapse rate was between the moist and 

dry adiabatic lapse rates. 

The CAPE at 1200 UTC on 30 June 2006 for KGYX was 421 J kg^-1 

which indicated that there was a small amount of buoyant energy as a parcel was 

lifted upward in that region. South of the White Mountains, the CAPE was 

approximately 1200 J kg^-1 which was strong enough to provide a moderately 

unstable atmosphere across that region. As time progressed to 1800 UTC, CAPE 

south of the White Mountains diminished slightly to approximately 1000 J kg^-1. 

This diminishing of CAPE was small enough that it should not have affected the 

outcome of convection that was already occurring. CIN throughout the region 

was already minimal and reduced to zero throughout the day. With no convective 

inhibition, any remaining CAPE could easily be acted upon by a lifting 

mechanism. 

On 11 May 2007 at 1200 UTC the atmosphere was stable at KGYX as 

indicated by an LI of 1.7 due to the presence of the overnight surface based 

inversion. The TT were 48 which is indicative of thunderstorm formation. A KI 

value of 33 is just under the threshold indicating widespread convection 

throughout the region. As previously stated, these values were for KGYX and not 

applicable in the mountains. The vertical thermal structure of the atmosphere 

was perused to determine the stability and buoyancy of the atmosphere into 
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which the storms were moving once they crossed the mountains. This case had 

a lapse rate of 7 °C/km which was similar to the previous case. This is 

approaching the moist adiabatic lapse rate and is still conditionally unstable. So 

while the surface instability was similar for both cases, and generally lacking 

overall, the increasing case had higher mid-level instability. The BRN was also in 

the single digits with a value of 4. When viewing the sounding data, no speed or 

directional shear was observed in at the 1200UTC hour, which indicates that 

dissipation should have been likely.  

The CAPE on 11 May 2007 at 1200 UTC at KGYX was a mere 71 J kg^-1 

which is not enough to overcome the CIN reported at -167 J kg^-1. Based on the 

maps created, though, there was a small pocket of CAPE approximately 1200 J 

kg^-1 along the NH/VT border in NH's northern part Grafton County. This was the 

region where the LCS formed on the upslope of the White Mountains. By 1800 

UTC this region of CAPE had dissipated but downslope of the Longfellow 

Mountains there was another small pocket of similar intensity CAPE. Initially 

there was a strong line of CIN along the coast in southern ME, NH, and northern 

MA. This drastically reduced to values near zero as time progressed to 1800 

UTC. 
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CHAPTER 5 

1. Conclusion 

This study was undertaken to discern if there were any patterns of 

behavior exhibited by LCS as they interact with the underlying terrain, as terrain 

influences on convection have been notoriously difficult to forecast. It was the 

goal of this research to provide operational guidance for forecasting convection in 

mountainous terrain in northern New England. It is perhaps optimistic to think 

that a direct impact on operational forecasting will result from this data, though 

the hope is that this information can be utilized at KGYX to aid in first-look 

decision making. 

Some work has been done on convective initiation as it relates to 

topography. In 1972 Kuo and Orville noted that SW wind converging with lee flow 

aided in convective initiation. Schaaf et al. (1988) concluded that individual 

terrain features, particularly mountain peaks, impacted convective initiation 

based on upper level flow. This idea was later brought to research in the 

Northeast in 2002 when Wasula et al. studied how severe weather was affected 

by underlying terrain. Previous research by Lowery (2008), Belge (2009), Lee 

(2009), Griffin (2010), and Mulford (2011) as they studied single cell convection 

in the KGYX radar domain across northern New England revealed some answers 

to the influence of terrain on convection. A theme that emerged from this series 

of studies was that a lee trough along the mountains in northern New England 

increased convective activity and the strength of individual cells that formed in 

the lee. 
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Initially the analysis conducted by Griffith on the data collected by Lowery 

was used to determine LCS in northern New England. However, a full reanalysis 

was needed due to differing criteria for classifying lines. This study opted to use 

the criteria set forth by Lombardo and Colle (2012) with additional criteria added 

to allow for more accurate, yet still subjective, analysis. Five years of warm 

season data were analyzed and LCS were classified based on type (BL, NS, BE, 

LS, TS, PS, M) and what their behavior was as they interacted with the 

underlying topography (increase, decrease, dissipate, dissipate and reform, no 

change in intensity). This allowed for the creation of a 5-year climatology of LCS 

in northern New England. Upper air soundings were compared each day with 

LCS activity and a prevailing wind direction was ascertained. This enabled the 

investigation of LCS interaction behavior to be compared to mountain range, line 

classification type, and 700-hPa prevailing wind direction. 

It was found that overall, LCS increase as often as they dissipate when 

interacting with terrain in northern New England. The line types that dissipated 

the most often were BE, LS, and PS. When crossing the White Mountains, most 

LCS line types tend to increase or dissipate though NS and PS were most likely 

to not change intensity at all. The Longfellow Mountains saw a higher frequency 

of increasing intensity LCS and the Ossipee Mountains saw a higher frequency 

of dissipating LCS, even BL, which at the other ranges increased and dissipated 

nearly equally. The most common prevailing 700-hPa flow direction for all ranges 

was SW followed by W and NW. The White Mountains, however, had the highest 

percentage of NW cases. 
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When line type was compared to the direction of the 700-hPa flow it was 

found that each flow had a nearly equal percentage of each line type. There were 

more of every line type in SW flow, which was no surprise given that SW flow 

was the most common direction. Additionally, it was noted that BL were more 

abundant than any other line type across all flow directions. However, a few line 

types did stick out as being less common in certain flow. In W flow, BE, LS, and 

PS LCS were the least abundant. The least common line types in NW flow were 

BE, NS, and TS. 

The results thus far indicated a need to look deeper at individual line 

classifications as they related to individual flow directions. The intention was to 

determine if certain flow directions favored certain line behaviors when separated 

by line type. In SW flow LCS continued the trend of increasing as often as they 

dissipated, however it was noted that in SW flow LCS rarely decreased. When 

individual line types were studied, LS were found to dissipate 70% of the time. BL 

and TS cases almost exclusively increased or dissipated while PS cases were 

equally likely to increase, dissipate, or not change at all. LCS in W flow were less 

likely to increase and there were a larger percentage of cases that did not 

change. Across the board all LCS types were less likely to increase than in the 

other flow directions. In this flow NS and BL most often did not change intensity 

and LS either dissipated or did not change at all. NW flow cases followed the 

large-scale trend of increasing and dissipating most often, though in addition 

there was also an equal chance of decreasing. Beyond that very few broad 

generalizations could be made. BL and NS cases mostly dissipated and were the 
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only LSC types to dissipate regularly. In addition, TS was equally likely to exhibit 

any of the behaviors. 

The results of the study may have revealed more question than answers. 

One of the major observations was that cases increase as often as they dissipate 

entirely. A case study of two LCS was performed to ascertain the cause of these 

opposite behaviors. Two BL cases in SW 700-hPa flow over the White Mountains 

were analyzed to determine synoptic and mesoscale differences that may have 

played a pivotal role in the initiation, maintenance, and either intensification or 

decay of the LCS. 

Ultimately it was determined that at the synoptic scale, divergence, 

convergence, and vorticity played little role in the strength of the convection as 

both cases had a similar synoptic setup. The primary difference was the location 

of the long wave trough in relation to the convection. In the dissipating case the 

trough moved ahead of the convection while in the increasing case the trough 

remained behind the convection which provided a forcing mechanism throughout 

the lifetime of the LCS. In the mesoscale, there were significant differences, all of 

which were related to the basic ingredients for thunderstorm formation and 

maintenance: moisture, instability, and lift. The dissipating case had a short wave 

trough that moved ahead of the convection thereby depriving it of a lifting 

mechanism. There was also less moisture captured along the lee side of the 

mountains along the coastal plain as a wind shift had closed off the moisture 

supply from the Gulf of Maine. Additionally, there was low level diffluence, which 

also reduced lift and instability. On the other hand, the increasing case saw large 
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amounts of moisture trapped along the coastal plain, low level confluence, and a 

short wave trough which remained behind the convection in the lee of the 

mountains. 

The most prominent source of error, as mentioned previously in this 

paper, was the subjectivity of the researcher during the radar imagery analysis 

phase. While a measuring tool was used to confirm the length of each individual 

line, there is a chance that some LCS were included that were just barely under 

the required length, and a handful were missed that were just barely over the 

required length. Another error in the data gathered could be based on location of 

LCS. This study did not use precise latitude/longitude measurements to 

determine the exact instant a storm crossed the ridgeline of any particular 

mountain range. As such the behavior may have been different upon the moment 

of crossing compared to even a few minutes after crossing. Errors within the 

analysis of the gathered data are also noted. Once the dataset was dissected 

into individual line types by flow direction there were small sample sizes. This 

naturally created a bias toward the LCS with larger numbers. Additionally, the 

final comparative analysis weighted all mountain ranges equally because of the 

small datasets. 

The RKW Theory discussed in chapter three could explain many of the 

interaction behaviors this study discovered. While this has traditionally been used 

to study squall line behavior, the balance between environmental shear and cold 

pooling does impact all storms to some degree. A few questions can already be 

posited of how the cold pool could impact LCS behavior. If the mountains block 
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the cold pool on the upstream side of the range would the LCS lose balance and 

dissipate? This would certainly explain why some LCS are observed to dissipate 

and decrease intensity. If the cold pool is deep enough and the mountain is low 

enough for the updraft to be maintained, could the cold pool cross the mountain? 

It seems like this is a possibility because some LCS maintained or even 

increased intensity as they crossed the mountains. If the mountains block the 

cold pool, could it quickly regenerate on the other side? This could explain why 

some lines dissipate and then reform downstream of the mountains. We currently 

do not have information about cold pooling or shear on either side of the 

mountains, but in the future with more powerful modeling capability and perhaps 

the use of mobile equipment, these features can be studied in detail and applied 

to the data this study has compiled. 

There is much work to be done before this data can be used operationally. 

Several sources of error need to be removed and the data set needs to be 

expanded a great deal, so future work remains in the need to analyze more warm 

seasons to add to the dataset. A true climatology should be 30 years of data, 

though based on reflectivity data available from the modern radars, perhaps 20 

years would be more reasonable for this type of study. This would eliminate the 

sources of error that are caused by small sample sizes. More technical solutions 

to error sources include measuring latitude and longitude to compare to the 

location of ridgelines for a more accurate determination of behavior types. It is 

felt that the greatest potential source of error in this study was the subjectivity, 

which could be solved by writing a script to identify LCS within the radar images. 
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During the analysis of the radar data, maximum vertically integrated liquid (VIL) 

and maximum dBz were noted. Future research could shed light on whether 

these qualities have any bearing on LCS behavior. Lastly, case studies on each 

classification type could be performed to determine the dynamics associated with 

each. 
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APPENDIX A 

Tables 

Table 1. Sample of analyzed LCSs 5 May 2003 - 23 June 2003. 

Date Begin Time (Z) Type End Time (Z) 
20030502 0002 PS 0033 
20030502 1348 TS 1616 
20030502 1734 BL become TS 2111 
20030605 2140 BL with TS 2350 
20030605 2245 BL 2356 
20030615 1902 PS 2019 
20030623 1953 BL 2052 

 
Table 2. Total number of cases of each LCS classification for each year 
analyzed, organized by when the line existed in the life of the LCS. 

Year 
Line Type 

BL NS BE LS TS PS M 
2003 Initial 19 6 1 2 5 5 1 
2003 Final 13 7 2 3 7 5 1 
2003 No Change 11 5 0 2 5 3 1 
2003 Single 10 5 0 1 1 3 1 
 
2004 Initial 15 4 1 7 11 6 0 
2004 Final 10 4 0 7 17 6 1 
2004 No Change 10 2 0 7 12 5 0 
2004 Single 9 2 0 7 11 5 0 
  
2005 Initial 16 5 4 2 9 2 0 
2005 Final 8 4 4 3 18 1 0 
2005 No Change 7 3 4 1 9 2 0 
2005 Single 6 2 1 1 7 0 0 
 
2006 Initial 24 9 2 2 10 3 1 
2006 Final 17 13 2 1 13 4 1 
2006 No Change 15 10 2 1 5 1 0 
2006 Single 7 5 1 1 3 1 0 
 
2007 Initial 28 11 3 3 15 3 1 
2007 Final 20 14 4 4 17 8 0 
2007 No Change 19 11 3 3 11 2 0 
2007 Single 15 6 0 1 7 0 0 
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Table 3. Total BL cases in southwesterly flow that interact with White 
Mountains classified by interaction type. Column one shows the total number 
of BL and column two shows the normalized data in percentages. 

White Mountain SW BL Cases 
 # of Cases % of Cases 
Increase 11 39.3 
Decrease 0 0 
Dissipate 12 42.9 
No Change 3 10.7 
Dissipate/Reform 2 7.1 
 
Total 28 100 

 
Table 4. KGYX radiosonde indices for 30 June 2006 at 1200 UTC. 

30 June 2006 KGYX 1200 UTC 

Lifted Index -1.4 

Total Totals 49 

CAPE   Jkg^-1 421 

CIN   Jkg^-1 -63 

K-Index 35 

Bulk Richardson Number 6.2 

850-700 hPa Lapse Rate  °C/km 8 

 
Table 5. KGYX radiosonde indices for 11 May 2007 at 1200 UTC. 

11 May 2007 KGYX 1200 UTC 

Lifted Index 1.7 

Total Totals 48 

CAPE  Jkg^-1 71 

CIN   Jkg^-1 -167 

K-Index 33 

Bulk Richardson Number 4 

850-700 hPa Lapse Rate  °C/km 7 
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APPENDIX B 

Figures 

 
Figure 1. Schematic reflectivity drawing of idealized life cycles for three linear 
MCS archetypes: (a) TS, (b) LS, and (c) PS. Courtesy of Parker and Johnson 
(2000), their Fig. 4. 
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Figure 2. Schematic demonstrating each of the nine storm morphologies used in 
the classification system. Morphologies are abbreviated as follows: IC, isolated 
cells; CC, clusters of cells; BL, broken line; NS, squall line with no stratiform rain; 
TS, squall line with trailing stratiform rain; PS, squall line with parallel stratiform 
rain; LS, squall line with leading stratiform rain; BE, bow echo; and NL, nonlinear 
system. Courtesy of Gallus et. al. (2008), their Fig. 2. 
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Figure 3. National Operational Weather Radar (NOWrad) reflectivity (shaded 
every 5 dBZ) at 2-km grid spacing showing (a) CC and BE at 1545 UTC 9 Aug 
2007, (b) linear system with TS and IC at 2345 UTC 8 Jun 2007, (c) linear 
system with PS at 1815 UTC 9 Jul 2007, (d) linear system with LS and NL 
system at 1230 UTC 12 Jul 2004, (e) linear system with NS and NL system at 
0145 UTC 8 Aug 2007, and (f) BL and CC at 1715 UTC 12 Jun 2007. Courtesy of 
Lombardo and Colle (2010), their Fig. 2. 
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Figure 4. Map of area of responsibility for each weather forecasting office in the 
Northeast. KGYX is in Grey, ME, which is denoted by the area around Portland, 
ME. Courtesy of NOAA (http://www.cnrfc.noaa.gov/wfo_map.php ). 
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Figure 5. Northern New England topography (color shaded with an interval of 30 
meters) and KGYX WSR-88D range rings (every 25 km out to 125 km). The 
green, red and orange circles indicate the Longfellow Mountains, White 
Mountains and Ossipee Mountains respectively. Courtesy of Belge (2009), her 
Fig. 1.1. 
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Figure 6. Level III NEXRAD base reflectivity (shaded every 1 dBz) showing (a) 
BL at 0032 UTC 31 Aug 2004, (b) linear system with NS at 1856 UTC 30 Jun 
2003, (c) BE at 0050 UTC 10 Jun 2005, (d) linear system with PS at 2201 UTC 9 
Jun 2004, (e) linear system with LS at 0601 UTC 12 Aug 2003, (f) linear system 
with TS at 1959 UTC 30 Aug 2004, (g) example of miscellaneous classification at 
0104 UTC 05 Jul 2003.  
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Figure 7. LCS results from 2003-2005 for (a) initial classification, (b) final 
classification, (c) no change in classification, and (d) single classification 
categories. 

 

 
Figure 8. Total number of each storm interaction behavior for the White, 
Longfellow, and Ossipee Mountains combined. 
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Figure 9. Total number of interaction behaviors broken into a. the White 
Mountains, b. the Longfellow Mountains, and c. the Ossipee Mountains. 
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Figure 10. Total number of storm interactions by line type and behavior for the 
White, Longfellow, and Ossipee Mountains combined. 
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Figure 11. Total number of storm interactions by line type and behavior for the 
White Mountains. 

 
Figure 12. Total number of storm interactions by line type and behavior for the 
Longfellow Mountains. 
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Figure 13. Total number of storm interactions by line type and behavior for the 
Ossipee Mountains. 
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Figure 14. Percentage of LCS cases by 700 hPa flow direction (SW, W, and NW) 
for a. the White Mountains, b. the Longfellow Mountains, and c. the Ossipee 
Mountains. 
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Figure 15. Percent of LCS cases for each 700 hPa flow direction for each 
mountain range. 
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Figure 16. Total number of cases by mountain range and 700 hPa flow. 
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Figure 17. Total number of cases by line type and 700 hPa flow for the White, 
Longfellow, and Ossipee Mountains combined. 

 
Figure 18. Percent of occurrence by line type and 700 hPa flow for the White, 
Longfellow, and Ossipee Mountains combined. 
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Figure 19. Total number of cases by line type and 700 hPa flow for the White, 
Longfellow, and Ossipee Mountains combined. 

 
Figure 20. Total number of cases by line type and 700 hPa flow for the White 
Mountains. 
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Figure 21. Total number of cases by line type and 700 hPa flow for the 
Longfellow Mountains. 

 
Figure 22. Total number of cases by line type and 700 hPa flow for the Ossipee 
Mountains. 
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Figure 23. Percentage of cases in southwest 700 hPa flow for the White, 
Longfellow, and Ossipee Mountains combined, showing interaction behavior for 
a. broken lines, b. leading stratiform, c. no stratiform, d. trailing stratiform, e. bow 
echo, and f. parallel stratiform. 
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Figure 24. Percentage of cases in west 700 hPa flow for the White, Longfellow, 
and Ossipee Mountains combined, showing interaction behavior for a. broken 
lines, b. leading stratiform, c. no stratiform, d. trailing stratiform, e. bow echo, and 
f. parallel stratiform. 
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Figure 25. Percentage of cases in northwest 700 hPa flow for the White, 
Longfellow, and Ossipee Mountains combined, showing interaction behavior for 
a. broken lines, b. leading stratiform, c. no stratiform, d. trailing stratiform, e. bow 
echo, and f. parallel stratiform. 
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Figure 26. County map of New Hampshire and Maine. Courtesy of Belge (2009). 
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Figure 27. GR2 Analyst imagery with arrows showing prevailing wind direction, 
line movement, and cell movement of a. the dissipating case from 30 June 2006 
and b. the increasing case from 11 May 2007. 
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Figure 28. NCEP surface analysis for the dissipating LCS case from 30 June 206 
for: a. 1200 UTC; b. 1500 UTC; c. 1800 UTC; and d. 2100 UTC. 
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Figure 28. Continued. NCEP surface analysis for the dissipating LCS case from 
30 June 206 for: a. 1200 UTC; b. 1500 UTC; c. 1800 UTC; and d. 2100 UTC. 
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Figure 29. GR2 Analyst radar imagery displaying the dissipating LCS case from 
30 June 2006 for: a. 1705 UTC; b. 1730 UTC; c. 1800 UTC; d. 1831 UTC; e. 
1901 UTC; and f. 1931 UTC. 
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Figure 29. Continued. GR2 Analyst radar imagery displaying the dissipating LCS 
case from 30 June 2006 for: a. 1705 UTC; b. 1730 UTC; c. 1800 UTC; d. 1831 
UTC; e. 1901 UTC; and f. 1931 UTC. 
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Figure 29. Continued. GR2 Analyst radar imagery displaying the dissipating LCS 
case from 30 June 2006 for: a. 1705 UTC; b. 1730 UTC; c. 1800 UTC; d. 1831 
UTC; e. 1901 UTC; and f. 1931 UTC. 
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Figure 30. IDV imagery for the dissipating LCS case from 30 June 2006 showing 
250 hPa wind shaded every 20 knots beginning at 50 knots, 250 hPa divergence 
(convergence) in dark (light) shading for: a. 1200 UTC and b. 1800 UTC. 
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Figure 31. IDV imagery for the dissipating LCS case from 30 June 2006 showing 
500 hPa absolute vorticity (shaded) and geopotential heights every 60 gpm for: 
a. 1200 UTC and b. 1800 UTC. 
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Figure 32. IDV imagery for the dissipating LCS case from 30 June 2006 showing 
700 hPa relative humidity shaded moist (dry) green (blue), geopotential heights 
every 10 gpm, and wind barbs in knots for: a. 1200 UTC and b. 1800 UTC. 
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Figure 33. IDV imagery for the dissipating LCS case from 30 June 2006 showing 
850 hPa relative humidity shaded moist (dry) green (blue), geopotential heights 
every 10 gpm, and wind barbs in knots for: a. 1200 UTC and d. 1800 UTC. 
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Figure 34. IDV imagery for the dissipating LCS case from 30 June 2006 showing 
2 m relative humidity shaded moist (dry) green (blue), MSLP every 1 hPa, and 10 
m wind barbs in knots for: a. 1200 UTC and d. 1800 UTC. 



90 
 

 
Figure 35. IDV imagery for the dissipating LCS case from 30 June 2006 showing 
temperature shaded contours in 5C intervals and wind barbs in knots for: a. 700 
hPa 1200 UTC; b. 700 hPa 1800 UTC; c. 850 hPa 1200 UTC; d. 850 hPa 1800 
UTC; e. 2 m temperature and 1000 hPa wind 1200 UTC and f. 2 m temperature 
and 1000 hPa wind 1800 UTC. 
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Figure 35. Continued. IDV imagery for the dissipating LCS case from 30 June 
2006 showing temperature shaded contours in 5C intervals and wind barbs in 
knots for: a. 700 hPa 1200 UTC; b. 700 hPa 1800 UTC; c. 850 hPa 1200 UTC; d. 
850 hPa 1800 UTC; e. 2 m temperature and 1000 hPa wind 1200 UTC and f. 2 m 
temperature and 1000 hPa wind 1800 UTC. 
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Figure 35. Continued. IDV imagery for the dissipating LCS case from 30 June 
2006 showing temperature shaded contours in 5C intervals and wind barbs in 
knots for: a. 700 hPa 1200 UTC; b. 700 hPa 1800 UTC; c. 850 hPa 1200 UTC; d. 
850 hPa 1800 UTC; e. 2 m temperature and 1000 hPa wind 1200 UTC and f. 2 m 
temperature and 1000 hPa wind 1800 UTC. 
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Figure 36. IDV imagery for the dissipating LCS case from 30 June 2006 showing 
CAPE with shading beginning at 500 J kg-1 for: a. 1200 UTC and b. 1800 UTC 
and CIN with shading beginning at -25 J kg-1 for: a. 1200 UTC and b. 1800 UTC 
and CIN for: c. 1200 UTC and d. 1800 UTC. 
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Figure 36. Continued. IDV imagery for the dissipating LCS case from 30 June 
2006 showing CAPE with shading beginning at 500 J kg-1 for: a. 1200 UTC and 
b. 1800 UTC and CIN with shading beginning at -25 J kg-1 for: a. 1200 UTC and 
b. 1800 UTC and CIN for: c. 1200 UTC and d. 1800 UTC. 
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Figure 37. NCEP surface analysis for the increasing LCS case from 11 May 2007 
for: a. 1200 UTC; b. 1500 UTC; c. 1800 UTC; and d. 2100 UTC. 
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Figure 37. Continued. NCEP surface analysis for the increasing LCS case from 
11 May 2007 for: a. 1200 UTC; b. 1500 UTC; c. 1800 UTC; and d. 2100 UTC. 
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Figure 38. GR2 Analyst radar imagery displaying the increasing LCS case from 
11 May 2007 for: a. 1712 UTC; b. 1741 UTC; c. 1810 UTC; d. 1840 UTC; e. 1909 
UTC; f. 1939 UTC; g. 2008 UTC and h. 2039 UTC. 
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Figure 38. Continued. GR2 Analyst radar imagery displaying the increasing LCS 
case from 11 May 2007 for: a. 1712 UTC; b. 1741 UTC; c. 1810 UTC; d. 1840 
UTC; e. 1909 UTC; f. 1939 UTC; g. 2008 UTC and h. 2039 UTC. 
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Figure 38. Continued. GR2 Analyst radar imagery displaying the increasing LCS 
case from 11 May 2007 for: a. 1712 UTC; b. 1741 UTC; c. 1810 UTC; d. 1840 
UTC; e. 1909 UTC; f. 1939 UTC; g. 2008 UTC and h. 2039 UTC. 
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Figure 38. Continued. GR2 Analyst radar imagery displaying the increasing LCS 
case from 11 May 2007 for: a. 1712 UTC; b. 1741 UTC; c. 1810 UTC; d. 1840 
UTC; e. 1909 UTC; f. 1939 UTC; g. 2008 UTC and h. 2039 UTC. 
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Figure 39. IDV imagery for the increasing LCS case from 11 May 2007 showing 
250 hPa wind shaded every 20 knots beginning at 50 knots, 250 hPa divergence 
(convergence) in dark (light) shading for: a. 1200 UTC and b. 1800 UTC. 
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Figure 40. IDV imagery for the increasing LCS case from 11 May 2007 showing 
500 hPa absolute vorticity (shaded) and geopotential heights every 60 gpm for: 
a. 1200 UTC and b. 1800 UTC. 
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Figure 41.  IDV imagery for the increasing LCS case from 11 May 2007 showing 
700 hPa relative humidity shaded moist (dry) green (blue), geopotential heights 
every 10 gpm, and wind barbs in knots for: a. 1200 UTC and b. 1800 UTC. 
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Figure 42. IDV imagery for the increasing LCS case from 11 May 2007 showing 
850 hPa relative humidity shaded moist (dry) green (blue), geopotential heights 
every 10 gpm, and wind barbs in knots for: a. 1200 UTC and b. 1800 UTC. 
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Figure 43. IDV imagery for the increasing LCS case from 11 May 2007 showing 2 
m relative humidity shaded moist (dry) green (blue), MSLP every 1 hPa, and 10 
m wind barbs in knots for: a. 1200 UTC and b. 1800 UTC. 
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Figure 44. IDV imagery for the increasing LCS case from 11 May 2007 showing 
temperature shaded contours in 5C intervals and wind barbs in knots for: a. 700 
hPa 1200 UTC; b. 700 hPa 1800 UTC; c. 850 hPa 1200 UTC; d. 850 hPa 1800 
UTC; e. 2 m temperature and 1000 hPa wind 1200 UTC and f. 2 m temperature 
and 1000 hPa wind 1800 UTC. 



107 
 

 
Figure 44. Continued. IDV imagery for the increasing LCS case from 11 May 
2007 showing temperature shaded contours in 5C intervals and wind barbs in 
knots for: a. 700 hPa 1200 UTC; b. 700 hPa 1800 UTC; c. 850 hPa 1200 UTC; d. 
850 hPa 1800 UTC; e. 2 m temperature and 1000 hPa wind 1200 UTC and f. 2 m 
temperature and 1000 hPa wind 1800 UTC. 
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Figure 44. Continued. IDV imagery for the increasing LCS case from 11 May 
2007 showing temperature shaded contours in 5C intervals and wind barbs in 
knots for: a. 700 hPa 1200 UTC; b. 700 hPa 1800 UTC; c. 850 hPa 1200 UTC; d. 
850 hPa 1800 UTC; e. 2 m temperature and 1000 hPa wind 1200 UTC and f. 2 m 
temperature and 1000 hPa wind 1800 UTC. 
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Figure 45. IDV imagery for the increasing LCS case from 11 May 2007 showing 
CAPE with shading beginning at 500 J kg-1 for: a. 1200 UTC and b. 1800 UTC 
and CIN with shading beginning at -25 J kg-1 for: c. 1200 UTC and d. 1800 UTC. 
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Figure 45. Continued. IDV imagery for the increasing LCS case from 11 May 
2007 showing CAPE with shading beginning at 500 J kg-1 for: a. 1200 UTC and 
b. 1800 UTC and CIN with shading beginning at -25 J kg-1 for: c. 1200 UTC and 
d. 1800 UTC. 
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Figure 46. KGYX sounding for 30 June 2006 at 1200UTC provided by Plymouth 
State University. 
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Figure 47. KGYX sounding for 11 May 2007 at 1200UTC provided by Plymouth 
State University. 
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