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ABSTRACT 
 

Climatology of Inverted Troughs over the Gulf of Maine 
 

By 
Joseph Edward Cebulko 

Plymouth State University, December 2016 
 

 Inverted troughs (ITs) over the Gulf of Maine are cool season phenomena that are 

responsible for unexpected high-intensity snowfall over coastal New England. An IT is a 

north and westward extension of relatively low atmospheric pressure that contains an 

easterly component of wind and cyclonic relative vorticity. These ITs have the ability to 

focus moisture into a low-tropospheric convergence zone, lift the air parcel into an 

unstable atmosphere, and produce high-intensity banded precipitation over a given 

region. This study creates an inceptive 25-year cool season (September–May) 

climatology of ITs over the Gulf of Maine from 1989 to 2013. The dynamical 

characteristics of the high intensity IT-influenced precipitation events are investigated via 

composite analyses that compare National Weather Service headlined and non-headlined 

ITs over the Gulf of Maine. This thesis will describe and present the roles of both quasi-

geostrophic processes and mesoscale characteristics that influence IT genesis and 

evolution via composite cross section analyses and a case study. Results suggest that (1) 

north and westward extensions of quasi-geostrophic forcing for upward vertical motion 

removed from the sea-level pressure minimum of a parent-low pressure system can result 

in the genesis of ITs, (2) IT axes contain similar characteristics to frontal boundaries, and 

(3) the moist air along and upstream of the IT axes has potential to become unstable and 

produce quasi-stationary convective precipitation bands over a given region. The strong 

latent and sensible heat fluxes over the Gulf of Maine and cooling temperatures aloft 



 xiv 

(approaching upper-tropospheric trough) result a conditionally/symmetrically unstable 

environment that, given low-tropospheric forcing (frontogenesis) and middle-

tropospheric forcing for upward-vertical motion, lead to a banded convective response. 

Operational forecasting techniques based upon the results of this study are presented in 

order to improve the forecasts of IT-influenced precipitation. 
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CHAPTER 1 

1. Introduction 

This thesis is motivated by inverted troughs (ITs) of lower mean sea-level 

pressure (MSLP) that are associated with cool-season heavy precipitation across coastal 

regions of the Gulf of Maine. These ITs can be associated with heavy snow bands during 

winter aligned along or proximate to their inverted MSLP trough axes that are often not 

well analyzed by numerical weather prediction (NWP) models (J. Arnott 2016, personal 

communication). An example of such an event occurred on 13 February 2016. A surface 

low-pressure system propagated northeast from the southeast United States (US) coast to 

southeast of Nova Scotia, and posed a seemingly minimal threat to the Gulf of Maine 

coastal region. An IT located in the northwest quadrant of the low-pressure system, 

however, extended northwestward over the Gulf of Maine towards the coastline (Fig. 

1.1a). An elongated band of snow developed along the IT axis that extended toward and 

perpendicular to the coast (Fig. 1.1b). The snow band remained quasi-stationary and 

persisted for ~8 hours resulting in >60 cm (24 in.) of snow on the exterior islands of 

Penobscot Bay, Maine.  

The dynamics involved with ITs are poorly understood; their structure and 

evolution are likely a departure from the classic Norwegian Cyclone Model (NCM) and 

their unique characteristics necessitate a robust statistical and dynamical climatology 

(Weisman et al. 2002; J. Arnott 2016, personal communication). The goals of this thesis 

are (1) to provide a better understanding of ITs, (2) present statistical and dynamical 

analyses of ITs, and (3) create operational procedures that improve forecasting of ITs 

over the Gulf of Maine. 
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a. Background     

 The AMS glossary defines a trough as an elongated area of relatively low 

atmospheric pressure; the opposite of a ridge. In the Northern Hemisphere a trough is 

typically observed as a southward extension of lower geopotential height contours. The 

lowest heights are typically located to the north of the trough while the highest heights 

are located to the south of the trough. The direction of wind within a trough generally has 

a westerly component and contains cyclonic relative vorticity.  

 An IT is an elongated area of lower atmospheric pressure that differs in 

orientation. ITs in the Northern Hemisphere are observed as a northward extension of 

lower geopotential heights with the lowest heights to the south of the IT and the highest 

heights to the north of the IT. The direction of wind generally has an easterly component 

and also contains cyclonic relative vorticity. ITs resemble a ridge in appearance but are 

troughs due to the elongated poleward extension of lower pressure.  

 The ITs in this study generally extend poleward and westward from a parent low-

pressure system located over George’s Bank (Fig. 1.2). ITs and their associated features 

over the Gulf of Maine are mesoscale features that evolve on a much shorter time scale 

than larger synoptic-scale troughs (Lulofus 2003). Smaller spatial and time scales make 

these phenomena difficult for NWP models to resolve and can result in “surprise” 

precipitation events (Bosart 2005; Lulofus 2003).  

 African easterly waves (AEWs) propagating from east to west over the central-

Atlantic Ocean are examples of ITs. These AEW troughs are migratory-wavelike 

disturbances consisting of a trough of relatively low pressure. AEWs contain 

convergence of surface winds upstream of the trough and divergence of surface winds 
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downstream of the trough axes. The locations of convergence and divergence mimic 

classic atmospheric dynamics for upper-tropospheric troughs (Fig. 1.3). Cloud bands are 

aligned nearly parallel to the lower-tropospheric wind shear within AEWs (Frank 1969). 

Riehl (1945) suggested that banded snow or rain might be concentrated along 

convergence asymptotes as well. Collocated observations of surface wind convergence 

along and to the right (upstream) of the IT axes and precipitation verify the findings of 

Frank (1996) and Riehl (1945) (Fig. 1.2). 

 ITs are often characterized by directional wind shear and temperature gradients 

(Weisman et al. 2002) that separate two air masses, similar to fronts. One air mass is 

often a modified polar air mass that is retreating to the east (Fig. 1.4 quadrant A) and the 

second is often an arctic air mass that is advancing to the southeast (Fig. 1.4 quadrant B). 

Weisman et al. (2002) also identified ITs if there was a directional wind shift of at least 

30°—even if there was no discernable trough of MSLP. These ITs were located over the 

central U.S. where temperatures can vary greatly, whereas the ITs in this study are 

primarily located over the western Atlantic Ocean, where thermal gradients may be more 

diffuse and there are limited observations.  

 Previous research investigations employ various methods to identify ITs (e.g., 

Schumacher et al. 2007; Weisman et al. 2002; Keshishian et al. 1993). These IT axes 

over the central U.S. have been shown to dynamically act as a warm front that remains 

stationary or propagates toward a polar air mass (Weisman et al. 2002). These central 

U.S. ITs typically become more frequent during the autumn-to-winter period and less 

frequent during the winter-to-spring period (Weisman et al. 2002). These investigations 

in addition to the study of an IT off the east coast by Roebber et al. 1993 demonstrate that 
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weak disturbances—marked by enhanced cyclonic flow over the New England coastal 

waters—in the northern branch of the westerlies may influence IT development over the 

Gulf of Maine region (Bosart 2005). The resulting ITs typically extend to the northwest 

or west from a parent low-pressure system located over George’s Bank (Zielinski et al. 

2003).  

ITs over the central U.S. are most likely to form during cyclogenesis events in 

association with a region of upper-tropospheric confluent flow collocated atop a region of 

lower and middle-tropospheric upward vertical motion (UVM) to the north of the parent 

low-pressure system (Keshishian et al. 1994). This region of UVM is often associated 

with warm air advection in the middle and lower troposphere and generally results in 

surface geopotential height falls (Lackmann 2012, p. 55). Keshishian et al. (1994) also 

identified a strong jet stream located above or north of the parent low-pressure system as 

favorable for IT development due to upper-tropospheric divergence (Keshishian et al. 

1994, Weisman et al. 2002). This upper-tropospheric divergence located in the 

equatorward-entrance or poleward-exit regions of the jet streak is generally associated 

with quasi-geostrophic (QG) forcing for UVM (Lackmann 2012, p. 44). This QG forcing 

is related to positive differential thickness advection by the geostrophic wind and results 

in height falls near the position of the parent low-pressure system and IT (Lackmann 

2012, p. 55). These QG dynamics are a common theme among other studies completed 

on ITs (e.g., Weisman et al. 2002; Schumacher et al. 2008).  

 Weisman et al. (2002) noted two maxima of divergence in the upper troposphere 

(i.e. 250-hPa) located to the north of and near the center of the parent low-pressure 

system. The axis connecting the two maxima was located directly above a region of 
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lower-tropospheric frontogenesis described by an increase in the horizontal thermal 

gradient with time due to directional and speed changes in the wind field (Petterssen 

1936). The vertical alignment of these two processes was noted as a key difference for 

cyclones with ITs and those without ITs (Weisman et al. 2002), and may be a useful tool 

in diagnosing synoptic–mesoscale configurations that are favorable for IT genesis. 

 b. NORLUN troughs 

 Few studies have investigated ITs located over the Gulf of Maine. The initial 

research on this topic illustrated a special type of IT named the “NORLUN” instability 

trough (Lundstedt 1993). This name was given to specific ITs due to their ability to focus 

and lift moisture in an upright gravitationally unstable atmosphere to form intense and 

persistent snow squalls over a given coastal region (Lundstedt 1993). These ocean-

influenced snow events affect the coastal New England region when moisture and heat 

flux can modify the boundary layer in the vicinity of a nearby stationary convergence 

zone (Lundstedt 1993). This modified air is then lifted into an environment that is 

favorable for the formation of snow squalls. This precipitating convergence zone is 

defined as the NORLUN instability trough. Figure 1.2 was manually created in ESRI’s 

ArcMap and illustrates an ideal NORLUN trough scenario. The surface wind field 

illustrates lower-tropospheric convergence and moisture advection from the ocean toward 

the coast. A region of frontogenesis develops due to stretching deformation along the axis 

of dilatation, which acts to locally increase the temperature gradient. Nicosia and Grumm 

(1998) show that frontogenesis in the presence of negative (saturated) equivalent 

potential vorticity (EPV) [to be discussed in greater detail in section (f)] is an important 

mechanism for releasing conditional symmetric instability (CSI) and the development of 
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mesoscale convective precipitation bands. The precipitation is typically located along and 

to the right (north or east) of the IT axis due to collocation of moisture, mechanical and 

frictional convergence, frontogenesis, and steep (near dry adiabatic) lower-tropospheric 

temperature lapse rates.  

 A few parameters to consider when forecasting IT-influenced precipitation are 

presented in the initial “NORLUN” trough paper by Lundstedt (1993):  

• Surface-to-850-hPa temperature difference of ≥10°C 

• Boundary layer relative humidity (RH) >50% with a wind component from 

off the ocean on one side of the IT 

• 500-hPa positive absolute vorticity advection observed with negative 700-hPa 

omega values (upward vertical motion) 

• Quasi-stationary IT axis for ~6 hours 

• 850-hPa flow is weak or parallel to surface IT 

An IT does not necessarily produce precipitation, but those that meet these five criteria 

may produce heavy precipitation (e.g., characterized by glossary of the American 

Meteorological Society as visibility being reduced to <0.5 km).  

 Roebber et al. (1993) produced a case study analysis of IT-influenced 

precipitation that focused on frontogenesis and precipitation during the second Intensive 

Observation Period (IOP-2) of the Experiment on Rapidly Intensifying Cyclones over the 

Atlantic (ERICA) (ERICA IOP-2). The ERICA IOP-2 case study found that the 

distribution of heaviest precipitation was dependent upon the orientation and inland 

penetration of the coastal front and its associated (geostrophic) frontogenesis (Roebber et 

al. 1993). The northernmost terminus of the IT in their case study penetrated the warm 
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(east) side of the coastal front (Fig. 1.5a). They also noted that the pressure gradient was 

weak to the west of the parent low-pressure system (not shown). The stretching 

deformation resulting from the quasi-stationary IT acted to increase the thermal gradient 

in the coastal front region and resulted in frontogenesis. The persistent onshore flow of 

warm moist air disrupted the dynamics of the coastal front and changed the orientation of 

the coastal front from parallel to perpendicular to the coast (Fig. 1.5b). This change 

allowed the frontal boundary to penetrate inland and produce banded precipitation over 

land. The ERICA IOP-2 case study is one of few investigations to study ITs over the 

western North Atlantic. Mark and Austin (1979) similarly found that coastal fronts 

produce local intensification of rain and snow. Their results show that precipitation 

enhancement within the coastal front zone is an outcome of accretion of lower-

tropospheric cloud droplets formed by the coastal front circulation by snowflakes 

originating higher in the troposphere through synoptic-scale ascent. These results suggest 

that upper-and-lower tropospheric processes may be important in the development of 

precipitation associated with ITs. 

 c. IT dynamics 

 Mesoscale precipitation bands result from numerous processes that include 

gravity wave propagation within atmospheric ducts, boundary-layer convergence, lower-

tropospheric frontogenesis, upper-tropospheric jet streaks and associated frontal 

circulations, slantwise lift in a moist atmosphere with CSI, and vertical wind shear 

induced instability in the middle troposphere above frontal zones (e.g., Uccellini and 

Koch 1986; Shields et al. 1991; Moore and Lambert 1993). For example, Uccellini and 

Koch (1986) demonstrate that the upper-tropospheric jet can influence the development 
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of mesoscale wave features with a period of 1–4 h, horizontal wavelengths of 50–500 km, 

and surface pressure perturbation amplitudes of 0.2–7.0 hPa. These results suggest that 

ITs and their associated precipitation may be enhanced by lower-tropospheric mesoscale 

and upper-tropospheric synoptic-scale processes, and that the vertical wind shear 

associated with a jet streak may be an important factor in the generation or enhancement 

of mesoscale wave features.   

 d. Precipitation with ITs 

 This study is also motivated by heavy precipitation (e.g., snowfall totals >60 cm) 

that may occur in some ITs. The reason why some ITs produce heavy precipitation and 

some do not is an open question. Additional research aimed at answering this question 

may provide operational forecasters a valuable tool to evaluate short-term quantitative 

precipitation forecasts (QPF) associated with ITs.  

 Keshishian et al. (1994) found that ITs are important to the life cycle of cyclones 

and serve as a locus for frontogenesis, cyclonic vorticity generation, and heavy 

precipitation. ITs located over the Atlantic Ocean may also capitalize on additional 

sources of moisture that may be advected into the surface convergent zone. The resulting 

precipitation distributions and amounts associated with cyclones with ITs over the Gulf 

of Maine are likely different from other cyclone life cycles.   

 Although IT-influenced precipitation over the Gulf of Maine is not completely 

understood, there are similar characteristics to lake-effect snow (LES). LES develops in 

association with a relatively warm lower boundary influenced by warm water that can 

increase the lower-tropospheric lapse rates in the presence of colder air above the surface 

(Lackmann 2012, p. 236). The lower-tropospheric instability results in localized 
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convective snow bands that occur over downwind locations (Lackmann 2012, p. 237). 

The surface convergence, mechanical lifting mechanisms within the IT, and heat and 

moisture fluxes from the ocean (in the presence of cold air) often act similarly to the 

processes of LES resulting in convective snow bands (Lundstedt 1993) [to be discussed 

further in Chapter 5]. A thorough understanding of LES allows the focus of this project to 

be aimed at the genesis of ITs and other atmospheric parameters that may lead to ocean-

enhanced snow.  

 A study by Moore and Lambert (1993) determined that mesoscale precipitation 

bands associated with winter cyclones may also result from the release of CSI in regions 

of low or negative saturated EPV in the presence of lower-tropospheric frontogenesis. 

These parameters result in slantwise convection on meso-β scales (20–200 km) that may 

substantially increase precipitation totals over narrow bands (Moore and Lambert 1993). 

They also found that the precipitation band is typically oriented parallel to the vertical 

wind shear and has a width on the order of 10–100 km. Moore and Lambert (1993) use 

EPV in order to diagnose regions of CSI. Values of EPV<0 in a convectively stable 

atmosphere represent regions of CSI and can result in enhanced precipitation totals 

(Moore and Lambert 1993). CSI is most likely found in frontal regions where the slope of 

equivalent potential temperature surfaces tends to be steep, e.g.:  

                                         �𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥
� > 0  𝑎𝑎𝑎𝑎𝑎𝑎  �𝜕𝜕𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
� > 0,                   (1.1) 

where θe is equivalent potential temperature (Moore and Lambert 1993). Note that the 

frontogenesis and saturation (e.g., relative humidity values >85%) are necessary to 

release CSI. These processes may be influenced by an enhanced vigorous thermally 

direct mesoscale frontal circulation forced by differential diabatic heating in association 
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with oceanic sensible and latent heat fluxes (Bosart 2005). This mesoscale-

frontogenetical forcing acts to enhance snowfall along a boundary separating oceanic 

from continental air streams and can influence locally enhanced snowfall rates in 

snowstorms over the Gulf of Maine (Bosart 2005). Since ITs are similar to frontal-type 

boundaries, it is hypothesized that diagnosing regions of EPV<0 may be useful in 

diagnosing the presence or potential for heavy precipitation in ITs.   

 e. Forecasting ITs 

Precipitation with ITs can have a profound impact on a local width scale of ~64 

km (40 mi) along the IT axis near and along the coast (Lulofus 2003). Snowfall rates can 

reach up to 10 cm h−1 (4 in h−1) in more extreme cases (Lundstedt 1993). Snow squalls of 

this magnitude can produce a rapid onset of reduced visibility <0.5 km (0.25 mi) and 

winds >9 m s−1 (18 kts) within the squall due to convective environment characteristics 

(Banacos et al. 2014). Transportation disruptions and threats to personal safety can be 

greatly disproportionate to even modest snowfall accumulations. Thus, snow squalls are 

an important forecast and communicative challenge to the public (Banacos et al. 2014). 

 The reason why many of the snow events associated with ITs are “surprise” 

events is not completely understood, but may likely be due to their mesoscale 

characteristics. IT location and persistence is of extreme importance to total precipitation 

accumulations. Snow accumulations during IT events can vary from trace amounts to >60 

cm (24 in) in a spatial distance of only ~40 km (25 mi). Many high-impact snow squalls 

are classified as “high impact, sub-advisory” (HISA) events because they do not reach 

NWS criteria for an advisory (>10 cm 12 hr−1) or warning (>15 cm 12 hr−1) product 

(Banacos et al. 2014). The high variability of precipitation accumulation over a small 
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spatial distance and short time scale amplifies the forecast and hazard mitigation 

difficulty. Advisories and warnings are challenging to issue with significant lead time for 

IT-influenced precipitation, and result in a challenge to impact based decision support 

services (IDSS) for the NWS. “Headlining” (issuing watches, warnings, or advisories) 

IT-influenced precipitation can lead to high false alarm rates due to small spatial and time 

scales associated with ITs.   

 This thesis will create a preliminary operational forecasting procedure that aims to 

monitor radar reflectivity, water vapor satellite imagery, and surface observations while 

utilizing AWIPS2 procedures that are tailored to the specific dynamics of ITs. For 

example, NWP models tend to identify possible ITs located over the Gulf of Maine, but 

do not adequately resolve their amplitude or location. The exact locations of these ITs are 

crucial to forecasting precipitation amounts since there is often a sharp spatial and 

quantitative cutoff of accumulation. Real-time monitoring of radar reflectivity, satellite 

water vapor imagery, rapid update NWP models, and surface observations while utilizing 

the IT-tailored AWIPS2 procedures is likely one of the best possible methods to 

forecasting their location and magnitude. These procedures will allow for the issuance of 

advisories and warnings as the event unfolds in order to avoid high false alarm rates 

(Lulofus 2003).  

 f. Thesis goals and organization 

 Recall that the main goals of this thesis are (1) to provide a deeper understanding 

of ITs, (2) present statistical and dynamical analyses of ITs, and (3) to create operational 

procedures that improve forecasts of ITs. The goals are met through construction of a 

climatology of ITs over the Gulf of Maine during the cool seasons (September through 
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May) from 1989 to 2013. This climatology will classify ITs by season, month, time, 

location, orientation, IT axis intersection points with the coast, precipitation, NWS 

headlines, and low-pressure center magnitude. Atmospheric parameters in the upper, 

middle, and lower troposphere will be investigated based upon orientation and 

headlined/non-headlined ITs to determine why and how IT genesis and IT-influenced 

precipitation occurs over the Gulf of Maine. A forecasting procedure tailored to the 

characteristics associated with ITs will then be proposed for operational use by the NWS 

Taunton (BOX), Massachusetts, Caribou (CAR), Maine, and Gray (GYX), Maine 

Weather Forecast Offices (WFOs).  

 The remainder of this thesis is organized as follows: Chapter two will discuss the 

data and methodology used to produce the results. Chapter three will present and discuss 

the statistical climatology of ITs over the Gulf of Maine during the cool seasons from 

1989 to 2013. Chapter four will present the results from the composite analyses and 

discuss their implications on why ITs and their IT-influenced precipitation fields may 

form. Chapter five will present a case study of an IT event that produced heavy 

precipitation over coastal Massachusetts on 12 March 2005. Chapter six will summarize 

the results of this thesis and present an operational forecasting procedure tailored to IT 

characteristics found in the previous chapters. The operational applications of this thesis 

are designed to be utilized by coastal New England WFOs to forecast ITs over the Gulf 

of Maine. 
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g. Chapter figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.1. (a) Mean sea-level pressure (MSLP) reanalysis map at the time when the IT was 
the most-well defined during an IT-influenced precipitation event over the central coast 
of Maine. Solid black lines represent contoured isobars at 2-hPa intervals. An IT extends 
northwestward from the parent low-pressure system. The red box indicates the region in 
which radar reflectivity is shown. The data source is the North American Regional 
Reanalysis. (b) Radar reflectivity (dBZ) at the 0.5° tilt angle from the KGYX radar at 
1459 UTC 13 February 2016. Banded snowfall along the IT axis is progressing from 
southeast to northwest. The data source is from the National Centers for Environmental 
Information archive.
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Fig. 1.2. Ideal IT setup over the Gulf of Maine with the red “L” representing the parent 
low-pressure system, black solid lines representing MSLP contours, black arrows 
representing low-level wind vectors, and brown dashed line representing the IT axis. The 
location of the low-pressure system is approximately over George’s Bank. This schematic 
was created in ArcMap and is based off of previously observed ITs over the Gulf of 
Maine.  
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Fig. 1.3. Illustration of surface convergence/divergence patterns of an AEW (IT). The 
image is from the COMET Program on African Easterly Waves MetEd Module and is 
available online at http://www.meted.ucar.edu/tropical/synoptic/Afr_E_Waves/print.htm. 
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Fig. 1.4. Schematic of a central U.S. cyclone including an IT (dashed line) with quadrants 
A, B, C, and D (Weisman et al. 2002). Curved solid black lines represent MSLP 
contours. The horizontal dotted line to the left of the “L” is a visual reference to separate 
quadrant B from quadrant C.  
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Fig. 1.5. Schematic displaying the pressure and wind fields associated with an ideal IT 
scenario and a coastal front at (a) time t and (b) time t+Δt. The orientation of the frontal 
boundary is changed from parallel (a) to perpendicular (b) to the coast within the IT 
region. The solid black lines represent MSLP contours, the black arrows represent the 
surface wind vectors, the brown dashed line represents the IT axis, and the stationary 
front is represented by the accepted meteorological symbol.  
 

a. b. 
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CHAPTER 2 
2. Data and Methodology 

a. Data 

The National Centers for Environmental Prediction (NCEP)–North American 

Regional Reanalysis (NARR) data are the principal dataset used to identify IT 

characteristics over the Gulf of Maine coastal region. The NARR model uses a 348×277 

Northern Lambert Conformal Conic grid over North America (Fig. 2.1), has grid spacing 

of ~0.3 degrees (32 km) at the lowest latitude, and is available every three hours between 

0000 and 2100 UTC from 1 January 1979 to 30 June 2016. There are 29 isobaric pressure 

levels that span from 1000 hPa to 100 hPa and various other levels in which the data are 

subdivided. The NARR data were accessed and obtained via OPeNDAP from the 

National Oceanic and Atmospheric Administration (NOAA) National Operational Model 

Archive and Distributions System (NOMADS) in order to create MSLP reanalysis maps 

and the composite analyses. This dataset is used for the 25-year study period from 1989 

to 2013 due to the high spatial and temporal resolution that is needed to investigate 

mesoscale characteristics of ITs.  

Multiple parameters within the NARR data were used to interpret the dynamics of 

ITs (e.g., temperature, geopotential heights, meridional and zonal wind components, 

vertical velocity, MSLP, etc.). Additional derived parameters were calculated in order to 

evaluate the genesis and evolution of ITs over the Gulf of Maine that included 500-hPa 

absolute vorticity (AVOR), 2D frontogenesis, Q-Vectors, and surface-to-850-hPa lapse 

rates which are not included within the NARR dataset. The 500-hPa AVOR is given by  

𝜂𝜂 = 𝜁𝜁 + 𝑓𝑓 = 𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥
− 𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
+ 𝑓𝑓 ,                                          (2.1) 
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(Lackmann 2012, p. 19) where 𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥
− 𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
 represents relative vorticity and f represents 

planetary vorticity, and is calculated using the “uv2vr_cfd” function within NCAR 

Command Language (NCL; see below for additional information). The analysis 

unfortunately produced a “noisy” result due to limitations of finite differencing 

operations on a non-global grid, but are sufficient for analysis purposes in this thesis. 

 Frontogenesis is produced when the axis of dilatation acts to increase the 

temperature gradient resulting in a strong thermal boundary. Frontogenesis (F) is 

represented by  

                                                           𝐹𝐹 =  𝐷𝐷
𝐷𝐷𝐷𝐷

 |∇𝑝𝑝𝑝𝑝|,                                                     (2.2) 

(Lackmann 2012, p. 136) where |∇𝑝𝑝𝑝𝑝| represents the magnitude of the potential 

temperature gradient and 𝐷𝐷
𝐷𝐷𝐷𝐷

 represents the total Lagrangian change of the potential 

temperature gradient over time. The 2D frontogenesis is computed using an NCL script 

provided by Ben Moore (University at Albany).  

 Identifying regions of synoptic-scale QG forcing for UVM is completed using the 

right-hand side of the Q-vector from of the QG omega equation evaluated at 500-hPa, 

neglecting the beta term, as in Bluestein [1992, Eq. (5.7.56)] as: 

                                                −1
2
�∇𝜕𝜕2 + 𝑓𝑓02

𝜎𝜎
𝜕𝜕2

𝜕𝜕𝑝𝑝2
�𝜔𝜔 = ∇𝜕𝜕 ∙ 𝑄𝑄 ,                                        (2.3) 

where Q is defined as in Bluestein [1992, Eq. (5.7.55)] as:  

                                               𝑄𝑄 = − 𝑅𝑅
𝜎𝜎𝜕𝜕
�
𝜕𝜕𝑉𝑉𝑔𝑔
𝜕𝜕𝜕𝜕  ∙ ∇𝑝𝑝𝑇𝑇
𝜕𝜕𝑉𝑉𝑔𝑔
𝜕𝜕𝜕𝜕  ∙ ∇𝑝𝑝𝑇𝑇

� = �𝑄𝑄1
𝑄𝑄2
� ,                                          (2.4) 

The variables in these equations have their typical meteorological meanings. Q-Vectors 

represent temperature advection by accelerations in the geostrophic wind. Regions of         
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Q-Vector convergence (divergence) represent regions of upward (downward) vertical 

motion vertical motion. The Q-Vector diagnostics are computed using an NCL script 

provided by Ben Moore (University at Albany). 

The U.S. UNIFIED Precipitation dataset (UPD) provided high-resolution gridded 

precipitation data that informed analyses of IT-related precipitation analyses. UPD data 

have a 300×120 grid over the continental U.S. with grid spacing of 0.25 degrees. 

Temporal coverage is daily with 24-h intervals ending at 1200 UTC. The daily 

precipitation data were obtained from the NOAA Earth Systems Research Laboratory 

(ESRL). 

Weather headlines issued by the NWS informed an analysis of potential “high-

impact” ITs. A “headline” is a NWS collective term used as a representative of watches, 

warnings, and advisories. The headlines in this thesis are comprised of various cautionary 

notifications: Winter Weather Advisories, Winter Storm Warnings, Winter Storm 

Watches, Snow Advisories, and Flood Advisories/Warnings. All headlines following 31 

December 2000 were retrieved via the Iowa State NWS Text Product Archive. Headlines 

from 1989 to 2000 were retrieved directly from CD archives of NWS Text Products via 

Janet Wall at the National Centers for Environmental Information. This process required 

the use of the ESRI ArcMap 10.4.1 software (ESRI 2016) to plot each IT axis land 

intersection point over a map within the Country Warning Area (CWA) of the BOX, 

CAR, and GYX WFOs (Fig. 2.2). This process was necessary in order to determine 

which WFO issued the headline for each IT-influenced precipitation event. The WFO 

that issued the weather headline is needed in order to acquire data from NCEI. The date 

of the NWS headline retrieved depended on the IT maximum amplification time (e.g., if 
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the IT maximum amplification was at 2100 UTC then headlines for that day and the 

following day would be retrieved in order to be certain that a headline was not missed). 

Key words (e.g., “ocean-influenced/effect snow”, “extended trough”) and specific 

scenarios where only one or two coastal counties contained headlines for heavy-banded 

snow determined whether the headline resulted directly due to an IT. A separate dataset 

contains the IT date, time, orientation, whether or not the IT was warned, what time was 

the headline issued, did the IT definitely influence the precipitation, type of headline, and 

which WFO issued the headline. Two subsets of data (headlined and non-headlined ITs) 

were created for composite analysis in order to isolate the characteristics associated with 

higher impact IT-influenced precipitation events.   

b. Study location 

 The study location focal point is the Gulf of Maine and the associated New 

England coastline that spans 12,000 km (New England Coastal Wildlife Alliance) (Fig. 

2.3). The Gulf of Maine contains an area of >93,000 km2 that is semi-enclosed by 

George’s Bank and the Scotian Shelf. The geography and bathymetry allow water 

temperatures to remain relatively warm compared to the surface air temperature and have 

minimal annual variability during the winter months of December, January, and February 

(DJF) (Yizhen and Dennis 2014). This warm water source often provides heat and 

moisture to continental polar air masses that move off the U.S. Northeast coast that 

generate “cloud streets” (Melfi and Palm 2012).  

 c. Methods 

 All manipulations to the NCEP–NARR data were done using NCL Version 6.3.0. 

NCL is an interpreted language designed specifically for scientific data processing and 
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visualization (The NCAR Command Language 2016).  An NCL script was used to 

generate ~54,000 MSLP reanalysis maps that supported manual-subjective identification 

of ITs using objective criterion. The MSLP reanalysis maps were plotted at 3-h intervals 

during the cool-season months throughout the defined study period. Each MSLP 

reanalysis map was subjectively analyzed for IT identification over the Gulf of Maine by 

identifying troughs that deviated from the classic equatorward extension of relatively low 

geopotential heights (e.g., trough orientations extending from SE-to-NW, E-to-W, S-to-

N, or SW-to-NE). The time at which the IT was at maximum amplification (maximum 

elongation and curvature of the trough axis) was used as the date and time of the IT 

occurrence. Various characteristics were recorded when an IT was identified within the 

MSLP reanalysis field in order to create a statistical climatology of ITs over the Gulf of 

Maine, including:  

• Year, month, and day 

• Hour of maximum amplification  

• IT orientation with respect to the direction in which the IT extended from a parent 

low-pressure center 

• Coastal location of IT axis intersection  

• MSLP minimum of the parent low-pressure center 

• Latitude and longitude of the parent low-pressure center  

 An IT-influenced precipitation dataset that catalogued (1) if there was 

precipitation associated with an IT and (2) the maximum amount of precipitation (in mm) 

was created using Panoply (National Aeronautics and Space Administration 2016). A 

bash script retrieved and organized the MSLP reanalysis maps associated with an IT from 
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the >54,000 maps created. The retrieved MSLP reanalysis maps gave spatial reference of 

IT locations while IT-influenced precipitation was identified via identification of banded 

regions of precipitation accumulation (Fig. 2.4).  

 A main objective of this thesis is to create a climatology of ITs over the Gulf of 

Maine. The annual total of cool-season IT occurrences is defined in this thesis by any IT 

occurrence in the months of January through May of the respective year plus any IT 

occurrences in the months of September through December of the previous year (e.g., an 

IT occurrence in November of 2000 would count towards the 2001 cool season total). IT 

occurrences are placed in other subsets organized by season (SON, DJF, MAM), month, 

orientation, orientation by month, and time of maximum amplification. Line graphs, bar 

charts, and IT axis land-intersection spatial-distribution maps display the statistical data 

generated in this thesis. The spatial-distribution maps created with NCL plotted color 

coded IT land-intersection points based upon how many times an IT intersected the coast 

at that point. Pivot tables in Microsoft Excel calculated the duplicity of the intersection 

points. 

 Composite analyses of multiple atmospheric variables (e.g., MSLP, surface-to-

850-hPa lapse rates, 2D frontogenesis, omega, etc.) illustrate IT characteristics for each 

of the four IT orientations at t−12 h and t−0 h, where t−0 h is defined as the time of IT 

maximum amplification. The composite analyses are based upon IT orientation and 

headlined or non-headlined IT-influenced precipitation events. These composite analyses 

of multiple variables provide an in-depth analysis of some of the meteorological 

parameters associated with headlined or non-headlined ITs and the four IT orientations 
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over the Gulf of Maine. The NARR data were used to construct the composite analyses 

using the “dim_avg_n_Wrap” function within NCL.  

 AWIPS2 procedures—tailored to the dynamics found to be associated with 

headlined IT-influenced precipitation events—have potential to improve the accuracy of 

NWS forecasts of precipitation associated with ITs over the Gulf of Maine. AWIPS2 is a 

weather forecasting and analysis package used by the NWS and NCEP. AWIPS2 takes a 

unified approach to data ingest starting with a Local Data Manager (LDM) client 

requesting data from the Unidata Internet Data Distribution (IDD). This approach means 

that AWIPS2 is used to analyze real-time weather data and predict the forecast state of 

the atmosphere. A procedure (bundle of different atmospheric parameters) within 

AWIPS2 allows a user to visually analyze many atmospheric variables deemed important 

for a specific atmospheric phenomenon (e.g., using a 500-hPa winds and AVOR map to 

locate regions of differential cyclonic vorticity advection which are associated with 

forcing for UVM motion and possibly precipitation enhancement). The GYX, BOX, and 

CAR WFOs will benefit from the new operational forecasting procedures for IT-

influenced precipitation. The Integrated Data Viewer (IDV) software package (which 

strongly resembles AWIPS2) is used to create example procedures from which the 

parameters can be used to create AWIPSII procedures within NWS WFOs at a later time.  
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d. Chapter figures 

 
Fig. 2.1. Graphic depicting the NARR dataset spatial domain boundaries (white outline) 
plotted on a rotated mercator map projection. The map was created using NCL and is 
based off of an example NARR dataset domain presented by ESRL. The source of the 
image is located at http://www.esrl.noaa.gov/psd/data/narr/format.html 
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Fig. 2.2. Schematic depicting the locations of IT land-intersection points within            
different CWAs. Thick black lines represent the spatial boundaries of the CAR, GYX, 
and BOX CWAs. The green dots represent IT land-intersection points. The green dots do 
not represent duplicity, therefore explaining why there are only 33 points instead of 109. 
Each point was plotted individually when determining which CWA would have been 
likely to issue the headline.  
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Fig. 2.3. Bathymetry of the Gulf of Maine with dark blue colors indicating a deeper sea 
floor and light blue colors representing a shallower region. Topography is represented by 
the green–red scale with warmer colors representing higher elevations. This image is 
provided by the New England Coastal Wildlife Alliance and is available online at 
http://www.necwa.org/marine_wildlife_research.html 
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Fig. 2.4. Schematic representing an example of the methodology used to identify IT-
influenced precipitation during the presence of an IT with (a) UPD data (mm; shaded 
according to scale and contoured) and (b) the MSLP (contoured every 2 hPa) reanalysis. 

 
 
 
 
 
 
 
 



29 
 

CHAPTER 3 

3. Results: 25-year statistical analysis of ITs over the Gulf of Maine 

ITs analyses are presented by year, season, time of day, geospatial orientation, 

coastline intersection location, and parent low-pressure system location. All ITs were first 

collectively analyzed in order to produce a comprehensive statistical overview of all 

events within the study. ITs were then separated into the aforementioned sub-groups in 

order to create statistics. 

a. Temporal variability of all ITs 

The analysis yielded 109 ITs over the Gulf of Maine during the months of 

September through May during 1989–2013.  Each cool season during this 25-year period 

contained at least one IT; the maximum occurred during the 2001 cool season with 11 ITs 

(Fig. 3.1a). The annual variability of ITs over the study period illustrates a variety of 

deviations from the average of 4.4 events per year (Fig. 3.1a). These fluctuations 

alternated between multi-year positive and negative anomalous periods and annually 

alternating positive and negative anomalous periods. These fluctuations may be 

associated with climatic oscillation patterns (e.g., North Atlantic Oscillation), which is 

beyond the scope of this analysis. IT frequency also varies greatly by month. The 

frequency of ITs steadily increases from two in September to 22 in March (Fig. 3.1b), 

and sharply decreases from 22 to five ITs between March and May (Fig. 3.1b). This 

skewed distribution suggests that ITs over the Gulf of Maine are primarily winter 

phenomena.   

ITs are observed during all times throughout the day (Fig. 3.1c) with noticeable 

frequency maxima (20–25 occurrences) at 0300 UTC and 1500 UTC (2200 and 1000 
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local standard time, respectively) (Fig. 3.1c). Recall that ITs are catalogued by time of 

day at the time of maximum amplification as defined in Ch.2. All other times are 

associated with ~5–15 occurrences. The cause of these maxima is unclear from the data 

available but is worth noting that both maxima occur three hours after the twice-daily 

radiosonde release times at 0000 UTC and 1200 UTC, respectively. Also note that the 

NARR data assimilation utilizes 0000 UTC and 1200 UTC radiosonde data.  

b. Orientation and spatial analysis of all ITs  

ITs are most frequently (96 of 109, ~88%) oriented from SE-to-NW or from E-to-

W (Figs. 3.2a–d). ITs may also be oriented from S-to-N (10 of 109, ~9%) or from SW-to-

NE (3 of 109, ~3%). Given their orientation and proximity to land, a large majority of ITs 

intersect the central Maine coast during the cool season (Fig. 3.3). The mode of the IT 

axis location (i.e., latitude and longitude) and mean parent low-pressure system location 

illustrates the most typical synoptic-scale flow pattern associated with an IT. For 

example, SE-to-NW oriented ITs frequently extend from their mean parent low-pressure 

system location toward the central Maine coast (Fig. 3.4a). Similarly, E-to-W oriented 

ITs are responsible for the majority of events between Penobscot Bay, ME and 

Portsmouth, NH (Fig. 3.4b). Finally, S-to-N oriented ITs intersect the coast in a cluster 

around Penobscot Bay, ME with variations in location dependent upon the location of the 

parent low-pressure center (Fig. 3.4c). 

c. Precipitation and ITs 

Precipitation occurred on 78 of the 109 days (~72%) associated with an IT. The 

average maximum 24-hour total liquid equivalent precipitation on these 78 days was ~20 

mm (Fig. 3.5). A majority of this precipitation likely falls as snow considering that most 
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of these cases occur in winter months in the wake of a large cyclone offshore (not 

shown). A 10:1 snow-to-liquid-water estimate suggests that ITs that produce precipitation 

can produce an average maximum snowfall of 20 cm (~8 in) of snow. The GYX, BOX, 

and CAR NWS CWAs have climatological snow-to-liquid-equivalent ratios of 11.6:1, 

10.7:1, and 12.3:1, respectively (Baxter et al. 2005). These data indicate that 20 cm (~8–

10 in) of snow during a period of time that may last for only a few hours suggests the 

possibility of travel disruptions—especially to those traveling by car along the central 

Maine coast. 

d. Headlines and Precipitation 

Headlines were issued by the NWS on 56 of the 109 (~58%) days associated with 

an IT and on 50 of the 78 (~64%) days associated with ITs that produced precipitation. 

An IT was directly mentioned in 20 of the 56 (~36%) total headlines meaning that there 

is confidence that the headline was issued directly due to an IT, whereas 36 of the 56 

(~64%) total headlines did not directly mention an IT. The absence of an IT being 

directly mentioned within the headline implies that the IT was “embedded” within the 

parent cyclone MSLP field and was not the sole reason for the issuance of a headline 

[further discussed in section (f)].   

The GYX WFO issued 39 of the 56 (~70%) headlines, whereas the BOX WFO 

issued 8 of the 56 (~14%) headlines and the CAR WFO issued 9 of the 56 (~16%) 

headlines. There were five different types of headlines issued: (1) winter weather 

advisories, (2) winter storm warnings, (3) winter storm watches, (4) snow advisories, and 

(5) flood advisories/warnings all with varying numbers of issuances (Fig. 3.6). 49 of the 
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67 (~73%) headlines issued were either winter weather advisories or winter storm 

warnings.  

 e. Seasonal variations of ITs 

 The months of September, October and November (SON) contained the fewest 

(15) number of ITs during the study period (Figs. 3.7a–c). The west-central Maine coast 

accounts for 13 of the 15 (~87%) IT axis intersections observed during SON. This west-

central Maine coast maximum is due to the large number of SE-to-NW and E-to-W 

oriented ITs. The E-to-W (7) and SE-to-NW (6) oriented ITs accounted for 13 of the 15 

(87%) ITs in SON (Figs. 3.7a, b). The E-to-W oriented ITs intersect the coast seven times 

along the coasts of MA, NH and extreme southern ME (Fig. 3.7b), whereas the S-to-N 

oriented ITs intersect the Maine coast twice (Fig. 3.7c).   

 The months of December, January, and February (DJF) contained 51 ITs during 

the study period. The Maine coastline contains an even distribution of IT intersections 

with a maximum along the west-central and east-central coastline (Fig. 3.3c). Combining 

SE-to-NW and E-to-W oriented ITs accounts for 46 of 51 (~90%) ITs in DJF. The SE-to-

NW oriented ITs (29, ~57%) are frequently observed (Fig. 3.8a) and the E-to-W oriented 

ITs account for 17 (~33%) of the ITs in DJF (Fig. 3.8b). The final five cases are 

accounted for by S-to-N (4, ~8%) and SW-to-NE (1, ~2%) oriented ITs. The S-to-N 

oriented ITs tend to intersect the eastern Maine coast (Fig. 3.8c) whereas the SW-to-NE 

oriented IT intersected the coast west of Penobscot Bay, ME (Fig. 3.8d).  

 The months of March, April and May (MAM) contained 43 ITs during the study 

period. Intersection points are evenly distributed along the New England coastline (Fig. 

3.9). The SE-to-NW oriented ITs were most common accounting for 21 of 43 (~49%) 
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cases. The E-to-W oriented ITs occurred 16 times in MAM with the majority of the 

intersection points located along the NE coast between Cape Cod and West Penobscot 

Bay, ME (Fig. 3.9b). This pattern is comparable to the previous E-to-W oriented ITs 

discussed. Similarly, the final six cases are accounted for by S-to-N (4, ~9%) and SW-to-

NE (2, ~5%) oriented ITs. The intersection points for these ITs are scattered about the 

study region in a similar fashion as those in DJF and combined account for only six 

(~14%) of the total number of events in MAM (Fig. 3.9c, d). 

f. Chapter discussion 

The ITs located over the Gulf of Maine appear to vary on annual time scales that 

may be attributed to climatic oscillations. These long-term variations are beyond the 

scope of this study, but may inform future work. Smaller time scale variations are evident 

upon investigation of sub-annual time periods. For example, the number of ITs increases 

from September to March then decreases into May; ITs are primarily winter phenomena. 

The early cool season (SON) contained the fewest number of ITs over the 25-yr period 

(N=15), whereas DJF contained the highest number of ITs (N=51). The later cool season 

(MAM) contained 43 ITs. This pattern follows the results of Keshishian et al. (1994) who 

identified that ITs frequently occur during the cool season over the central U.S.  

The aforementioned results provide information on IT orientation with respect to 

a parent low-pressure system and the New England coastline. The ITs are most 

commonly orientated from SE-to-NW (56 of 109, ~52%), and are responsible for many 

of the intersection points along the central Maine coast (Fig. 3.4a). An additional 40 of 

the 109 (~37%) ITs are oriented from E-to-W and result in intersection points along the 

MA, NH and south-western ME coasts (Fig. 3.4b).  
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The ITs were observed with a maximum amplification at 0300 UTC and 1500 

UTC. Note that these two maxima (Fig. 3.1c) are three hours after the twice-daily 

radiosonde release times at 0000 UTC and 1200 UTC, respectively. These maxima 

suggest that the use of real-time observations within NWP models may enhance IT 

detection with a three-hour lag. ITs can be difficult for NWP models to resolve due to 

their small spatial and short time scales; this resolution obstacle expresses the necessity 

of an operational forecasting procedure for ITs that relies on observational data in 

addition to NWP models (presented later in this thesis).  

Precipitation is observed on ~72% of the days with ITs and snowfall rates with 

these events may often exceed 2.5 cm h−1 (~1 in h−1); accurately forecasting IT location 

and timing is thus critical. Rapid update models are useful for real-time forecasting but 

they do not provide ample warning lead time. Consequently, warnings are often issued 

after the IT has developed and precipitation has begun (Lulofs 2003). 50 out of the 78 

(~64%) ITs with precipitation were also headlined; this fraction suggests that 

precipitation may likely be intense when developed within an IT. This precipitation may 

be located along the IT axis only or the precipitation may be dispersed throughout the 

entire parent low-pressure system while being intensified along the IT axis. The IT acts 

as a region of surface wind convergence and intensifies the precipitation in both 

situations (Lulofs 2003). The latter of the two aforementioned scenarios accounts for the 

36 out of 56 (64%) headlines that did not directly mention an IT (or embedded IT).    

Snowfall associated with these ITs has potential of being high-impact sub-

advisory snowfall; extremely heavy but short-lived snow bursts or squalls that can 

produce sub-advisory snowfall accumulations can be expected (DeVoir 2004). The 
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absence of an advisory creates a potentially dangerous situation for automobile travelers. 

Note that the 12-h winter storm warning criteria for snow at the GYX WFO is 15 cm (~6 

in), which suggests that some ITs produce warning-level snow accumulations in less than 

12 hours yet are not warned (J. Arnott 2016, personal communication). This scenario is 

often the case for ITs over the Gulf of Maine; a proposal to improve this operational issue 

with IT forecasting will be discussed further in Chapter 6. 
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g. Chapter figures 

 
 
Fig. 3.1. (a) Line graph representing positive (red) and negative (blue) IT occurrence 
anomalies on a yearly basis, (b) histogram of IT observance by month and (c) histogram 
of ITs by time (Z) of maximum amplification. 
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Fig. 3.2. Histogram plotting IT observances by orientation of (a) all events, (b) SON ITs, 
(c) DJF ITs and (d) MAM ITs. 
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Fig. 3.3. Plot of IT axis land intersection points color coded based on quantitative 
recurrence for (a) all ITs, (b) SON ITs, (c) DJF ITs and (d) MAM ITs. 
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Fig 3.4. Plot of IT axis land intersection points color coded based on quantitative 
recurrence, average parent low pressure center location for the respective orientation and 
trough axis mode for (a) SE-to-NW, (b) E-to-W, (c) S-to-N and (d) SW-to-NE oriented 
ITs. 

 
 
 
 
 

 

a. 
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Fig. 3.5. Histogram of maximum 24-hour total liquid equivalent precipitation associated 
with an IT on all 109 days associated with an IT. For example, “0” has a frequency of 31 
meaning that an IT produced 0 mm of precipitation 31 times. Precipitation (mm) is along 
the x-axis and frequency is on the y-axis.  

 
Fig. 3.6. Histogram representing the frequency of various types of headlines issued by the 
NWS on a day associated with an IT. For example, winter weather advisories were issued 
by the NWS on days associated with ITs (at the same general location as the IT) 28 times. 
The headlines types are along the x-axis and the frequency is along the y-axis.  
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Fig. 3.7. Plot of IT axis land intersection points by orientation and color coded based on 
quantitative recurrence in SON for (a) SE-to-NW, (b) E-to-W and (c) S-to-N oriented 
troughs. 
 

b. 
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Fig. 3.8. As in Fig. 3.7 but during DJF for (a) SE-to-NW, (b) E-to-W, (c) S-to-N and (d) 
SW-to-NE. 
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Fig. 3.9. As in Fig. 3.8 but during MAM. 

 
 
 
 
 
 
 
 
 

b. 

c. 
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Chapter 4 

4. Results: Composite analysis of ITs over the Gulf of Maine 

The purpose of this chapter is to compare all, headlined, and non-headlined SE-to-

NW and E-to-W orientated ITs via composite analyses in order to enhance the 

understanding of their genesis and evolution. Composite analyses represent the average 

of selected conditions and times over a given region. This composite process can result in 

“smearing” which can produce very weak values of parameters. A general flow pattern is 

sought out for the different time steps and parameters rather than specific values 

associated with IT genesis and evolution considering the aforementioned potential source 

of error. A summary of recurring key features is presented in order to determine the 

dynamical differences that may be responsible for the differing orientations and 

precipitation patterns between headlined and non-headlined events. Note that a headlined 

IT is an IT associated with intense precipitation as mentioned in Chapter 2.  

The focus of this chapter is on SE-to-NW and E-to-W oriented ITs due to their 

relatively high occurrence rates as compared to S-to-N and SW-to-NE orientated ITs. SE-

to-NW and E-to-W oriented IT composite analyses likely illustrate contrasting synoptic-

scale configurations because their IT-axis angles differ by ~45° relative to a line of 

latitude intersecting the parent low-pressure center (Figs. 3.4a and 3.4b, respectively). 

Construction of composite analyses at t−12 h and t−0 h (t−24 h, t+12 h, and t+24 h 

MSLP composite analyses (not shown) result no signal of ITs or IT development) will 

enable a dynamical understanding of the development of ITs over the Gulf of Maine for 

operational forecasting purposes. The t−0 h is defined as the time of IT maximum 

amplification as previously discussed in Chapter 2.  
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 a. All SE-to-NW oriented ITs  

SE-to-NW oriented ITs are associated with a 250-hPa neutrally-tilted trough over 

western New England and a ~90-kt jet streak south of New England that places the Gulf 

of Maine under the poleward exit region of the jet streak that is associated with upper-

tropospheric divergence and forcing for UVM at t−12 h (Martin 2006, p. 217) (Fig. 4.1a). 

A 500-hPa trough, region of AVOR >16×10−5 s−1, and southwest flow over central New 

England suggests a pattern that favors cyclonic absolute vorticity advection by the 

geostrophic wind (CVA) and forcing for UVM over the Gulf of Maine (Fig. 4.1b). Note 

that we refer to regions of CVA as a QG forcing mechanism for UVM if we assume that 

the lower-tropospheric CVA is smaller in magnitude compared to upper levels (e.g., 

CVA increasing with height), and is assumed as such for the remainder of this thesis. The 

region of CVA is likely partially associated with the 700-hPa UVM (Fig. 4.1c) and is 

conducive to surface height falls (Martin 2006, p. 251). The resulting MSLP field 

exhibits a closed low southeast of Cape Cod and IT extending northwestward over New 

England (Fig. 4.2c). The t−24 h MSLP composite analysis (not shown) suggests a 

“double barrel” low scenario with a decaying parent cyclone over the eastern Great Lakes 

region for all SE-to-NW oriented ITs at t−24 h. At t−12 h there is an absence of 950-hPa 

frontogenesis (Fig. 4.2a) within the IT and the coastal surface-to-850-hPa maximum ΔT 

is 10°C (e.g., lapse rate of ~8°C km−1) (Fig. 4.2b). Note QG forcing for UVM associated 

with CVA that extends from the parent low-pressure system to the northwest. This region 

of UVM likely results in the formation of the composite IT due to a forcing for a decrease 

in lower-tropospheric geopotential heights (Figs. 4.1a–c).  



46 
 

The t−0 h composite analyses display QG dynamics that are favorable for surface 

geopotential height falls over the Gulf of Maine. The 250-hPa trough is negatively tilted 

and a larger ~90-kt jet core is located between ~32°N, 83°W and 32°N, 67°W (Fig. 4.1d). 

A 500-hPa negatively-tilted trough, region of AVOR >20×10−5 s−1, and west (southwest) 

winds over New England (the Gulf of Maine) suggests a flow pattern that favors spatially 

organized CVA (Fig. 4.1e) resulting in a narrow northwestward extension of QG forcing 

for UVM over the upstream region of the IT axis (Fig. 4.1f). The resulting IT (Fig. 4.2f) 

is located beneath a linearly oriented region of 950-hPa frontogenesis [~2 K (100 km)−1 3 

h−1] along and upstream of the IT (Fig. 4.2d) that is likely due to speed and directional 

wind shear that increases the potential temperature gradient along the axis of dilatation 

(IT axis) (Petterssen 1936). The coastal maximum surface-to-850-hPa ΔT is 11°C (e.g., 

lapse rate of ~9°C km−1) which is larger in comparison to the t−12 h ΔT analysis (Figs. 

4.2b and 4.2e, respectively). This lower-tropospheric instability is necessary for robust-

shallow convection associated with convective precipitation bands (Banacos et al. 2014). 

Note that the 700-hPa UVM (Fig. 4.1f) and 950-hPa frontogenesis (Fig. 4.2d) 

distributions substantially changed from t−12 h (Figs. 4.1c and 4.2a, respectively) to t−0 

h (Figs. 4.1f and 4.2d, respectively) and provide the frontal boundary and lift necessary 

for cloud and precipitation development.  

A composite cross section across the SE-to-NW oriented IT reveals (1) an UVM 

and downward vertical motion (DVM) couplet with UVM ~ −0.20 hPa s−1 (DVM ~0.20 

hPa s−1) values located over the upstream (downstream) side of the IT axis, (2) lower-

tropospheric frontogenesis >1.5 K (100 km)−1 3 h−1 along the IT axis that extends from 

the surface to ~900-hPa, (3) isentropes just upstream of the IT axis that slope at ~45° 
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with respect to the surface, and (4) a directional wind shift from east winds to northwest 

winds moving from northeast to southwest across the IT axis, respectively (Fig. 4.11a). 

These characteristics suggest that the IT axis is similar to a frontal boundary and the 

column of air along and upstream of the IT axis may become unstable due to classic static 

stability theory (Stull 1991).  

A sign analysis of the relative vorticity component of the QG-Omega equation 

(Fig. 4.3) is completed in order to graphically demonstrate forcing for ascent over the 

Gulf of Maine during IT genesis and evolution. The regions of CVA (Figs. 4.1b,e) result 

in QG forcing for omega values <0 hPa s−1 (i.e., UVM) (Fig. 4.1c, f) over the Gulf of 

Maine during t−12 h and t−0 h. The CVA leads to height falls according to the QG-

Height tendency equation (Lackmann 2012, p. 51) suggesting that the synoptic-scale flow 

pattern and associated parameters (Fig. 4.1b, e) with SE-to-NW oriented ITs may explain 

why IT genesis is favored within the northwest quadrant of the parent low-pressure 

system. The parent low-pressure center appears to propagate eastward and the upper and 

middle-tropospheric dynamics favorable for UVM and surface height falls remain over 

the Gulf of Maine. These quasi-stationary dynamics likely result in the development of an 

IT within the northwest quadrant of the parent low-pressure system.  

b. All E-to-W oriented ITs 

E-to-W oriented ITs are associated with a positively-tilted 250-hPa trough over 

western New England and a ~80-kt jet streak south of New England that places the 

southern Gulf of Maine under the poleward exit region of the jet streak that is associated 

with upper-tropospheric divergence and forcing for UVM at t−12 h (Martin 2006, p. 217) 

(Fig. 4.4a). A 500-hPa positively tilted trough, region of AVOR >18×10−5 s−1, and 
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southwest flow over central New England suggests a pattern that favors CVA and UVM 

over eastern New England (Fig. 4.4b). The diffuse region of CVA is likely partially 

associated with the region of UVM over southern New England and the western North 

Atlantic (Fig. 4.4c). The resulting MSLP field exhibits a closed low over Cape Cod and 

IT that extends westward over the Great Lakes region (Fig. 4.5c). There is an absence of 

noticeable 950-hPa frontogenesis (Fig. 4.5a) within the IT and the surface-to-850-hPa 

maximum ΔT along the Northeast coast is <10°C (e.g., lapse rates of <8°C km−1) (Fig. 

4.5b).  

The t−0 h composite analyses display an improved configuration of QG dynamics 

favorable for surface geopotential height falls over the Gulf of Maine that contrasts the 

configurations associated with the SE-to-NW oriented ITs at t−0 h. The 250-hPa trough 

is neutrally tilted and the ~80-kt jet streak has remained quasi-stationary to the south of 

New England (Fig. 4.4d). A 500-hPa neutrally-tilted trough, region of AVOR > 20×10−5 

s−1, and westerly flow over southern New England suggests a pattern that favors CVA 

and UVM over southern New England and east of Cape Cod (Fig. 4.4e). Note the zonal 

orientation of the AVOR maximum associated with the E-to-W oriented ITs (Fig. 4.4e) in 

comparison to the meridional orientation of the AVOR maximum associated with the SE-

to-NW oriented ITs (Fig. 4.1e). This result suggests that the orientation of the AVOR 

maximum and approximate orientation of CVA may have an influence on the orientation 

of the subsequent IT. The 700-hPa UVM field that results from the zonally oriented 

region of CVA is located south of Nova Scotia and extends westward toward the Maine 

coast over the upstream region of the IT (Fig. 4.4f). The IT (Fig. 4.5f) is located beneath 

a linearly-oriented region of 950-hPa frontogenesis [~2–4 K (100 km)−1 3 h−1] extending 
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westward towards the New England coast (Fig. 4.5d) where surface-to-850-hPa ΔTs 

<10°C (e.g., lapse rates of < 8°C km−1) (Fig. 4.5e). Note that the 700-hPa UVM (Fig. 

4.4f) and 950-hPa frontogenesis (Fig. 4.5d) distributions substantially changed from t−12 

h (Figs. 4.4c and 4.5a, respectively) to t−0 h (Figs. 4.4f and 4.5d, respectively). These 

changes emulate those associated with the SE-to-NW oriented ITs from t−12 h (Figs. 

4.1c and 4.2a, respectively) to t−0 h (Figs. 4.1f and 4.2d, respectively) and represent a 

favorable configuration for shallow-convective precipitation bands. A sign analysis of the 

relative vorticity component of the QG-Omega equation (Fig. 4.3) yields omega <0 hPa 

s−1 representing QG forcing for UVM in the region where the upper-tropospheric trough 

and surface IT overlap over the Gulf of Maine (Fig. 4.4) (E-to-W oriented IT not shown 

however the same value results). 

A composite cross section across the E-to-W oriented IT reveals (1) an UVM and 

DVM couplet with UVM ~ −0.15 hPa s−1 (DVM ~ 0.05 hPa s−1) located over the 

upstream (downstream) side of the IT axis, (2) frontogenesis >1.5 K (100 km)−1 3 h−1 

along and primarily upstream of the IT axis that extends from the surface to ~800 hPa, 

(3) isentropes along the IT axis that slope at ~45° with respect to the surface, and (4) a 

directional wind shift from north winds to west winds moving from North to South across 

the IT axis, respectively (Fig. 4.11b). Note that the key difference between the SE-to-NW 

and E-to-W composite cross sections is the presence of ~950-hPa DVM ~0.10 hPa s−1 

located upstream of the E-to-W oriented IT axis (Fig. 4.11b). This DVM is located over 

southern Maine (Fig. 4.11b) and possibly results from downslope and offshore flow away 

from the northern Appalachian Mountains.     

c. Headlined vs Non-Headlined ITs 
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This section focuses on a comparison between the t−0 h headlined and non-

headlined composite analyses of SE-to-NW and E-to-W oriented ITs. This comparison 

reveals dynamical thresholds and flow patterns that signal development of high-intensity 

IT-influenced precipitation that operational forecasters may utilize for IT forecasting. 

Upper and middle-tropospheric characteristics associated with headlined SE-to-

NW oriented ITs over the Gulf of Maine include (1) a negatively-tilted 250-hPa trough 

over New England with a ~100-kt jet streak south of New England (Fig. 4.6a), (2) a 

negatively tilted 500-hPa trough, region of AVOR >22×10−5 s−1 with a SW-to-NE 

gradient over the Gulf of Maine, and southwest winds that suggest a flow pattern that 

favors CVA (Fig. 4.6b) over the Gulf of Maine, and (3) a 700-hPa UVM maximum south 

of Nova Scotia with a northwestward extension of UVM toward the Maine coast (Fig. 

4.6c). Lower-tropospheric characteristics include (1) a region of 950-hPa frontogenesis 

[~4–6 K (100 km)−1 3 h−1] along the upstream side of the IT axis (Fig. 4.6d), (2) surface-

to-850-hPa maximum ΔT=12°C (e.g., lapse rates of ~10°C km−1) over the Gulf of Maine 

(Fig. 4.6e) that provide lower-tropospheric instability beneath the region of 700-hPa 

UVM, and (3) a parent low-pressure system located southeast of the Gulf of Maine with 

an IT extending northwestward toward the central Maine coast (Fig. 4.6f).   

  Upper and middle-tropospheric characteristics associated with non-headlined SE-

to-NW oriented ITs over the Gulf of Maine include (1) a neutrally-tilted 250-hPa trough 

over New England with a ~90-kt jet streak south of New England (Fig. 4.7a), (2) a 

negatively-tilted 500-hPa trough, diffuse region of AVOR >18×10−5 s−1, and west winds 

that suggest a flow pattern that favors CVA (Fig. 4.7b) primarily to the east of the Gulf of 

Maine, and (3) a 700-hPa UVM maximum southeast of Nova Scotia with a weaker (~ 
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−0.10 hPa s−1) northwestward extension of UVM toward the Maine coast (Fig. 4.7c). 

Lower-tropospheric characteristics include (1) an absence of 950-hPa frontogenesis over 

the IT (Fig. 4.7d), (2) surface-to-850-hPa maximum ΔT=10°C (e.g., lapse rates of ~8°C 

km−1) over the Gulf of Maine (Fig. 4.7e), and (3) a parent low-pressure system located 

southeast of the Gulf of Maine with a broad arching IT extending northwestward toward 

the central Maine coast (Fig. 4.7f). 

These differences suggest that headlined SE-to-NW oriented IT cases feature a 

robust (as compared to non-headlined cases) northwestward extension of QG forcing for 

UVM (Fig. 4.6b, c), frontogenesis >1.5 K (100 km)−1 3 h−1 within the IT (Fig. 4.6d), and 

maximum surface-to-850-hPa lapse rates of ~10°C km−1 (Fig. 4.6e). Composite cross 

section analyses suggest that the headlined SE-to-NW oriented IT cases feature (1) more 

robust lower-tropospheric frontogenesis >1.5 K (100 km)−1 3 h−1 that extends from the 

surface to ~900-hPa along the IT axis, (2) vertically-oriented isentropes and lower static 

stability along and upstream of the IT axis from the surface to ~950-hPa, (3) UVM ~ 

−0.05 hPa s−1 extending down to ~950-hPa along the IT axis, and (4) a greater directional 

wind shift moving from northeast to southwest across the IT axis (compare Figs. 4.12.a 

and 4.12b).  

Upper and middle-tropospheric characteristics associated with headlined E-to-W 

oriented ITs over the Gulf of Maine include (1) meridional amplification of the 250-hPa 

geopotential heights with a ~90-kt jet streak south of New England (Fig. 4.8a), (2) a 

negatively-tilted 500-hPa trough, region of AVOR >25×10−5 s−1 over southern New 

England, and south-southwest winds that suggest a flow pattern that favors CVA (Fig. 

4.8b) over the northern Gulf of Maine, and (3) a spatially-confined linearly-oriented 700-
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hPa UVM maximum extending from over Nova Scotia to the Maine coast (Fig. 4.8c). 

Lower-tropospheric characteristics include (1) a region of 950-hPa frontogenesis [~2–6 K 

(100 km)−1 3 h−1] that favors the upstream side of the IT axis (Fig. 4.8d), (2) surface-to-

850-hPa maximum ΔT=11°C (e.g., lapse rates of ~9°C km−1) over the Gulf of Maine 

(Fig. 4.8e) that provide low-tropospheric instability beneath the region of 700-hPa UVM, 

and (3) a parent low-pressure system location south of Nova Scotia with an IT extending 

westward toward the Maine and New Hampshire boarder (Fig. 4.8f). 

Upper and middle-tropospheric characteristics associated with non-headlined E-

to-W oriented ITs over the Gulf of Maine include (1) zonal flow at 250-hPa with an 

absence of a jet streak (Fig. 4.9a), (2) a zonally-elongated 500-hPa trough, region of 

AVOR >18×10−5 s−1, and west winds that suggest a flow pattern that favors CVA to the 

north of the Gulf of Maine and east of Nova Scotia (Fig. 4.9b), and (3) a 700-hPa UVM 

maximum southeast of Nova Scotia (Fig. 4.9c). Lower-tropospheric characteristics 

include (1) a region of weak 950-hPa frontogenesis [~2 K (100 km)−1 3 h−1] that favors 

the upstream side of the IT axis (Fig. 4.9d), (2) surface-to-850-hPa maximum ΔTs< 10°C 

(e.g., lapse rates of <8°C km−1) over the Gulf of Maine (Fig. 4.9e), and (3) a parent low-

pressure system location south of Nova Scotia with an IT extending westward toward the 

Maine and New Hampshire boarder (Fig. 4.9f). 

These differences suggest that headlined E-to-W oriented IT cases feature a 

robust westward extension of QG-forcing for UVM (Figs. 4.8b, c), frontogenesis >1.5 K 

(100 km)−1 3 h−1 within the IT (Fig. 4.8d), and maximum surface-to-850-hPa lapse rates 

of ~10°C km−1 (Fig. 4.8e), whereas the non-headlined cases lack these characteristics. 

Composite cross section analyses suggest that the headlined E-to-W oriented IT cases 
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feature (1) more robust lower-tropospheric frontogenesis >1.5 K (100 km)−1 3 h−1 

extending from the surface to ~800-hPa along and upstream of the IT axis, (2) vertically-

sloping isentropes and lower static stability along and upstream of the IT axis from the 

surface to ~900-hPa, (3) UVM ~ −0.05 hPa s−1 that extends down to ~975-hPa along the 

IT axis, and (4) a directional wind shift moving from North to South across the IT axis 

(compare Figs. 4.12c and 4.12d).  

d. Other IT orientations 

S-to-N and SW-to-NE oriented ITs were only identified 10 and three times, 

respectively. They are only briefly discussed due to their relatively low frequency. The S-

to-N oriented ITs are associated with a 250-hPa meridionally oriented ~70-kt jet streak 

(Fig. 4.10a), 500-hPa AVOR >20×10−5 s−1 that extends from Quebec to southern New 

England (Fig. 4.10b), and 950-hPa frontogenesis >2 K (100 km)−1 3 h−1 within the IT 

(Fig. 4.10c). Two of the events were headlined and there are only 10 total cases to 

construct composite analyses therefore the accuracy of the averaged mean flow may not 

be representative of the true dynamics associated with S-to-N oriented ITs. The less 

frequently observed SW-to-NE oriented ITs are associated with a 250-hPa meridionally 

oriented ~90-kt jet streak (Fig. 4.10d), 500-hPa AVOR >25×10−5 s−1 that extends from 

from Lake Ontario to South Carolina (Fig. 4.10e), and 950-hPa frontogenesis >14 K (100 

km)−1 3 h−1 along the north portion of the Eastern Seaboard (Fig. 4.10f). These types of 

ITs appear to be generated via a different set of dynamical phenomena that likely result 

from coastal frontogenesis (Keshishian and Bosart 1986); this result deserves further 

attention and is beyond the scope of this thesis. There is a possibility that these three 

cases are actually warm fronts extending northeastward front the parent-low pressure 
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center and are not ITs. All three cases were headlined and their strong frontogenesis and 

high-intensity precipitation is noteworthy.  

 e. Chapter discussion 

The composite analyses indicate that there are various synoptic-scale and 

mesoscale conditions associated with IT genesis and evolution that in turn result in (1) 

SE-to-NW and E-to-W oriented ITs and (2) headlined and non-headlined ITs. The 

differences within the composite analyses for both orientations of ITs suggest that the 

headlined cases feature a robust extension of QG-forcing for UVM from their respective 

parent low-pressure systems toward the New England coast, frontogenesis >1.5 K (100 

km)−1 3 h−1 within the IT, and lower-tropospheric lapse rates >9°C km−1. Composite 

cross section analyses suggest that the headlined cases for both orientations feature (1) 

more robust lower-tropospheric frontogenesis >1.5 K (100 km)−1 3 h−1 that extends from 

the surface to ~900-hPa along and upstream of the IT axis, (2) vertically-oriented 

isentropes and low static stability along and upstream of the IT axis from the surface to 

~950-hPa, (3) UVM less than −0.05 hPa s−1 extending down toward the surface along the 

IT axis, and (4) directional wind shifts moving across the IT axes (Figs. 4.12a and 4.12c). 

These features suggest that the IT axes are similar to frontal boundaries and that the air 

parcels along and upstream of the IT axes can become unstable and produce shallow-

robust convection. The composite cross sections illustrate a shallow cold front type 

feature along the IT axes that likely provides shallow convection along the frontal 

boundary. This convection combined with steep lower-tropospheric lapse rates and 

middle-tropospheric UVM oriented along and upstream of the IT axis results in 

precipitation oriented in a linear fashion along the frontal boundary (IT axis). Note that 
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the lower-tropospheric mesoscale characteristics vary the most between headlined and 

non-headlined cases, which suggests that these characteristics may be responsible for the 

high-intensity IT-influenced precipitation.  

Note that 850–700-hPa lapse rates were not discussed within this chapter but are 

approximately identical for each orientation regardless of whether or not the IT was 

headlined. This similarity throughout all subsets of ITs over the Gulf of Maine suggests 

that lower-tropospheric instability parameters may be more important in modulating 

precipitation development and intensity. Boundary-layer relative humidity is also 

approximately identical for all subsets of ITs over the Gulf of Maine suggesting that 

moisture availability may not be important in modulating precipitation development and 

intensity but rather the ability of the wind flow within the IT to advect moisture into the 

IT, spatially concentrate the moisture, and lift the moisture into an unstable atmosphere 

(Lundstedt 1993).    
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 f. Chapter figures 

 
Fig. 4.1. Composite analyses of (a,d) 250-hPa geopotential heights (contoured every 6 
dam), wind speed (knots; shaded according to scale), and total wind barbs, (b,e) 500-hPa 
geopotential height (contoured every 6 dam), AVOR (×10−5 s−1; shaded according to 
scale), and total wind barbs, and (c,f) 700-hPa geopotential height (contoured every 3 
dam) and omega (hPa s−1; shaded according to scale for negative values only) for all SE-
to-NW oriented ITs at (a,b,c) t−12 h and (d,e,f) t−0 h. 
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Fig. 4.2. Composite analysis of (a,d) MSLP (hPa; contoured) and 950-hPa potential 
temperature (K; dashed red contour), and total wind barbs (m s−1 convention), and 2-D 
frontogenesis [shaded; K (100 km)−1 3 h−1], (b,e) MSLP (contoured every 2 hPa), 10-m 
total winds barbs (knots convention), and surface-to-850-hPa ΔT (°C; shaded according 
to scale), and (c,f) MSLP (hPa; contoured and shaded according to scale) and 10-m total 
wind barbs (m s−1 convention) for all SE-to-NW oriented ITs at (a,b,c) t−12 h and (d,e,f) 
t−0 h. 
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Fig. 4.3. Schematic of 500-hPa geopotential heights (thick black line; gpm) and MSLP 
(thin black line; hPa) which are representative of the 500-hPa and MSLP composite fields 
associated with ITs over the Gulf of Maine. The arrows on the height contours represent 
their respective directions of flow. Thin blue dashed lines represent horizontal thresholds 
of relative vorticity at the 500-hPa trough axis (positive) and the 500-hPa ridge axis 
(negative). The thick blue symbol represents 𝛿𝛿𝑥𝑥 and the region in which the upper and 
lower-tropospheric dynamics are of interest for IT genesis. The sign analysis of the 
relative vorticity component of the QG–Omega equation results in omega < 0 hPa s−1 
(UVM) over the region in which the surface IT and 500-hPa trough overlap. This analysis 
is applied to SE-to-NW and E-to-W oriented ITs. 
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Fig. 4.4. As in Fig. 4.1, except for all E-to-W oriented ITs at t−12 h and t−0 h, 
respectively.  
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Fig. 4.5. As in Fig. 4.2, except for all E-to-W oriented ITs at t−12 h and t−0 h, 
respectively.  
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Fig. 4.6. Panels as in Figs. 4.1 and 4.2, except for headlined SE-to-NW oriented ITs at 
t−0 h.  
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Fig. 4.7. As in Fig. 4.6, except for non-headlined SE-to-NW oriented ITs at t−0 h.  
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Fig. 4.8. As in Fig. 4.6, except for headlined E-to-W oriented ITs at t−0 h.  
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Fig. 4.9. As in Fig. 4.8, except for non-headlined E-to-W oriented ITs at t−0 h.  
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Fig. 4.10. Panels as in previous figures except for (a–c) S-to-N oriented ITs at t−0 h and 
(d–f) SW-to-NE oriented ITs at t−0 h.   
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Fig. 4.11. Composite analysis of (a) MSLP (hPa; contoured and shaded according to 
scale), 10-m total wind barbs (knots convention), and line indicating cross section 
location (green line) followed by a cross section with potential temperature (solid red 
contours; K), upward vertical motion (red-dashed contours; hPa s−1), downward vertical 
motion (blue-dashed contours; hPa s−1), frontogenesis [shaded; K (100km)−1 3hr−1], wind 
speed and direction (barbs; knots convention), and subjectively identified IT axis (brown-
dashed line) for all SE-to-NW oriented ITs at t−0 h, (b) as in (a) except for all E-to-W 
oriented ITs at t−0 h. 
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Fig. 4.12. As in Fig. 4.11, except for (a) headlined SE-to-NW oriented ITs at t−0 h, (b) 
non-headlined SE-to-NW oriented ITs at t−0 h, (c) headlined E-to-W oriented ITs at t−0 
h, and (d) non-headlined E-to-W oriented ITs at t−0 h.   
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CHAPTER 5 

5. 12 March 2005 case study of an IT over Cape Cod  

a. Introduction 

A low-pressure system that developed over the Great Lakes region and 

propagated toward southeast Massachusetts influenced the development of an IT on 12 

March 2005. The parent low-pressure system was located south of Nova Scotia and the 

IT extended westward (perpendicular) towards the coast at the time of maximum 

amplification (Fig. 5.1). The IT was associated with surface wind convergence, lower-

tropospheric frontogenesis, moisture advection toward the coast, and banded snow that 

produced 5 cm hr−1 (2 in. hr−1) snowfall rates for ~6 hours over eastern Massachusetts.  

 The remainder of this chapter is organized as follows: The next two sections 

outline the data and methodology used to produce the results and presents and discusses a 

synoptic-scale investigation of quasi-geostrophic (QG) dynamics in order to better 

understand the processes associated with the IT genesis, respectively. The penultimate 

and final sections discuss a brief mesoscale examination of the IT-influenced 

precipitation characteristics in order to better understand the dynamical evolution of the 

IT-influenced precipitation and summarize the results of the case study, respectively. 

 b. Data and methodology 

The National Centers for Environmental Prediction (NCEP)–North American 

Regional Reanalysis (NARR) data are the principal dataset used to identify 

characteristics associated with the IT over Cape Cod (see Chapter 2). Multiple parameters 

within the NARR data were used to interpret the dynamics associated with the IT; their 

descriptions may be found in Chapter 2. Additional data include: radar data that were 
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obtained from the NOAA NOMADS site in order to display the heavy-banded 

precipitation along the IT axis, COOP precipitation data that was obtained from NCEI in 

order to identify observed values of the IT-influenced precipitation, and Log p/Skew-T 

charts (i.e., “Skew-T”) that were obtained from Plymouth State University in order to 

understand the thermal profile of the atmosphere beneath the region of the IT. These data 

are analyzed on 12 March 2005 in order to understand the dynamical processes 

associated with the IT genesis and evolution. In order to link the case study to the 

composite analyses, time at t−12 h corresponds to 0900 UTC 12 March 2005, t−0 h 

corresponds to 2100 UTC 12 March 2005, and t+12 h corresponds to 0900 UTC 13 

March 2005, where t–0 h is defined as the time of IT maximum amplification as 

previously discussed in chapter 2.  

c. Results: Synoptic-scale QG analysis 

The E-to-W oriented IT is located within a large-scale flow pattern that contains a 

250-hPa negatively-tilted trough over western New England and a ~140 kt jet streak 

located south of New England that places the Cape Cod region under upper-tropospheric 

divergence and a favorable region for forcing for UVM at t−12 h (Martin 2006, p. 217) 

(Fig. 5.2a). There is a 500-hPa AVOR maximum over northwest Ohio and a second 

AVOR maximum over eastern Virginia embedded within southwesterly flow (Fig. 5.2d). 

This flow pattern suggests CVA that could lead to surface height falls downstream and, 

assuming an increase in advection with height from the surface, the potential for UVM 

downstream. The potential for UVM is illustrated via 500-hPa Q-vector convergence 

over northwest Ohio and east of Virginia (Fig. 5.3a). A sounding from Chatham 

(KCHH), MA at 1200 UTC 12 March 2005 (t–9 h) illustrates a lower-tropospheric 
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veering wind profile that suggests warm-air advection increasing with height. This region 

of warm-air advection likely also aids in producing surface height falls over the Cape 

Cod region according to the QG-height tendency equation (Lackmann 2012, p. 55) (Fig. 

5.8). The aforementioned dynamics result in a MSLP field with two closed low-pressure 

centers over northwest Ohio and Cape Cod, respectively (Fig. 5.3d). 

 The 250-hPa trough located above the IT becomes increasingly negatively tilted 

between t–12 h and t–0 h (Fig. 5.2b). The zonally oriented shortwave trough at 500-hPa 

develops over the southeast New England coast at t–0 h (Fig. 5.2e) and contains an 

approximately linearly oriented maximum (~40×10−5 s−1) in cyclonic absolute vorticity 

that extends from central New York to ~38°N 65°W (Fig. 5.2e). Southerly flow 

embedded with the trough axis suggests the presence of continued CVA by the 

geostrophic wind and a location favorable for UVM and lower-tropospheric height falls 

along the 42°N parallel between 75°W and 65°W (Fig. 5.2e). The QG forcing for UVM 

is confirmed by the presence of 500-hPa Q-vector convergence (~−2–−8×10−15 K s−1 

m−2) that extends from south of Nova Scotia to southern New England (Fig. 5.3b). Note 

that the two aforementioned parameters favorable for surface height falls and UVM, 

respectively, are located to the west of the MSLP minimum located south of Nova Scotia 

(Fig. 5.3e). This pattern suggests strong forcing for UVM and surface height falls over a 

region that is removed from the MSLP minimum. This configuration likely results in the 

westward extension of relatively low atmospheric pressure from the parent low-pressure 

system (i.e., an IT; Fig. 5.3e). Note that the QG forcing for UVM and surface 

geopotential height falls west of the MSLP minimum allows the IT to sharpen by holding 

the pressure steady as the low-pressure center propagates eastward. A sounding from 
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KCHH at 0000 UTC 13 March 2005 at t+3 h reveals a saturated atmosphere (e.g., relative 

humidity ~86%), a 14-hPa increase in the lifted condensation level which lowers the 

height to which the air parcel must be lifted in order to produce clouds and precipitation, 

and convective available potential energy (CAPE) of 10 J kg−1 (Fig. 5.8). Lower-

tropospheric RH ≥ 50% and CAPE ≥ 10 J kg−1 are favorable for shallow-convective 

winter precipitation (Banacos et al. 2014).  

The 250-hPa trough elongates and extends southeastward from the closed low 

over southeast Canada at t+12 h (Fig. 5.2c). The 500-hPa trough becomes cut off with 

geostrophic winds suggesting a region of CVA and QG forcing for UVM from the 

Hudson Bay to Cape Cod (Fig. 5.2f). The suggested region of UVM is associated with an 

elongated region of 500-hPa Q-vector convergence (~−2–−8×10−15 K s−1 m−2) (Fig. 5.3c) 

and the IT that extends northwestward from the parent low-pressure system located 

southeast of Nova Scotia (Fig. 5.3f). The atmosphere over Chatham, MA at t+15 h (1200 

UTC 13 March 2005) has noticeably dried (RH~43%) and become more stable (CAPE 

~8 J kg−1) (Fig. 5.9). 

d. Results: Mesoscale analysis  

The IT that extends westward towards the coast at 2100 UTC 12 March 2005 

dynamically resembles a mesoscale frontal boundary that enhances precipitation totals 

(Fig. 5.10). A maximum in 900-hPa frontogenesis >1.5 K (100 km)−1 3 h−1 is located 

along, upstream, and at the terminus of the IT axis (Fig. 5.4) which results from the 

lower-tropospheric winds increasing the temperature gradient and creating an axis of 

dilatation along the IT axis. There is a robust potential temperature gradient with 

vertically oriented isentropes located just upstream of the IT axis (not shown) at t−0 h. 
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The column of air along these isentropes has potential to become unstable and produce 

robust convection (Stull 1991). The region of frontogenesis is associated with a 

thermally-direct ageostrophic circulation in the vertical (Keyser and Pecnick 1985) that 

favors UVM that extends from the middle troposphere down to ~950-hPa over the 

upstream side of the IT axis (Fig. 5.5).  

The UVM suggests that the IT is associated with the necessary lift for clouds and 

precipitation development along the frontal boundary (Figs. 5.5, 5.6a, respectively). The 

cross section analysis also illustrates lower-tropospheric CSI in regions of low saturated 

(e.g., relative humidity >85%) EPV located in a region of potential instability (i.e., 

equivalent potential temperature decreasing with height). The overlapping regions of 

lower-tropospheric frontogenesis appears sufficient in also releasing CSI given 

observations of intense banded precipitation (Fig. 5.6a) and lower-to-mid-tropospheric 

UVM values less than –2.0 hPa s–1. Persistent onshore flow for ~6 h likely provided the 

boundary-layer moisture necessary (Fig. 5.6b) for precipitation to develop along and at 

the terminus of the IT axis (Fig. 5.6a). Note the northeasterly winds over the Cape Cod 

region, northerly winds over NH and VT, and westerly winds just south of MA (Fig. 5.4). 

This wind field results lower-tropospheric convergence and frontogenesis maxima as the 

wind curls around the terminus of the IT (Fig. 5.4). Lower-tropospheric lapse rates ≥ 8°C 

km−1 (Fig. 5.7) aided in the shallow convection necessary for the banded snowfall to 

develop which is similar to that of lake-effect snow events. This shallow convection is 

likely trapped beneath the frontal inversion due to the large majority of the moisture and 

easterly flow below 800 hPa. Since the precipitation does have an east to west component 

this would suggest that the precipitation is produced below the frontal inversion. These 
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conditions produced ~30 mm (12 in.) of snow over eastern Massachusetts in ~6 h and 

warranted a winter storm warning (WSW) from the NWS. The WSW discussed the most 

intense snowfall rates of ~2 in. h−1 within a trough of low pressure extending west 

towards the Massachusetts coast (Fig. 5.11). The accumulated precipitation >12 inches 

validated the forecasted snowfall rates (Fig. 5.10).  

d. Discussion and case study summary 

A low-pressure system developed over the Great Lakes region and propagated 

southeastward over the Massachusetts coast. This parent low-pressure system produced 

an IT on 12 March 2005 that extended west toward Cape Cod. A trough at 250-hPa 

became increasingly negatively tilted over southern New England in the 12 hours prior to 

the development of the IT (Figs. 5.2a, b, respectively). The 500-hPa geopotential height 

field emulated the 250-hPa height field from the t−12 h to the t−0 h and the geostrophic 

flow favored UVM in the association with cyclonic absolute vorticity advection from 

northern New York to southeast Massachusetts and east toward the parent low-pressure 

center at the t−0 h (Fig. 5.2e). The UVM is validated by Q-vector convergence over the 

aforementioned regions and lower-tropospheric veering winds indicative of warm-air 

advection at t−0 h (Figs. 5.3b, 5.9). The MSLP field that resulted featured a quasi-

stationary IT that extended westward from the parent low-pressure center toward Cape 

Code for ~6 h. 

It is hypothesized that the westward extension of forcing for UVM and 

concomitant forcing for lower-tropospheric height falls resulted in the genesis of the IT. 

Four key processes then resulted from the genesis of the IT-related intense precipitation:  
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1. Lower-tropospheric winds advected moisture into the IT from the Gulf of Maine 

(Fig. 5.6b) 

2. Lower-tropospheric winds along the IT axis formed an axis of dilatation which 

acted to increase the temperature gradient and develop a frontogenetic boundary 

(Figs. 5.4, 5.5) 

3. Lower-tropospheric moist air was lifted up over the frontal boundary (Fig. 5.5) 

4. Low static stability, frontal lift in a region of CSI, and QG-forcing for ascent 

likely combined to produce quasi-stationary convective snow bands over the 

surface convergence zone (Fig. 5.6a) that led ~30mm (12 in.) of snow (Fig. 5.10) 

over eastern Massachusetts in six hours.  
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  e. Chapter figures 

 
Fig. 5.1. MSLP (hPa; contoured every 2 hPa) for an E-to-W oriented IT at 2100 UTC 12 
March 2005. 
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Fig. 5.2. (a) 250-hPa geopotential heights (contoured every 12 dam) and wind speed 
(shaded every 10 knots for values >70 knots; and barbs using standard meteorological 
convention) at t−12 h with (b) and (c) representing the same parameters except at the t−0 
h and t+12 h, respectively, (d) 500-hPa geopotential heights (contoured every 6 dam), 
wind speed (barbs using standard meteorological convention), and cyclonic absolute 
vorticity (×10−5 s−1; shaded according to scale) at t−12 h with (e) and (f) representing the 
same parameters except at the t−0 h and t+12 h, respectively.  
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Fig. 5.3. (a) 500-hPa geopotential heights (contoured every 6 dam), Q-vectors (×K m−1 

s−1; plotted as vectors for values >30), and Q-vector convergence (×10−15 K s−1 m−2; 
shaded according to scale) with (b) and (c) representing the same parameters except at the 
t−0 h and t+12 h, respectively, and (d) MSLP (contoured every 2 hPa) and 10-m winds 
(barbs; kt) with (e) and (f) representing the same parameters except at the t−0 h and t+12 
h, respectively. 
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Fig. 5.4. MSLP (contoured every 2 hPa), 900-hPa frontogenesis [shaded; K (100 km)−1 3 
h−1], potential temperature (dashed contours every 3 K), winds (barbs; kt), and black line 
indicating the location of the cross section. 
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Fig. 5.5. A cross section generated in GEMPEK v7.2 for the cross section line depicted in 
Fig. 5.4 that illustrates a subjectively identified IT axis, equivalent potential temperature 
(K; black contours), 2D frontogenesis [red contours every 0.5 K (100 km) −1 3 h−1 starting 
at 1.0 K (100 km) −1 3 h−1], upward vertical motion (blue dashed contours at -2.0, -1.5, 
and -1.0 hPa s−1), wind barbs (typical meteorological convention), and locations of 
conditional symmetric instability as diagnosed from saturated geostrophic equivalent 
potential vorticity <0.25 ×10-6 m-2 s-1 K kg-1 (light blue shading) <0.00 ×10-6 m-2 s-1 K kg-

1 (darker blue shading) and in locations with relative humidity >85%. 
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Fig. 5.6. (a) Radar reflectivity (dBZ; shaded according to scale) at the 0.5° tilt angle from 
the KBOX radar at ~2100 UTC 12 March 2005. Banded snowfall along the IT axis is 
progressing from east/southeast to west/northwest while the entire region of precipitation 
moves northward (b) MSLP (contoured every 2 hPa), 10-m winds (barbs; kt), and 
surface-850-hPa average relative humidity (%; shaded according to scale). 
 

a. 

b. 
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Fig. 5.7. MSLP (contoured every 2 hPa) and surface-to-850-hPa temperature difference 
(°C; shaded according to scale).   
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Fig. 5.8. Skew-T at 1200 UTC 12 March 2005 (black) and 0000 UTC 13 March 2005 
(cyan) with typical meteorological representation retrieved from Plymouth State 
University upper-air archive. 
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Fig. 5.9. Skew-T at 0000 UTC 13 March 2005 (black) and 1200 UTC 13 March 2005 
(cyan) with typical meteorological representation retrieved from Plymouth State 
University upper-air archive. 
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Fig. 5.10. 24-h precipitation (mm; shaded according to scale) ending 1200 UTC 13 
March 2005. The image was created using the Unified Precipitation Data dataset within 
the Panoply data view.   

 

 
Fig. 5.11. Snippet from the winter storm warning issued by WFO GYX on 12 March 
2005. The text product was obtained from the Iowa Environmental Mesonet (IEM) NWS 
text products archive.  
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CHAPTER 6 
 
6. Summary, operational applications, and future work  

 a. Climatology summary  

The ITs that occur over the Gulf of Maine appear to vary on annual time scales 

that may be attributed to climatic oscillations. Smaller time scale variations are evident 

upon investigation of sub-annual time periods. For example, the number of ITs increases 

from September to March then decreases into May; ITs are primarily cool season 

phenomena. The winter season (DJF) contained the highest number of ITs (N=51; ~2 per 

year) which results in a pattern that follows the results of Keshishian et al. (1994) who 

identified that ITs frequently occur during the cool season over the central U.S. The ITs 

are most commonly orientated either from SE-to-NW (56 of 109, ~52%) or from E-to-W 

(40 of the 109, ~37%) which results IT coast-intersection points along the Gulf of Maine 

coastline. Precipitation is observed on ~72% of the days with ITs and snowfall rates with 

these events may often exceed 2.5 cm h−1 (~1 in h−1); accurately forecasting IT location 

and timing is thus critical. The average maximum 24-hour total liquid equivalent 

precipitation on these 78 days was ~20 mm (~8–10 inches of snow). The National 

Weather Service also headlined 50 out of the 78 (~64%) ITs with precipitation. The large 

fraction of ITs with headlined precipitation indicates that ITs produce high-impact 

weather.   

 b. Composite analysis summary 

The composite analyses indicate that there are various synoptic-scale and 

mesoscale conditions associated with IT genesis and evolution that in turn result in (1) 

SE-to-NW and E-to-W oriented ITs and (2) headlined and non-headlined ITs. The 
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differences within the composite analyses for both orientations of ITs suggest that the 

headlined cases feature a robust extension of QG-forcing for UVM from their respective 

parent low-pressure centers toward the New England coast, frontogenesis >1.5 K (100 

km)−1 3 h−1 within the IT, and lapse rates >9°C km−1. Composite cross section analyses 

suggest that the headlined cases for both orientations feature (1) more robust 

frontogenesis >1.5 K (100 km)−1 3 h−1 extending from the surface to ~900-hPa along the 

IT axis, (2) vertically-oriented isentropes indicative of instability along and upstream of 

the IT axis from the surface to ~950-hPa, (3) UVM less than −0.05 hPa s−1 extending 

from the middle-troposphere down toward the surface along the IT axis, and (4) 

horizontal directional wind shifts moving across the IT axes. These results suggest that 

the IT axes are similar to frontal boundaries and that air parcels along and upstream of the 

IT axes can become unstable and produce robust-shallow convection. The lower-

tropospheric mesoscale characteristics vary the most between headlined and non-

headlined cases, which suggests that more robust processes are responsible for the high-

intensity IT-influenced precipitation.  

The synoptic flow configurations that result within the composite analyses are not 

exactly representative of the true scenarios typically associated with ITs due to composite 

smearing. With consideration of composite smearing, two separate upper-tropospheric 

troughs—one of which lags behind the parent cyclone and provides forcing for UVM and 

surface geopotential height falls (which is a common scenario with these ITs)—are 

resolved as one broader upper-tropospheric trough and is likely what occurred with the 

250-hPa and 500-hPa composite analyses. This idea suggests that all lows that develop 

east of New England do not have ITs likely due to the fact that the large majority of 
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surface lows do not have lagging upper-tropospheric troughs and lagging QG forcing for 

UVM and surface height falls behind the parent cyclone. 

 c. Case study summary 

A surface low-pressure center developed over the Great Lakes region and 

propagated southeastward over the Massachusetts coast. This parent low-pressure center 

produced an IT on 12 March 2005 that extended west toward Cape Cod. It is 

hypothesized that the westward extension of QG forcing for UVM and concomitant 

forcing for lower-tropospheric height falls resulted in the genesis of the IT. Four key 

processes then resulted from the genesis of the IT-related intense precipitation:  

1. Lower-tropospheric winds advected moisture into the IT from the Gulf of Maine 

(Fig. 5.5b) 

2. Lower-tropospheric winds along the IT axis formed an axis of dilatation which 

acted to increase the temperature gradient and develop a frontogenetic boundary 

(Figs. 5.4a, b) 

3. Lower-tropospheric moist air was lifted up over the frontal boundary (Fig. 5.4b) 

4. Low static stability, frontal lift in a region of CSI, and QG-forcing for ascent 

likely combined to produce quasi-stationary convective snow bands over the 

surface convergence zone (Fig. 5.6a) that led to ~30mm (12 in.) of snow (Fig. 

5.10) over eastern Massachusetts in six hours.  

Investigation of multiple IT-influenced precipitation events suggests that SE-to-

NW oriented ITs tend to have banded precipitation oriented along the low-level flow just 

upstream of the IT axis due to direct onshore flow combined with speed (friction) and 

directional wind convergence. The E-to-W oriented ITs tend to have banded precipitation 
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oriented more quasi-perpendicular to the low-level flow due to 1) northerly winds over 

NH and VT, 2) easterly or northeasterly winds wrapping around the IT terminus, and 3) 

westerly winds just south of this aforementioned region resulting in a maximum low-

tropospheric frontogenesis and convergence zone oriented quasi-perpendicular to the 

low-level flow just upstream of the IT axis. 

 d. Operational applications 

This section outlines an operational strategy for forecasting ITs and their 

associated precipitation. IT development is possible when a low-pressure center is 

expected to be located off the northeast U.S. coast and remain offshore with an 

unpronounced pressure gradient to the west or northwest. Investigation of 250-hPa and 

500-hPa troughs over the Gulf of Maine and New England regions may provide an initial 

signal of IT genesis if a low-pressure center off the northeast coast is expected. Upper-

tropospheric trough axes that rotate counterclockwise and remain quasi-stationary rather 

than propagate eastward while the surface low-pressure system propagates eastward are 

common to IT development (Fig. 6.1). Identification of a linear extension of QG-forcing 

for 700-hPa UVM associated with 500-hPa CVA away from the parent low-pressure 

center toward the New England coast (Fig. 6.1) is often common to IT development.  

 The probability of IT identification 12-to-24-h in advance can be improved via 

recognition of either (1) a quasi-stationary upper-tropospheric trough that becomes 

negatively tilted with the terminus located over the west or northwest portion of the 

surface low-pressure system combined with linearly oriented QG-forcing for UVM 

associated with CVA extending away from the parent low-pressure system in association 

with eastward propagation of a parent low-pressure system, or (2) two 500-hPa troughs 
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that result in “double-barrel” surface low-pressure systems that attempt to merge and 

result an IT that extends from the southeastern closed low to the west or northwestern 

closed low. The upper-tropospheric trough that is removed from the parent-low pressure 

center can provide QG forcing for UVM and surface geopotential height falls away from 

the MSLP minimum and result and IT as well (Fig. 6.2) Note that these scenarios do not 

always produce ITs over coastal New England but are associated with previous cases of 

IT development.  

 Mesoscale characteristics associated with ITs can be identified ~6–12 h in 

advance of IT development. (Fig. 6.3).  For example, many ITs contain frontal 

boundaries that are crucial for determining the axes of high-intensity precipitation along 

near-coastal locations. 950-hPa frontogenesis, a horizontal directional wind shift below 

900-hPa, or regions of negative EPV in a saturated environment along the IT axis can be 

used to locate the axes of intense and banded precipitation (Fig. 6.3). Longer (more 

amplified) IT axes have a higher possibility of resulting in high-intensity precipitation 

due to the increased likelihood of 950-hPa frontogenesis and directional wind shifts 

below 900-hPa. UVM and surface-to-850-hPa lapse rates > 10°C km−1 combined with a 

coastward extension of relatively high boundary layer relative humidity values all within 

the IT are a signal that high-intensity IT-influenced precipitation is possible within the 

next ~6–12 hours (Fig. 6.3). These parameters are useful for short term and real time IT 

forecasting and can be used with various NWP models depending on when IT 

development is expected.   

 Precipitation associated with ITs can be diagnosed from real-time high-

resolution data produced by NWP models such as the HRRR and other rapid update 
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models. These models can portend the likelihood and probable locations of axes of upper-

tropospheric absolute vorticity advection by the geostrophic wind and UVM that may 

lead to the development of an IT. The identification of axes of high-intensity precipitation 

can be facilitated with these mesoscale NWP models resolving lower-tropospheric lapse 

rates and 2D frontogenesis along the IT axes, both of which are important to high-

intensity precipitation development. The identification of low or negative EPV values in 

a saturated environment may also be useful in diagnosing the presence or potential for 

heavy precipitation in ITs. The cross section of EPV shown in Chapter 5 illustrates the 

operational potential of identifying regions of overlapping lower-tropospheric 

frontogenesis and CSI in order to determine where or if heavy precipitation may occur 

within ITs. These models, combined with surface observations, radar reflectivity, and 

satellite imagery, can ultimately lead to better forecasts on very short time scales.  

 Headlines should be issued as soon as the location of the IT axis can be 

determined with high confidence. This can be done via identification of the linear 

extension of CVA (UVM) away from the MSLP minimum towards the coast, 2D 

frontogenesis, steep surface-to-850-hPa lapse rates ≥8°C km−1, and horizontal directional 

wind shifts along the IT axis. Boundary layer relative humidity advection into the IT 

convergence zone combined with EPV<0 and steep lapse rates will signal the potential 

for high-intensity precipitation to develop over the already determined IT axis location. 

Surface observations and radar reflectivity should be utilized to determine if the NWP 

model output is verified before issuing a headline. The operational schematic provided 

(Fig. 6.4) is a useful and efficient tool for guiding a forecaster through the unique 

mesoscale forecast process associated with ITs over the Gulf of Maine. 
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            e. Limitations 

            The resolution of the NARR dataset is insufficient to resolve the true cross-band 

mesoscale environment associated with ITs. This suggests that some of the dynamics that 

influence the development and intensity of IT-influenced precipitation are not fully 

captured within this study. The data and methodology used to understand the dynamics 

associated with IT-influenced precipitation did isolate robust environments but there are 

likely more low-tropospheric mesoscale factors that impact IT genesis and associated 

precipitation that are missed.    

 The use of headlined vs non-headlined cases to distinguish robust IT-influenced 

precipitation cases is a bit tenuous. For example, if an IT produced significant 

precipitation just off the coast then it would not be headlined but would have been a 

robust event. This scenario would result in some strong events that are not included in the 

headlined cases. The opposite scenario of a high-intensity not being headlined due to 

human error results in robust cases being counted toward non-headlined cases. 

 f. Future work 

This thesis provides a climatology and preliminary dynamical understanding of 

ITs over the Gulf of Maine and opens a number of potential avenues for future work. The 

easiest and simplest avenue for future work would be to extend this analysis of ITs over 

the Gulf of Maine from 1989 back to the first year of the NARR dataset in 1979. This 

expansion will provide an additional 10 years of ITs and provide additional members for 

the composite analysis. A second avenue for future work would be to construct IT-

relative or parent low-pressure-system-relative composite analyses instead of geography-

relative composite analyses. These feature-relative composite analyses would likely result 
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in a more refined mesoscale analysis and diagnosis of the mechanisms responsible for IT-

influenced precipitation.  

There are likely very high snow to liquid ratios for these specific IT precipitation 

events given that IT-influenced precipitation is similar to lake-effect snow and that there 

is a warm sea surface and increasingly cold air aloft. Therefore, there are likely high 

variations of snow-to-liquid equivalent ratios associated with these precipitation events. 

In order to assign snowfall accumulation totals to events one would need to look at 

observations of temperature and moisture availability for each event and catalog this 

information. 

In regards to energy sources for IT development one could investigate gravity 

wave activity over the Gulf of Maine during times of IT genesis similar to Uccellini and 

Koch (1986). All of their cases contained a strong temperature inversion in the lower 

troposphere and the propagation of an upper-tropospheric jet streak toward a ridge axis 

that provides shear instability. These mesoscale wave disturbances forced saturated air 

parcels to their level of free convection (LFC) by providing the mechanical lift necessary 

to eliminate the constraining inversions present during the events. The mesoscale wave 

activity resulting from this synoptic-scale flow pattern was confined to a region between 

the 300-hPa ridge axis and the upstream axis of inflection in the 300-hPa height field. 

The region of gravity wave activity is located directly north and northwest of the surface 

parent-low pressure center only in the Koch and Golus (1985) case. The Koch and Golus 

(1985) case was also the only case with an IT as noted in Uccellini and Koch (1986). 

Therefore, the location of the gravity wave activity with respect to the surface parent low-

pressure system suggests that the shear instability and energy source provided by the 
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upper or middle-tropospheric jet streak may possibly be partially responsible for the 

genesis of mesoscale wave disturbances such as ITs.  

Another parameter that could be investigated to signal IT development is middle-

tropospheric (700-500 hPa) deformation patterns to the west or northwest of the parent-

low pressure center. A different middle-tropospheric deformation orientation than what is 

at the surface could possibly deform both vorticity and temperatures either SE-to-NW or 

E-to-W. Another avenue for future work is determining exactly where (vertically) IT-

influenced precipitation is produced. This diagnoses would speak to the similarity of IT-

influenced precipitation and LES. If the precipitation is produced above the frontal 

inversion, then the precipitation is likely associated with the synoptic-scale forcing 

whereas if the precipitation is produced below the frontal inversion then the precipitation 

is likely associated with boundary layer convection. This diagnoses could be done with 

considerations of the dendritic growth zone, vertical regions of moisture availability, and 

direction of wind flow with respect to direction of precipitation propagation.     

An alternative study could compare all low-pressure systems over the Gulf of 

Maine that are associated with ITs and those without ITs. This analysis would yield 

additional insight into why some low-pressure systems are associated with ITs and some 

are not, and potential lead to increased situational awareness. This analysis could be 

undertaken using a climatology of east coast winter storms by Hirsch et al. (2000) and the 

dates identified in this study with ITs. A fourth avenue for future work could investigate 

representations of ITs among different NWP models and configuration.  This comparison 

would likely determine which models more accurately resolve ITs and their associated 

mesoscale dynamics and which models do not. Model accuracy of IT development and 
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their mesoscale dynamics is of critical importance to operational forecasting at the NWS 

GYX, BOX, and CAR WFOs. This analysis is would require access to large volumes of 

weather forecast and analysis data, and possibly several simulations of multiple IT events 

using the Weather Research and Forecasting model. Finally, avenues for future work 

were also identified in earlier chapters of this thesis and include investigations of climatic 

oscillations in order to better understand annual variability in the frequency of ITs 

(Chapter 3) and processes associated with ITs and coastal frontogenesis (Chapter 4). 

 g. Closing remarks 

The comprehensive goals of this study were to create a climatology of ITs over 

the Gulf of Maine and develop an understanding of their genesis and evolution in order to 

improve forecasts of IT-influenced precipitation. Similar studies have investigated ITs 

over the central U.S. (e.g., Schumacher et al. 2007; Weisman et al. 2002; Keshishian et 

al. 1993) but none have created a climatology and studied the dynamics of ITs over the 

Gulf of Maine. This thesis provides an understanding of when ITs are likely to develop 

and the synoptic-scale and mesoscale characteristics associated with high-intensity IT-

influenced precipitation, which are instrumental in mesoscale QPFs over the New 

England coast.  
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h. Chapter figures 

 
Fig. 6.1. Operational forecasting procedure for possible IT identification with 250-hPa 
geopotential height (red contours every 6 dam), 500-hpa geopotential height (blue 
contours every 6 dam), wind vectors (plotted according to the reference vector), and 
cyclonic absolute vorticity (×10−5 s−1; shaded according to scale), MSLP (black contours 
every 4 hPa), and subjectively identified trough axes (brown dashed lines). This 
procedure was created using NARR reanalysis data within the Integrated Data Viewer 
software (UNIDATA 2016). The Advanced Weather Interactive Processing System v2 
(AWIPSII) software package was not accessible during the final construction of this 
thesis, therefore, the IDV software package (which strongly resembles AWIPSII) was 
used to create example procedures from which the parameters can be used to create 
AWIPSII procedures within NWS WFOs at a later time. 
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Fig. 6.2. As in Fig. 6.1 at t−0 h plus annotation of the 250-hPa (red) and 500-hPa (blue) 
troughs in addition to the labeling of the parent-low pressure center location (red “L”) 
and the IT (cyan contour).  
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Fig. 6.3. Operational forecasting procedure for short term IT-influenced precipitation 
identification with MSLP (black contours every 4 hPa), 10-m wind vector (plotted 
according to the reference vector), 950-hPa frontogenesis (red contours every 0.2 K (100 
km)−1 3 hr−1), UVM (yellow contours every 0.2 Pa s−1), surface-to-850-hPa lapse rates 
(orange contours every 2°C km−1), and relative humidity (shaded according to scale; %). 
This procedure was created in the same fashion as Figure 6.1 and is intended for short 
term IT forecasting within NWS WFOs.   
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Fig. 6.4. Operational forecasting process chart that can be used as a guidance tool when 
forecasting ITs over the Gulf of Maine. The left most image is Figure 6.2 and beneath are 
parameters and specific scenarios to be aware of when attempting to identify ITs. The 
middle image is Figure. 6.3 and beneath are parameters and specific scenarios to be 
aware of when identifying the possibility and location of high-intensity IT-influenced 
precipitation. The information below the check mark details parameters to identify and 
procedures to follow as an IT develops.  
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