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ABSTRACT 

 

EXAMINATION OF WRF-ARW THUNDERSTORM SIMULATIONS IN 

NORTHERN NEW ENGLAND 

by 

David R. Heeps, Jr. 

Plymouth State University, December, 2013 

 Convective initiation and development in New England can become complicated 

due to the underlying topography of the region. Not only can the genesis location of 

thunderstorms be difficult to predict, but their evolution can be just as challenging to 

determine. Previous research of northern New England convection found that there are 

preferred regions for convective initiation with respect to large-scale flow. Another 

previous study also gave some explanations as to why thunderstorms favor these 

initiation regions. This study utilizes the WRF-ARW numerical model to further 

investigate these preferred convective initiation regions. The model simulations were 

conducted using two nested grids with 4-km and 2-km horizontal resolutions.  

 Four case studies, two within southwest (SW) and two within northwest (NW) 

mean flow, were chosen to compare model simulations of these events to observed 

analyses. Within the model results for both SW cases, convective initiation occurred 

within areas of frequent thunderstorm genesis as identified by previous research. Belge 

(2007) referred to these genesis regions as areas of “typical” thunderstorm initiation. The 



xviii 

 

WRF simulation contained similar features to the observations. A lee surface pressure 

trough was apparent through Oxford and Franklin counties in Maine. This trough led to 

convergence within the “typical” genesis region, creating the lifting mechanism for the 

convection to initiate and develop.  

The NW cases contained differing results. One case featured a surface pressure 

trough similar to the SW cases that led to convergence needed for convective initiation. 

The other case exhibited a synoptic-scale pressure trough over New England, and 

convergence within this trough appeared to be enhanced where the convection initiated. 

Other miscellaneous events were also chosen to further investigate specific features in 

thunderstorm development. In each case moisture and convective instability were 

sufficiently available; therefore, the convergence was the most important component 

determining the convective initiation.  
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Chapter 1 

 

1. Background 

 

The underlying topography of New England may complicate warm-season 

convective initiation and development. The terrain largely varies through New England, 

ranging from Mt. Washington at 1,917 m to sea level along the New England coastline 

(Fig. 2). This can not only make the genesis location of thunderstorms difficult to predict, 

but their evolution and where they track can be just as challenging to discern. New 

England does not experience as many thunderstorms as other regions across the United 

States (Fig. 1), but any thunderstorms that do form can be affected by the mountainous 

terrain due to the terrain influencing temperature gradients, moisture or wind flow among 

other variables. 
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Figure 1. Average number of thunderstorm days per year within the United States. The 

original image may be found online at 

http://www.srh.noaa.gov/jetstream/tstorms/tstorms_intro.htm. 

There are also many other peaks in New Hampshire, Vermont, Maine, and 

Massachusetts that are located along the White, Green, and Berkshire mountains. The 

widely varying landscape of New England can affect parameters that play a role in 

convective initiation, such as speed or directional convergence, mesohighs/mesolows, 

and pressure troughs that form on the lee-side of mountains. The interactions between the 

lower free atmosphere, boundary layer, and terrain of New England can make it 

incredibly difficult to predict where thunderstorms form, how they will evolve and where 

http://www.srh.noaa.gov/jetstream/tstorms/tstorms_intro.htm
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they will track.  

 

Figure 2. Topographic map of the Northeastern United States shaded in meters, featuring 

rivers and bathymetry. The original image may be found online at         

http://www.uwgb.edu/dutchs/StateGeolMaps/NewEngGMap.HTM. 
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Figure 3. County map of Maine. The original image may be found online at 

http://geology.com/county-map/maine.shtml.  

a. Terrain and Convection 

Throughout New England, features such as lee-side convergence, wake effects, 

flow into convergent valleys, orographic lifting and other mechanisms that may not 

involve topography can initiate convection in mountainous terrain (Banta and Schaaf 

1987). Many mechanisms induce lee-side convective development, such as boundary-

layer convergence zone, updrafts, gravity waves, and confluence due to flow around 
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mountains. The location of the convective initiation also hinges on the ambient flow 

direction, which is generally the wind at the elevation of the ridge line. These winds can 

determine which genesis regions are active on specific days. Behrendt et al. (2009) also 

specifically stated some main characteristics that can indicate convective initiation. These 

features included: 

 Convergence and updrafts developed due to forced lifting on the windward side of 

mountains 

 Wind shear profile in the area of mountain ridges 

 Variations in depth of the convective boundary layer, including moisture, 

convective inhibition (CIN), and convective available potential energy (CAPE) 

 Gravity waves imposing on mountain ridges 

 Previous studies have tried to determine different facets of convection occurring 

in complex topography, particularly in the Northeast. Lowery (2008) developed a 

climatology of northern New England thunderstorms according to large-scale flow. 

Thunderstorm cells within the study were first identified by using a sample National 

Lightning Detection Network (NLDN) Vaisala Cloud to Ground (CG) lightning dataset 

and finding nearby CG lightning strikes. The distribution of thunderstorms throughout the 

region was interpolated onto a Cartesian grid to visualize the location of the thunderstorm 

clusters. Lowery used Gray, ME as a focal point, and found a total of 231 thunderstorm 

events (~25% of total days) during the warm season of 2003 – 2007.  

Lowery (2008) found preferred regions of thunderstorm initiation and 

development in southwest (SW), west (W), and northwest (NW) flow regimes at 700 hPa. 

Both SW and NW flow regimes showed the highest frequency of convective initiation 
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along the slopes of the Longfellow and White Mountains of ME and NH, respectively. 

Thunderstorm initiation in the W flow regime did not appear to depend entirely upon the 

local terrain, instead focusing along lower-tropospheric features such as sea-breeze 

fronts. Figures 3 and 4 show the convective initiation climatology for both SW and NW 

flow regimes. The NW flow regime contained two main convective genesis areas: Carroll 

county and along the border of Strafford county and York county (Fig. 4). The SW flow 

regime contained areas of convective genesis in Merrimack county, Belknap county, 

Coos county, Carroll county, Oxford county, and Franklin county (Fig. 5). The area of 

more frequent convective genesis in SW flow was located in central Franklin county, 

extending into Oxford county. 
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Figure 4. Density plot of convective initiation at 700 hPa within NW flow, centered on 

Gray, ME (Fig. 4.18 from Lowery 2008). 
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Figure 5. Density plot of convective initiation at 700 hPa within SW flow, centered on 

Gray, ME (Fig. 4.12 from Lowery 2008). 

Lowery stated that with NW flow thunderstorms could be enhanced along the 

windward facing sides of mountain ranges in New England. Thunderstorms could be 

further enhanced in NW flow as well as in W flow from low-level shear, since the 

mountainous terrain can create locally higher lower-tropospheric shear values. In SW 

flow, thunderstorms could be enhanced by more windward facing mountains as well as 

river valleys. Lowery’s study (2008) found the location of preferred genesis regions for 

convection, but did not go in detail about how the mesoscale environment supports 

convective initiation.  
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 Belge (2009) continued the work of Lowery (2008) and studied preferred regions 

of convective initiation over northern New England as a function of flow regime. Belge 

(2009) first created a subjective radar climatology for warm season convection events to 

examine the modes of convection (isolated cells, lines, etc.). Belge (2009) then further 

examined four mesoscale case studies of isolated cell convective initiation: two events 

with SW flow and two events with NW flow. Both SW cases featured similar results; the 

critical factors for convective initiation were not actually moisture or instability, but more 

likely convergence due to surface pressure troughs that develop on the lee-side of the 

mountains in the region. The NW cases also showed convective initiation along cold 

fronts, both of which involved well-defined lee surface troughs.  

Belge (2009) identified the case studies as “atypical” or “typical,” depending on 

the initiation location of the convection. The “typical” cases featured convective initiation 

in the frequent genesis regions found by Lowery (2008). For the SW flow regime, this 

included (in order of highest to lowest density): central Oxford, central Franklin and 

southwest Somerset counties; south of the Merrimack and Belknap county border; central 

Oxford county; northern Grafton county; and southern Somerset county. For the NW 

flow regime this included (in order of highest to lowest density): near the border of 

Strafford and York counties and along the tri-county border of Carroll, York and Oxford 

counties. Cases were labelled “atypical” if convective initiation occurred outside of the 

locations previously listed. Although the location of the thunderstorm cells varied 

between “atypical” and “typical” areas of initiation as defined by Belge (2009), the 

overarching idea was that the surface pressure troughs that are located in the region on 
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the lee side of the mountains appear to play a significant role in convective initiation, 

more so than many other factors that may influence thunderstorm initiation. 

Other studies have also examined how terrain may influence convective initiation. 

Kuo and Orville (1973) found a primary maximum of convective activity downwind of 

the Black Hills ridgeline in South Dakota. This activity is mostly due to a convergence 

region created by an interaction between the prevailing wind and the topography of the 

Hills. A secondary maximum was also found upwind of the ridge line due to air forced to 

flow over the mountains.  

Wasula and Bosart (2002) examined if terrain had an impact on severe weather 

distribution. The 700-hPa wind direction was used to stratify the severe weather results 

into northwest and southwest flow regimes because 700-hPa is the first mandatory 

pressure level that is definitively above the underlying terrain. Population bias played a 

role in the results as higher concentrations of reports were collocated with major cities. 

As an attempt to remove this population density bias, a population correction was 

completed. The severe weather reports were contoured over the region, split by flow 

regime and whether the reports were corrected or uncorrected for population bias (Fig. 6). 

For the southwesterly flow results, the severe report maxima was seen where the Hudson 

and Mohawk valleys meet, extending west-northwestward up the Mohawk valley. For 

northwesterly flow, a maximum was seen in the mid-Hudson valley, extending eastward 

into the Berkshires. For both flow regimes, a maximum is located near the Hudson 

valley, which could be influenced by population bias. The data was next stratified by 

cloud-to-ground (CG) lightning strikes and severe weather report maxima appeared in the 

Mohawk valley west of Albany northward into the southern Adirondacks for 
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southwesterly flow, and in the southern Berkshires and Litchfield Hills in Connecticut for 

northwesterly flow. Although the population effects played a role in the severe weather 

distribution, the CG stratification proved that severe weather occurring in certain areas in 

the region were impacted by terrain influences. 

 

Figure 6. Number of reports per severe weather day for (a) southwest flow with 

population corrected, (b) northwest flow with population corrected, (c) southwest flow, 

uncorrected, and (d) northwest flow, uncorrected. Contour interval is 0.05 (Wasula et al. 

2002, Fig. 6.) 
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Crook and Tucker (2005) examined the generation of convective precipitation 

near the Rocky Mountains and found that thunderstorms during the summer have 

preferred locations of formation. Whereas other studies have found that thunderstorm 

genesis is favored on the lee side of mountain ranges (Banta and Schaaf, 1987), it is 

nearly impossible to determine which physical processes are most important to inducing 

convection because there are many different processes that can enhance convective 

development in mountainous terrain. Some of these mechanisms include mechanical 

lifting, convergence generated by mountains, induced gravity waves by mountains, or 

upslope and downslope flow. 

Crook and Tucker (2005) used numerical model simulations to examine how 

thunderstorms initiated in the Rockies and concluded that large differences in the location 

of summer convection can occur due to variations in wind direction, wind speed, and 

atmospheric stability. The differences in thunderstorm location are mainly caused by how 

long the air is exposed to convergence caused by heating on the lee-side of the mountain 

ridge. Air that spends more time over regions exposed to elevated heating are then 

affected by the associated convergence, and as such thunderstorms are more likely to 

initiate in these regions of convergence. Certain topographic features were areas of focus 

for convective initiation from a large variety of wind directions, while other topographic 

features contained convective initiation from only specific directions. Wind speed was 

also important, as slower wind speeds allowed the air to spend more time over elevated 

heating and enhance thunderstorm development. Faster winds were generally associated 

with fewer convective initiation areas. One thing to note from this study is that the 



13 

 

simulations were completed without any synoptic forcing, which could be a key 

difference between convective initiation in the Rockies and in northern New England.  

b. Using WRF to simulate convection 

In order to advance understanding of convective initiation in the varying terrain of 

New England, the Weather and Research Forecasting (WRF) model can be employed to 

complete simulations of thunderstorm events in the region. The WRF can be run at high 

horizontal and vertical resolutions where convection is explicitly resolved by the model. 

This configuration avoids any sort of cumulus parameterization. Trying to model 

convection is still a difficult task as many processes occurring within a thunderstorm are 

small-scale in nature, generally smaller than the grid boxes in a numerical model.  

Mesoscale models in general have improved greatly in simulating atmospheric 

processes, especially over the past few decades with the advances in technology and more 

inexpensive high-powered computers. Topographical accuracy has increased as the 

model resolution has improved. This leads to better forecasts within the model, especially 

with terrain-induced features (Chow et al. 2013). Operational mesoscale models have 

helped to improve forecasts throughout many regions of complex terrain, specifically the 

Intermountain West and the Pacific Northwest regions in the U.S. (Chow et al. 2013). 

Mesoscale models still experience many different biases and errors within their 

predictions, especially in complex terrain (Chow et al. 2013). Grid nesting can also 

further enhance forecasts by placing more grid points over a specific area of interest 

(Chow et al. 2013). Horizontal and vertical resolution within the model influences the 

forecast skill of mesoscale models, and insufficient model resolution is the leading cause 

for poor forecast performance (Chow et al. 2013). Cumulus parameterizations are another 

issue that may cause errors in forecasts (Chow et al. 2013). When simulating 
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thunderstorms, and if nested grids are utilized in the model, the cumulus parameterization 

scheme becomes extremely important in the coarser grid. If the grid resolution is fine 

enough for the inner grid, then convective schemes are not necessary since the 

thunderstorms can be explicitly resolved. In this case, the boundary layer and land-

surface parameterizations become more important, especially in complex terrain (Chow 

et al. 2013). 

Many studies have examined how the WRF simulates convection. Litta et al. 

(2011) looked at how both the advanced research WRF (WRF-ARW) and WRF 

nonhydrostatic mesoscale model (WRF-NMM) simulated stability indices as well as 

reflectivity and other thunderstorm-related parameters. The WRF-ARW was able to 

simulate the stability indices (such as CAPE, K-index, Lifted Index) well and also 

simulate the reflectivity values accurately. The WRF-ARW did have some trouble with 

resolving squall lines however, as their movements within the model were generally 

slower than the observed squall lines. The WRF-NMM model outperformed the WRF-

ARW in terms of the accuracy of the precipitation totals. Both of these issues relate to the 

model cloud and precipitation microphysics forecasts (Litta et al. 2011)   

 Weisman et al. (2008) examined how the WRF forecasted convection from 0 – 36 

hours without a parameterization scheme at finer resolutions (e.g., ≤4-km).  Models with 

coarser resolutions larger than 10 km do not prove to provide accurate forecasts. Ideally, 

a smaller resolution could adequately handle the smaller-scale processes involved with 

convection. The explicit forecasts not only showed positive results in predicting the 

timing and location of many convective outbreaks, but even provided background into 

the structure of the convection, such as into squall lines, bow echoes, etc. Some of the 
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cases that the WRF was used to simulate contained multiple convective scenarios, and the 

WRF was able to handle these cases with good skill. The WRF did encounter difficulties 

with major events, whether it was high precipitation events or “significant” convective 

outbreak days. 

 With increased horizontal grid resolutions and explicitly simulated convection in 

the WRF, large improvements can be made to forecasts involving convection (Weisman 

et al. 2008). By avoiding the use of cumulus parameterization schemes, some of the 

uncertainties that occur by cumulus parameterization are removed. The forecasts created 

by the WRF model often contained realistic evolutions in convective structure and 

dynamics. The authors also stated that initial results from using even smaller resolutions 

(such as 2-km) showed further improvement some structural features of convection. 

 Klemp (2006) conducted convective forecasts for three years using the WRF-

ARW and 4-km horizontal grid spacing ranging over different sized domains in the 

Central Plains. Two specific events were examined further in the study; one from 2003 

and another from 2005. Klemp compared simulated reflectivity images from both events 

at different resolutions and found that, in both cases, the 4-km grid spacing contained a 

fair amount of skill. The 2003 convective event featured a line of convection forming 

along a baroclinic system at 36 hours. The WRF handled it quite well even though it was 

far into the model forecast time period, and the coarser resolution simulations had 

difficulties resolving the structure of the system (the 22-km simulation did not contain the 

line of thunderstorms at all). Figure 7 shows the 36-hour WRF forecast at different 

resolutions compared to the true reflectivity. 
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 The other example for a convective forecast was taken from the 2005 dataset. The 

4-km WRF simulation was able to capture the structure, timing, and location of a squall 

line that initiated at the 24-hour forecast. A parallel study was being completed by the 

University of Oklahoma throughout the same event, but using the WRF with a 2-km 

horizontal grid resolution. Although the 2-km simulation provided a more accurate 

depiction of the convective structure, the 4-km simulation still showed a large amount of 

skill within the forecast. The 4-km WRF-ARW simulation also performed much better 

than the WRF-NMM forecast. Figure 8 shows the comparison between different 

simulations and the observed reflectivity. The 4-km WRF forecasts were able to capture 

the expected type of convection, and this increase in model skill compared to coarser 

resolution simulations can be an invaluable tool to operational forecasters in convective 

situations. 
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Figure 7. Comparison between WRF-ARW simulations and observed composite 

reflectivity at 36 hours. The 10-km and 22-km forecasts utilized the Kain-Fritsch 

cumulus parameterization, whereas the 4-km forecast is explicitly forecasted (Klemp 

2006, Fig. 3). 



18 

 

 

Figure 8. Comparison between multiple WRF model simulations and observed 

reflectivity at the 24-hour forecast (Fig. 4 from Klemp 2006). 

Studies have also been completed focusing on different convective 

parameterization schemes that are available in the WRF model. Wang and Seaman 

(1997) used the Pennsylvania State University-National Center for Atmospheric Research 

(PSU-NCAR) mesoscale model (similar to the WRF) and observed how different 

cumulus parameterization schemes reacted to multiple convective events. They used the 

Anthes-Kuo, Betters-Miller, Grell, and Kain-Fritsch schemes and contrasted how each 

managed the events. They found that, in terms of 6-hour precipitation, no specific scheme 

greatly outperformed the other. The model did tend to over-predict lighter precipitation 

and under-predict heavier precipitation amounts. Some specific errors with 
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parameterization schemes were also expressed. For example, the Grell and Kain-Fritsch 

schemes generally tended to over-predict areas of light rain. Although the Betts-Miller 

scheme performed better when predicting light rain, it generally over-predicted moderate 

to heavy rainfall in the warm-season events of the study. Forecast skill did increase as the 

grid size for the model decreased from 36 km to 12 km. Wang and Seaman also found 

that the Kain-Fritsch scheme overall performed consistently well in all cases of the study. 

This performance could imply that, for a mesoscale model, the Kain-Fritsch scheme may 

be the best parameterization scheme choice. Wang and Seaman further state that both the 

Kain-Fritsch and Grell schemes performed very well with warm-season precipitation, 

which could be applied to this study focusing on warm-season thunderstorms.  

Kain et al (2008) examined how differing spatial resolution affected WRF-ARW 

output. They used 4-km and 2-km domains, each with different amounts of vertical levels 

but mirroring each other in parameterizations and input data. Throughout the cases in 

their study, they found that the WRF2 (WRF-ARW using the 2-km domain) supplied 

finer-scale reflectivity data than the WRF4 (WRF-ARW using the 4-km domain), but it 

was not easily seen if the WRF2 actually provided any overall increased value because of 

errors at larger scales. They did complete verification statistics and found that WRF2 

forecasts scored higher for convective initiation for 6 of the days within the study, 

compared to the WRF4 scoring higher on one day in the study.  

c. Current study  

The main purpose of this study is to use the WRF-ARW to better understand 

convective initiation and development within northern New England. The WRF-ARW 

will be used to examine thunderstorm life cycles at a higher spatial and temporal 
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resolution than previous observational case studies (Belge 2009). Belge’s (2009) previous 

case studies of thunderstorm events in 2007 will be simulated by the WRF-ARW, with a 

focus on where and when the convection initiates in the model. Mesoscale elements such 

as moisture pools, mesohighs/mesolows and lee troughs will be further examined to find 

if these features aid in convective initiation. By modeling multiple thunderstorm events 

some of these elements may reappear in several cases, which can lead to more conclusive 

evidence about the influence of terrain on convective initiation for isolated cells in SW 

and NW flow. 

The succeeding chapters will discuss how the WRF-ARW was used to simulate 

each case study, the results of the model simulations and conclusions gathered from the 

model results. Chapter 2 will present the WRF-ARW configuration and post-processing 

the model output. Chapter 3 will show the initial test simulation used to determine which 

parameterization scheme to use in the outer domain, as well as WRF-ARW results from 

the SW case studies. Chapter 4 will show the WRF-ARW results from the NW case 

studies. Chapter 5 will show the WRF-ARW results from extraneous case studies. 

Chapter 6 will present a discussion and further analyses into the case study results. 

Chapter 7 will state conclusions drawn from this study and ideas for future research. 
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Chapter 2 

 

2. WRF-ARW Configuration 

The goal of this study is to find if the WRF-ARW numerical weather model could 

be used to correctly simulate convection initiation within the KGYX radar domain over 

New Hampshire and Maine. To this end, case studies were chosen for specific events 

involving isolated thunderstorms to find how the WRF-ARW model simulated the 

convection. In order to allow for model spin-up, 24-hour forecast simulations were 

completed during the dates of the case studies. Two WRF-ARW model simulations were 

completed for all cases; the first with an outer domain of 12-km and an inner domain of 

4-km, the second with an outer domain of 10 km and an inner domain of 2-km. Case 

studies were selected based on different meteorological conditions that included different 

flow regimes, convection forming due to a sea breeze boundary, and severe weather 

events. The events that occurred with specific wind patterns were chosen from a previous 

study completed by Belge (2009), where she examined preferred regions of convective 

initiation in northern New England. All cases that were chosen for this study occurred in 

2007 except for one severe weather event, which occurred in 2010. 

a. The WRF-ARW model 

 The Weather Research and Forecasting model is a mesoscale numerical model 

designed to simulate atmospheric processes in both research and operational settings 

(Skamarock 2008). The development of the model is a multi-agency collaboration but is 

currently maintained and supported by the Mesoscale and Microscale Meteorology 

(MMM) Division of the National Center for Atmospheric Research (NCAR). The WRF 
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has two different dynamical cores: the advanced research WRF (ARW) and the 

nonhydrostatic mesoscale model (NMM). These cores include different physics 

packages, dynamics options and initialization routines. Many aspects of the ARW core 

may also be shared with the NMM core, even though the cores are separate. This study 

will use the WRF-ARW dynamical solver to run convective simulations. 

 The WRF consists of three major programs: 

 The WRF Preprocessing System (WPS) 

 ARW Solver 

 Post-Processing & Visualization tools 

Figure 9 shows a flowchart for the WRF version 3, including these three main 

segments of the model. 

 

Figure 9. WRF Model Flowchart (Wang et al 2013). 
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 In order to run the WRF model, the data needs to be initialized first by the WPS. 

Functions of the WPS include: 

 Defining the domains of the simulation 

 Interpolate terrestrial data (terrain, soil types, etc.) to the simulation domain 

 Degrib and interpolate meteorological data from another model to the simulation 

domain (Wang et al. 2013) 

The WPS contains multiple programs to complete each of these tasks. The 

GEOGRID program defines the domain of the simulation and interpolates terrestrial 

datasets onto the WRF grid. This includes setting the map projection used in the 

simulation, which can be either polar stereographic, Lambert-Conformal, Mercator, or 

latitude-longitude. The UNGRIB program extracts the gridded weather analysis data 

(either GRIB1 or GRIB2), then converts it into an intermediate format that WRF can 

read. METGRID can then interpolate the newly converted intermediate-format data onto 

the simulation domain created by the GEOGRID program. Although not technically part 

of the WPS, the REAL program then ingests the fields generated by the METGRID 

program and interpolates the data vertically as well as creating initial and boundary 

conditions. The flow of data from initial GRIB files into the REAL program can be seen 

in Figure 10. 
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Figure 10. Flow of data through the WPS and into the REAL program (Wang et al 2013). 

The WRF-ARW is fully customizable, allowing many different combinations of 

horizontal and vertical resolutions as well as parameterizations within the model. In order 

to find the ideal set of options within the WRF-ARW for simulating convection in 

northern New England, multiple cumulus parameterization schemes will be tested to find 

which scheme produces the most accurate representation of the convection. The 

horizontal and vertical resolutions will also be examined, but the prime focus will be on 

the convective schemes in order to limit the amount of variables within the study. 

Once all of these steps have been completed, the data are fed into the ARW 

solver, a vital part of the WRF model. The ARW dynamic core integrates the governing 

equations using the Arakawa C-grid and terrain-following hydrostatic-pressure vertical 

grid (Mallia 2011). Some other features of the ARW core include nesting options, 

vertical grid-spacing that can vary with height, and a full suite of physics options for 

many combinations of physical parameterizations (Wang et al 2013). Gridded forecasts 

are produced by the WRF-ARW and numerous graphical packages are available to 

visualize the WRF output data once it is complete. These programs include RIP4 
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(Read/Interpolate/Plot), NCL (NCAR Command Language), and GrADS (Grid Analysis 

and Display System). 

b. Cumulus parameterization schemes 

Cumulus parameterization schemes (also known as convective parameterization 

schemes) are vital for this study since the convection in the WRF is dependent on the 

parameterization schemes. The parameterization schemes must account for precipitation, 

transportation of heat and redistribution of moisture 

(http://www.meted.ucar.edu/nwp/model_precipandclouds/print.htm). Cumulus 

parameterization schemes attempt to create convection within grid boxes by achieving 

the following main concepts: 

1. What triggers convection in a grid column. 

2. How convection, when present, modifies the sounding in the grid column. 

3. How convection and grid-scale dynamics affect each other. 

The WRF-ARW model offers users the choice of multiple schemes, and different 

schemes can be used in different nests. The schemes are optimized to perform in any 

situation, so they often work well in “average” conditions, but may fail in extreme cases 

(http://www.meted.ucar.edu/nwp/model_precipandclouds/print.htm). Table 1 outlines the 

parameterization schemes available, although only a subset of these were chosen to 

further examine. 
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Table 4. List of all cumulus parameterization schemes available in WRF-ARW. 

Option 

in WRF 

Scheme 

1 Kain-Fritsch 

2 Betts-Miller-Janjic 

3 Grell-Freitas 

4 Old Simplified 

Arakawa-Schubert 

5 Grell-3 

6 Tiedtke 

7  Zhang-McFarlane 

14 New SAS 

84 New SAS (HWRF) 

93 Grell-Devenyi 

99 Old Kain-Fritsch 

 

Every scheme contains “trigger functions,” which are conditions that regulate if 

the scheme will produce convection, and if so where and when it is generated (Stensrud 

2007). There may be some overlaps for trigger functions between schemes; both the 

Kain-Fritsch and Betts-Miller-Janjic schemes require CAPE and convective cloud depth 

exceeding a specific value 

(http://www.meted.ucar.edu/nwp/model_precipandclouds/print.htm).  
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Previous studies have also examined whether parameterization schemes are 

necessary to simulate convection on smaller grid sizes. Weisman et al. (1997) utilized the 

WRF model at resolutions between 1-km and 12-km to study quasi-two-dimensional 

squall lines. They found that resolutions of 8-km and larger tend to resolve finer aspects 

of convective evolution slower than smaller resolutions. It appeared that 4-km was a 

sufficient threshold to reproduce the small-scale processes in mid-latitude convective 

systems. Some studies have found prominent progress in explicitly forecasting 

convection as well (Fowle and Roebber 2003, Xue et al. 2003). Even still, other studies 

have found that it becomes more ambiguous to determine the grid spacing where 

explicitly defining convection and other small scale processes becomes more ideal than 

parameterization (Molinari and Dudek, 1992, Arakawa, 2004).  

c. WRF simulation information 

 The first step of this study was to create the model simulations using the WRF-

ARW.  Simulations were initialized using the GFS analysis fields at 0000Z on the day of 

the event and proceeded for 24 hours. Figure 11 shows the 4-km WRF-ARW domain and 

Figure 12 shows the 2-km WRF-ARW domain. Both model domains cannot resolve the 

full height of the mountain range. The higher resolution 2-km domain does contain a 

better grasp on the height of the White Mountains and their respective peaks. The 

smoothing effect over the terrain in the 4-km domain creates an underestimation for the 

heights on the mountains throughout the domain. The 2-km domain contains much more 

accurate topographic heights. For example, the height of Mt. Washington in the 2-km 

domain is underestimated by nearly 100 m. This underestimation is much larger within 

the 4-km domain.  
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Figure 11. 4-km WRF-ARW domain for northern New England, plotted and contoured 

every 100 m. 
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Figure 12. 2-km WRF-ARW domain for northern New England, plotted and contoured 

every 100 m. 

 The cases chosen for this study are shown in Table 2. Four cases were chosen 

from previous research so the model simulations could be compared to analyses already 

completed for these events. These cases also specifically contain convection in northern 

New England that is not forced by synoptic-scale features. Other events were chosen to 

examine specific features in thunderstorm development.  
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Table 2. Case studies chosen for this study. 

Date Description 

13 July 2007 Southwesterly flow 

3 August 2007 Southwesterly flow 

2 June 2007 Northwesterly flow 

17 June 2007 Northwesterly flow 

26 September 2007 No simulated DBZ 

21 July 2010 Severe thunderstorms (including tornadoes) 

17 August 2012 Forecast WRF 

 

d. Pre/Post-processing 

To run the WRF-ARW model, external analysis fields are needed for boundary 

conditions throughout the entire time of the model run. GFS analysis fields were used in 

the model at 0000Z, 0600Z, 1200Z, and 1800Z for the day of the event, as well as 0000Z 

of the next day. The GFS analysis fields were obtained from the NOAA National 

Operational Model Archive & Distribution System (NOMADS). 

 The WRF-ARW output files are produced in NetCDF format. The NetCDF files 

are self-describing files that contain gridded model data for both atmospheric and 

terrestrial variables (Haley et al. 2011). The NCAR Command Language (NCL) is one 

method of viewing the WRF-ARW files in NetCDF format. The NCL is an interpreted 

language designed for scientific data processing and visualization and can read-in a large 

array of file formats, including NetCDF, GRIB, and ASCII data (Haley et al. 2013). NCL 

scripts were created for post-processing and viewing variables associated with the WRF-
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ARW output files. Variables from the RUC analysis fields were gathered from 

NOMADS to compare to the first case study to find the best combination of 

parameterization schemes. RUC output was processed and viewed in the General 

Meteorology Package (GEMPAK) and the Integrated Data Viewer (IDV). Archived base 

reflectivity data were also collected to compare to the model reflectivity output. These 

data were gathered from the National Climatic Data Center (NCDC). 

 Once the selected case studies were simulated using the WRF-ARW, they were 

post-processed using NCL. Multiple NCL scripts were created to read-in the WRF-ARW 

output and plot specific variables for the inner domains of the model runs. These 

variables included: 

1. CAPE/CIN 

2. DBZ 

3. Temperature/Dewpoint temperature  

4. Precipitation 

5. Wind field (at 2 m) 

6. Sea level pressure 

7. Convergence at 925/850 mb 

Nearly all of the fields plotted in NCL were available diagnostics in the WRF-

ARW output. The only calculation necessary to compute a variable was for convergence, 

which was found using a function built-in to the NCL libraries titled “uv2dv_cfd,” 

(http://www.ncl.ucar.edu/Document/Functions/Built-in/uv2dv_cfd.shtml). This function 

computes divergence using centered finite differences as seen below: 

http://www.ncl.ucar.edu/Document/Functions/Built-in/uv2dv_cfd.shtml
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𝑑𝑣 =
𝐷𝑣

𝐷𝑦
+  

𝐷𝑢

𝐷𝑥
− (

𝑣

𝑎
) ∗ 𝑡𝑎𝑛(𝑝ℎ𝑖)          (1) 

𝑑𝑣(𝑗, 𝑖) = (
(𝑣(𝑗+1,𝑖)−𝑣(𝑗−1,𝑖))

𝑑𝑦2(𝑗)
) + (

(𝑢(𝑗,𝑖+1)−𝑢(𝑗,𝑖−1))

𝑑𝑥2(𝑗)
) − (

𝑣(𝑗,𝑖)

𝑎
) ∗ 𝑡𝑎𝑛(𝑝ℎ𝑖(𝑗))     (2) 

where u and v are the zonal and meridional wind components, respectively, D represents 

the partial derivative, phi the latitude, a the radius of the earth, dx2 and dy2 the longitude 

and latitude spacing, respectively, j the latitude y-subscript, and i the longitude x-

subscript. In order to calculate the divergence using this function, the u and v components 

of the wind are interpolated to the correct pressure levels and used in the function 

equations. After that, convergence can be found by multiplying the output of the function 

by -1.  

 Once the variables were found or computed using the NCL scripts, they were 

plotted hourly to examine the evolution of the convection through each event. The focus 

was on the pre-convective environments before thunderstorms developed as well as how 

the convection evolved through the day. Thunderstorm formation and development was 

examined in the case events using the variables found through NCL. 

  



33 

 

Chapter 3 

 

3. Southwesterly flow case studies 

The following chapter will discuss the results from the WRF-ARW simulations 

for the southwesterly flow cases on 3 August 2007 and 13 July 2007, including test 

simulations that were compared to the Rapid Update Cycle (RUC) analysis fields in order 

to find the most accurate parameterization scheme. These two cases were chosen from 

Belge’s research (2009), in which both cases exemplified convective initiation within the 

“typical” genesis regions noted by Lowery (2008). Each case contains a synoptic analysis 

of the event, a convective analysis and a detailed mesoscale analysis of the evolution of 

the convection for 1600, 1800, 2100, and 0000 UTC. 

a. WRF-ARW Parameterization Scheme Test Simulations 

Before running all of the case studies in the WRF-ARW, multiple 

parameterization schemes were tested with a specific case event to find which 

combination of schemes produced the most accurate results. The event chosen to test the 

schemes was 3 August 2007, and the parameterization schemes examined were the Kain-

Fritsch, Betts-Miller-Janjic, Grell-Freitas, and Grell-3 schemes. The model runs utilized 

nested domains at 4-km and 2-km, both of which are at small enough grid spacing that 

parameterization schemes are not necessarily required to forecast convection with 

accuracy. As such, each model run was completed with a different parameterization 

scheme in the outer domain, but no parameterization scheme within the inner domain. 
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 Each WRF-ARW result for 3 August 2007 was compared to the RUC analysis 

fields, which were considered “true” conditions. Specific variables were selected from 

the RUC fields to compare to the model output. These variables were based on important 

features that may aid in triggering or maintaining convection. These features included: 

b. Convective Available Potential Energy (CAPE) 

c. Convective Inhibition (CIN) 

d. Reflectivity (dBZ) 

e. Precipitation 

f. 2 meter dew point values  

g. 2 meter temperature values  

The differences between the simulations with different schemes were subtle 

through the beginning of the case study. Since only the convective parameterization 

schemes were being altered between WRF-ARW model runs, the main variations 

occurred once convective initiation occurred. Figs. 13-15 show the evolution of the 

convection between each tested parameterization scheme at 1800 UTC, 2100 UTC, and 

0000 UTC.  
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Figure 13. Comparison of observed reflectivity values to model simulations using 

different cumulus parameterization schemes for the 3 August 2007 case study at 1800 

UTC. a) Observed reflectivity, b) Kain-Fritsch, c) Betts-Miller-Janjic, d) Grell-Freitas, e) 

Grell-3D, and f) no parameterization scheme. 

 

 

 

 

 

 

 

c b 
a 

18Z 

f e d 
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Figure 14. Same as in Fig. 13, but at 2100 UTC. 

 

 

 

Figure 15. Same as in Fig. 13, but at 0000 UTC on 4 August 2007. 

c b 
a 

21Z 

f e d 

c b 
a 

00Z 

f e d 
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Table 3. Comparison of WRF model runs at 0000 UTC to observed conditions of 

placement and intensity of simulated convection. 

WRF Parameterization Scheme Placement Intensity 

KF Partially Correct Correct 

BMJ Partially Correct Partially Correct 

GF Incorrect Incorrect 

G-3D Partially Correct Partially Correct 

No CPS Partially Correct Partially Correct 

  

The parameterization schemes were relatively similar at 1800 UTC, containing 

convective initiation in western Vermont and northern Maine. At 2100 UTC, convection 

was far too widespread spatially within the model simulation across the northern part of 

the domain without a cumulus parameterization scheme (Fig. 11f). The largest deviation 

with the results was seen at 0000Z (Table 2). The BMJ scheme (Fig. 12c) positioned the 

convection too far south, as well as containing the wrong structure of the thunderstorms 

across Massachusetts. The Grell-Freitas scheme (Fig. 12d) did not contain any 

convection in Massachusetts. The Grell-3D (Fig. 12e) scheme showed convection farther 

south than the observed convection, with thunderstorms in central New Hampshire. The 

Kain-Fritsch scheme in the outer domain as well as no parameterization scheme for the 

inner domain (Fig. 12b) displayed the most accurate results compared to the observed 

conditions, featuring convection through northern New Hampshire and central Maine and 

nearly captured the proper intensity of the convection for much of the event. 

Gilliland and Rowe (2007) state that differences between parameterization 

schemes generally arise due to the difference in location and timing of convective 
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initiation between schemes. Also, as the parameterization schemes simulate 

characteristics of the thunderstorm differently, the actual placement and development of 

the convection will be altered as well. In their study, Gilliland and Rowe (2007) used a 

case study to examine the differences between parameterization schemes. They found 

that the BMJ scheme primarily lacked precipitation and the Grell-Devenyi scheme (not 

tested here) triggered convection too broadly and too early, while the KF scheme was 

able to verify the small-scale convective processes. Other previous studies have also 

shown that the KF scheme generally outperforms the other parameterization schemes 

available in the WRF (Wang and Seaman 1996; Ma and Tan 2009). The model runs at 

the higher resolution (2-km) also created overall better results 

b. Isolated Convection, Southwesterly Flow: 3 August, 2007 (SW1) 

1) SYNOPTIC ANALYSIS 

A low pressure system was located in northern Quebec with an associated cold 

front trailing through southern Quebec, Ontario, and into southeastern Michigan (Fig. 

16). Southerly and southwesterly flow was present over much of the Northeast coastline, 

and winds away from the coast were generally light and variable. Upper level analyses 

indicated southwesterly flow at both 500 hPa and 250 hPa in New England due to a 

slightly negatively tilted trough axis positioned over the eastern Great Lakes (Figs. 17 

and 18). A cut-off was located at 500 hPa and 250 hPa over the Hudson Bay.  
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Figure 16. NCEP surface analysis valid for 1200 UTC on 3 August 2007 for the 

Northeastern U.S. 
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Figure 17. Upper air analysis for 500 hPa winds, geopotential heights, and temperatures 

[wind barbs (kts), geopotential heights (m) contoured in solid lines every 60 m, 

temperature (°C) contoured in red dashed lines every 2°C]. 
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Figure 18. Upper air analysis for 250 hPa winds and streamlines. 

2) CONVECTIVE ANALYSIS 

Convection that had already developed was moving through Somerset county at 

1500 UTC (Fig. 19a). This convection continued to push eastward and more 

thunderstorms did not develop in Oxford county and Franklin county until 1705 UTC 

(Fig. 19b). The cell in Oxford county quickly strengthened and two areas of 

thunderstorms appeared, both developing close to where the initial cells were first 

located. An outflow boundary that extended from Oxford county to Kennebec county was 

apparent at 2027 UTC, which then moved south towards a sea breeze boundary (Fig. 

19c). There seemed to be no interaction between the two boundaries, however. 

Convection that developed in northern Vermont and New Hampshire earlier in the 
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afternoon moved into Maine near 2130 UTC, and a long line of thunderstorms extended 

from Oxford county through Penobscot county and Washington county at the same time 

(Fig. 19d). 

 

Figure 19. Observed reflectivity values (dBZ) for a) 1500 UTC, b) 1705 UTC, c) 2027 

UTC, and d) 2130 UTC. 

 

 

 

a b 

c d 
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3) MESOSCALE ANALYSIS OF WRF SIMULATIONS 

The mesoscale analyses focus on the main ingredients necessary to develop 

thunderstorms: moisture, instability, and source of lift. As such, temperature, dewpoint, 

CAPE, CIN, the wind field and sea level pressure were all investigated through both 

simulations. These variables were examined before and throughout the convective event 

to determine how the thunderstorms formed during the afternoon hours. The data were 

analyzed at 1600 UTC, 1800 UTC, 2100 UTC, and 0000 UTC on 4 August 2007. 

Previous case studies (Belge 2009) focused on the observed conditions and how the 

convection initiated, so this study will focus on the simulations and how they simulated 

the convection. 

(i) 16-hr forecast valid 1600 UTC (Figs. 20-24) 

The reflectivity data was missing at 1600 UTC so the next available time was 

used, which was at 1633 UTC. Scattered cells were moving eastward through southern 

Canada and northern Maine. Although the convection remained in the northern part of the 

domain, both simulations simulated no reflectivity through the entire region.  



44 

 

 

Figure 20. Reflectivity values (dBZ) for 1600 UTC on 3 August, 2007: WRF 16-hr 

forecast of maximum reflectivity for the a) 4-km inner nest, b) 2-km inner nest, and c) 

observed reflectivity from KGYX at 1600 UTC. 

Temperatures above 30°C extended inland through central New Hampshire and 

into northern Maine. Dewpoint temperature values were highest (20-25°C) near the coast. 

CAPE values ranged between 1000-2000 J kg
-1

 in Oxford and Franklin counties, and the 

highest instability was close to the coastline, with CAPE values above 2500 J kg
-1

 from 

a b 

c 
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York county through Kennebec county. The highest instability was located in the areas 

with the highest dewpoint temperatures.  

 

Figure 21. Simulated temperature values (°C) for a) 4-km WRF output and b) 2-km WRF 

output at 1600 UTC on 3 August 2007. 
 

 

Figure 22. Simulated dewpoint values (°C) for a) 4-km WRF output and b) 2-km WRF 

output at 1600 UTC on 3 August 2007. 
 

a b 

a b 
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Figure 23. Simulated CAPE values (J kg
-1

) for A) 4-km WRF output and B) 2-km WRF 

output at 1600 UTC on 3 August 2007. 
 

A pressure trough was located along the coast, which could be the earliest 

indications of convective development through Oxford county and Franklin county. A sea 

breeze boundary could be seen near the coastline where winds from the southerly and 

southeasterly direction meet southwesterly winds. The temperature profile also indicated 

the sea breeze boundary location, where a strong temperature gradient of 10°C/20 km 

was seen and cooler marine air was located southeast of this boundary. The sea breeze 

boundary indicates a low-level convergence zone, an important factor for thunderstorm 

development.   

a b 
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Figure 24. Simulated wind field (m s
-1

) and mean sea level pressure (hPa, contoured 

every 0.5 hPa) for 2-km WRF output at 1600 UTC on 3 August 2007. Dashed line 

indicates an area of convergence. 
 

(ii) 18-hr forecast valid 1800 UTC (Figs. 25-29) 

Convection was seen by 1800 UTC in both simulations. A single thunderstorm 

cell was seen in southwestern Franklin county in the 2-km simulation, which was an 

accurate depiction of the observed conditions. Both the strength and the spatial coverage 

of the thunderstorms were underestimated in the 2-km simulation. However, the single 
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thunderstorm cell that did exist in the simulation was in the correct location. The 4-km 

simulation contained convection initiation in Somerset county and Piscataquis counties 

instead of western Maine. Thunderstorms in the 4-km simulation were also seen in 

northern Vermont, nearly in the same position as a strong cell reaching reflectivity values 

of 40 dBZ in the observed conditions.   

 

Figure 25. Same as in Fig. 20 except at 1800 UTC. 

a b 

c 
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The temperature field remained nearly constant between 1600 UTC and 1800 

UTC, although temperature values above 30°C were seen further north in New 

Hampshire. Dewpoint values also remained constant through much of the region, with 

dewpoint values above 20°C located where convection first formed in the 2-km 

simulation. When examining CAPE, a small area of 2000 J kg
-1

 was seen where 

convection first formed in the 2-km simulation. This area was not seen in the 4-km 

simulation. The highest CAPE values exceeding 3000 J kg
-1

 in both simulations remained 

within the pressure trough through York, Cumberland, and Androscoggin counties. 

 

Figure 26. Same as in Fig. 21 except at 1800 UTC. 

a b 
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Figure 27. Same as in Fig. 22 except at 1800 UTC. 

 

Figure 28. Same as in Fig. 23 except at 1800 UTC. 

The pressure trough continued to strengthen slightly through central and southern 

Maine, deepening by nearly one hPa from the previous hour. Both speed and directional 

convergence became more noticeable where the convection developed in the 2-km 

simulation. The pressure trough remained relatively in place between 1600 UTC and 

1800 UTC.  

a b 

a b 
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Figure 29. Same as in Fig. 24 except at 1800 UTC. 

(iii) 21-hr forecast valid 2100 UTC (Figs. 30-35) 

At 2100 UTC a line of thunderstorms extended from Oxford county through 

Piscataquis county, with a larger band of precipitation in northern Vermont and Maine. 

By 2100 UTC, both simulations showed different reflectivity images. The 2-km 

simulation featured one area of reflectivity values of 35 dBZ in western Oxford county 

and a smaller area of reflectivity values exceeding 30 dBZ in Franklin county. The 2-km 

simulation contained thunderstorms that were far under-developed in terms of strength 
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and spatial extent, and the simulation did not contain the strong line of convection 

spreading through Oxford county and northeast up to Penobscot county. The 4-km 

simulation developed scattered cells through Oxford, Franklin, and Somerset counties, all 

of which were under-developed in reflectivity strength compared to the observed 

conditions. The cells did develop along the same axis as the observed convection. A 

much larger swath of thunderstorms were seen in northern Vermont, New Hampshire, 

and northwestern Maine. This area of thunderstorms in the 4-km simulation was 

relatively accurate in strength and location compared to the observed thunderstorms. 
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Figure 30. Same as in Fig. 20 except at 2100 UTC. 

Temperatures remained above 30°C in southeastern Oxford county and southern 

Franklin county. The 4-km simulation contained a large amount of cooling in northern 

Oxford county and Franklin county, most likely associated with the strong convection 

established in the simulation. The highest dewpoint values expanded further inland, with 

20°C values just along the borders of Oxford, Franklin, Androscoggin and Kennebec 

counties. 

a b 

c 
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Figure 31. Same as in Fig. 21 except at 2100 UTC. 

 

Figure 32. Same as in Fig. 22 except at 2100 UTC. 

 By 2100 UTC the CAPE values above 3000 J kg
-1

 were seen further inland than at 

1800 UTC. These maximum CAPE values remained within the surface pressure trough, 

which was south of the simulated reflectivity. The 4-km simulation presented a massive 

drop in CAPE along the U.S. and Canada border as well as northwestern Maine, with 

a b 

a b 
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minimum CAPE values reaching 0 J kg
-1

. This reduction in CAPE values was most likely 

associated with the large thunderstorms moving through northern Vermont, New 

Hampshire and Maine.  

 

Figure 33. Same as in Fig. 23 except at 2100 UTC. 

 The simulations showed two different scenarios when examining the wind fields. 

Both simulations showed confluence in southeastern Maine, but the sea level pressure 

fields between simulations were very dissimilar in Oxford county and Franklin county. 

The 4-km simulation showed outflow from a mesohigh located just north of the border of 

New Hampshire and Maine due to the strong thunderstorms present in the 4-km 

simulation. The 2-km simulation did not have such a feature, and southwesterly flow 

remained through northern Oxford and Franklin counties. 

a b 
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Figure 34. Same as in Fig. 24 except for 4-km WRF output at 2100 UTC. The circle 

indicates the mesohigh feature. 
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Figure 35. Same as in Fig. 24 except at 2100 UTC. 

(iv) 24-hr forecast valid 0000 UTC, 4 August 2007 (Figs. 36-42) 

A large swath of thunderstorms moved through most of central Maine, extending 

as far back west as northeastern Vermont and as far eastward as Washington county in 

Maine. The strongest thunderstorms formed a well-defined line from Oxford county to 

Penobscot county. The observed thunderstorms appeared as a leading squall line with a 

trailing stratiform precipitation shield, and the simulations had difficulty capturing this 
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structure. Small cells were seen in Franklin and Somerset counties in the 2-km 

simulation, in the right location and nearly the right strength, but not nearly large enough 

as the observed thunderstorms. The 4-km simulation contained convection that was 

similar in strength to the observed convection, but the largest area of precipitation was 

predicted for Coos county, extending northeast into Somerset county. This area was to 

the west of the observed conditions. More thunderstorms were seen in the 4-km 

simulation through southern Franklin county, extending east to Washington county. 

These thunderstorms were closer in location to the strongest observed convection, but 

throughout the simulation there was no well-defined squall line as seen in the observed 

convective structure. 
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Figure 36. Same as in Fig. 20 except at 0000 UTC on 4 August 2007. 

Temperatures decreased by 0000 UTC through the entire region, more so in the 4-

km simulation. The 2-km simulation remained much warmer, with areas above 25°C 

embedded through southern New Hampshire and southern Maine. Dewpoint temperature 

values remained above 15°C along the coast, but values closer to 10°C were seen in the 

4-km simulation. These lower dewpoint temperature values were collocated with much of 

the convection. The 2-km simulation featured the highest dewpoint values coincident 

a b 

c 
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with the simulated convection, with dewpoint temperature values above 20°C. This was 

the first time the peak dewpoint temperature values were collocated with the convection.  

 

Figure 37. Same as in Fig. 21 except at 0000 UTC on 4 August 2007. 

 

Figure 38. Same as in Fig. 22 except at 0000 UTC on 4 August 2007. 

 CAPE values at 0000 UTC varied between simulations. The 2-km simulation 

showed the maximum CAPE values moving further inland and remaining near           

a b 

a b 
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3000 J kg
-1

. This area of peak CAPE values was relatively close to both the convection in 

the model to the observed convection. The 4-km simulation showed CAPE values 

decreasing through the region by 0000 UTC, with a maximum in Maine along the border 

of Oxford and Androscoggin counties at 1500 J kg
-1

. The highest CIN values of           

350 J kg
-1

 remained closest to the shoreline, although the 2-km simulation did show CIN 

values over 250 Jkg
-1

 reaching as far inland as Waldo county. 

 

Figure 39. Same as in Fig. 23 except at 0000 UTC on 4 August 2007. 

a b 
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Figure 40. Simulated CIN values (J kg
-1

) for a) 4-km WRF output and b) 2-km WRF 

output at 0000 UTC on 4 August 2007. 

 The wind fields widely differed at 0000 UTC, generally due to how the 

simulations evolved at 2100 UTC. The 4-km simulation featured a mesohigh with 

associated outflow from the strong convection. The mesohigh moved into Franklin 

county by 0000 UTC. The 2-km simulation featured only one main discernible area of 

confluence, extending through Oxford county and Franklin county. This confluence was 

located west of the convection seen in the reflectivity output. The sea breeze boundary 

located near the coast through the day appeared to dissipate by this time. 

a b 
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Figure 41. Same as in Fig. 34 except at 0000 UTC on 4 August 2007. 
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Figure 42. Same as in Fig. 24 except at 0000 UTC on 4 August 2007. 

4) 3 AUGUST 2007 CASE STUDY SYNOPSIS 

The 4-km simulation did not produce the convection along the domain boundaries 

at 1600 UTC, but was able to properly capture convective initiation by 1800 UTC. 

Thunderstorms were located outside the 2-km simulation domain at 1600 UTC, and 

although this simulation did contain thunderstorms at 1800 UTC, they were too weak and 

under-developed. The 2-km simulation also had more accurate reflectivity values closest 
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to the convective initiation, although the area of thunderstorms in the 2-km simulation 

was much smaller than the observed convection.  

By 2100 UTC, the 4-km simulation became the more accurate representation of 

the observed convection. The position of the thunderstorms was generally correct, with 

the simulations showing convection near the border of the United States and Canada. The 

line of thunderstorms in central Maine was not well represented, and it was difficult to 

discern a squall line in the 4-km simulation by 0000 UTC. The structure of the 

convection in the 2-km simulation was completely wrong, although the actual position of 

the thunderstorms that were seen in the 2-km simulation was correct. The reflectivity 

values in the 2-km simulation were accurate when compared to the observed reflectivity 

values. The thunderstorms in the 4-km simulation reached a larger areal extent than the 

observed thunderstorms, but were still more accurate than the thunderstorms seen in the 

2-km simulation. 

c. Isolated Convection, Southwesterly Flow: 13 July, 2007 (SW2) 

 1) SYNOPTIC ANALYSIS 

The NCEP surface analysis indicated a cold front extending south from Quebec through 

western New York and southwest towards the Midwest (Fig. 43). A prefrontal trough was 

also indicated on the surface analysis in the Gulf of Maine and through Cape Cod. An 

upper level trough was positioned over the eastern Great Lakes at both 500 hPa and 250 

hPa (Figs. 44 and 45). Two jet streaks were seen within the 250 hPa trough. One was 

located over Illinois, but the other jet streak was over southern New York, placing 

northern New England in the poleward exit region of the jet streak. This is suggestive of 

upper level divergence over the region, which can enhance vertical motion and 



66 

 

convective development in northern New England. 

 

Figure 43. NCEP surface analysis valid for 1200 UTC on 13 July 2007 for the 

Northeastern U.S. 
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Figure 44. Upper air analysis for 500 hPa winds, geopotential heights, and temperatures 

[wind barbs (kts), geopotential heights (m) contoured in solid lines every 60 m, 

temperature (°C) contoured in red dashed lines every 2°C]. 
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Figure 45. Upper air analysis for 250 hPa winds and streamlines. 

2) CONVECTIVE ANALYSIS 

 Convection was seen developing in York, Cumberland, Sagadahoc, and Kennebec 

counties at 1738 UTC (Fig. 46a). Thunderstorms were seen in northern New Hampshire 

at 1932 UTC. More thunderstorms also initiated in Oxford county at 1932 UTC (Fig. 

46b). By 2100 UTC a line of thunderstorms extended from Oxford county through 

Piscataquis county, and another cell remained in Penobscot county (Fig. 46c). By 0000 

UTC the convection had dissipated in the region, with areas of precipitation remaining 

across Maine and in Vermont (Fig. 46d). 
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Figure 46. Observed reflectivity values (dBZ) for a) 1738 UTC, b) 1932 UTC, c) 2100 

UTC, and d) 0000 UTC. 

 3) MESOSCALE ANALYSIS OF WRF SIMULATIONS 

(i) 16-hr forecast valid 1600 UTC (Figs. 47-51) 

Weak reflectivity values were observed in Somerset county and Piscataquis 

county, but both the 4-km simulation and 2-km simulation contained convection by this 

time. The 2-km simulation contained isolated cells extending from Grafton county 

a b 

c d 
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northeast through Somerset county, as well as thunderstorms to the north in Coos county. 

The 4-km simulation had a single line of precipitation extending through Coos county 

and Oxford county, but many more cells developing through northern Maine and near the 

Vermont and New Hampshire border. 

 

 

Figure 47. Reflectivity values (dBZ) for 1600 UTC on 13 July 2007: WRF 16-hr forecast 

of maximum reflectivity for the a) 4-km inner nest, b) 2-km inner nest, and c) observed 

reflectivity from KGYX at 1600 UTC. 

c 

b a 
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 Temperatures through much of the coastal plain exceeded 20°C by 1600 UTC. 

Dewpoint temperatures remained below 15°C through much of northern New England, 

except for localized areas of dewpoint temperature values exceeding 15°C in Oxford 

county, Franklin county, and near the coastline in southern Maine. These areas of 

dewpoint temperatures surpassing 15°C were collocated with the highest reflectivity 

values in the 2-km simulation. 

 

Figure 48. Simulated temperature values (°C) for a) 4-km WRF output and b) 2-km WRF 

output at 1600 UTC on 13 July 2007. 

a b 
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Figure 49. Simulated dewpoint values (°C) for a) 4-km WRF output and b) 2-km WRF 

output at 1600 UTC on 13 July 2007. 

 CAPE values through most of New Hampshire and Maine remained below       

500 J kg
-1 

at 1600 UTC. Localized areas of CAPE values above 500 J kg
-1

 were seen in 

Carroll county and Piscataquis county. The strongest reflectivity values were located in 

these localized areas of higher CAPE values. A surface pressure trough was seen near the 

Maine coastline, and a sea breeze boundary was also evident within the pressure trough 

by examining the temperature gradient in southern Maine (Fig. 47). An area of 

confluence was seen north of the sea breeze boundary in Oxford county and Franklin 

county. Thunderstorms initiated in the same area as the confluence zone through Oxford 

county and Franklin county in both the 2-km and 4-km simulations.  

a b 
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Figure 50. Simulated CAPE values (J kg
-1

) for a) 4-km WRF output and b) 2-km WRF 

output at 1600 UTC on 13 July 2007. 

a b 
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Figure 51. Simulated wind field (m s
-1

) and mean sea level pressure (hPa, contoured 

every 0.5 hPa) for 2-km WRF output at 1600 UTC on 13 July 2007. Dashed line indicates 

area of convergence. 

(ii) 18-hr forecast valid 1800 UTC (Figs. 52-56) 

More isolated thunderstorm cells initiated from Oxford county through Somerset 

county. Cells also formed in Cumberland county and Kennebec county, although these 

thunderstorms were less numerous and not as strong. Convection initiated along a sea-

breeze boundary in Cumberland county and Androscoggin county at 1800 UTC. Both 
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simulations did not appear to contain more areas of convection, but instead the 

thunderstorms propagated to the northeast and their strength intensified. The 2-km 

simulation contained thunderstorms that extended from Coos county through Piscataquis 

county, as well as thunderstorms moving through northern Coos county. Isolated cells 

also initiated in York county and Cumberland county in the 2-km simulation, but they 

were weaker and less numerous than the thunderstorms that initiated to the north. This 

corresponded with the observed conditions well. Although convection did develop in 

southern Maine, more widespread thunderstorms were located to the north in Oxford 

county through Somerset county. The 4-km simulation contained thunderstorms in 

Oxford county near the observed convection, but still developed an excess of 

thunderstorm cells across the region compared to the observed conditions. 
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Figure 52. Same as in Fig. 47 except at 1800 UTC. 

Temperature values of 25-29°C were seen extending further into northeastern 

Maine. The temperature gradient strengthened in Oxford county and Franklin county as 

the 10°C temperature gradient changed from approximately 100 km to 65 km. The 

temperature gradient was even stronger in the 2-km simulation, with some areas featuring 

a gradient of 10°C over 40 km. The thunderstorms in the 2-km simulation appeared to 

initiate along this temperature gradient. More localized areas of dewpoint values 

c 

b a 



77 

 

exceeding 15°C were apparent at 1800 UTC in both simulations. The thunderstorms in 

the simulations were mostly within the areas of dewpoint values above 15°C.  

 

Figure 53. Same as in Fig. 48 except at 1800 UTC. 

 

Figure 54. Same as in Fig. 49 except at 1800 UTC. 

 The areas of CAPE values above 500 J kg
-1

 increased in size in Oxford, Franklin, 

and Somerset counties. The localized areas of CAPE values above 500 J kg
-1 

were 

a b 

a b 
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collocated with the convection in the simulations. The surface pressure trough near the 

coast deepened by 1 hPa from 1600 UTC to 1800 UTC. The sea breeze boundary 

remained in the same position as 1600 UTC, and although thunderstorms did initiate near 

the sea breeze boundary in southern Maine, more widespread thunderstorms initiated to 

the north in both the 2-km and 4-km simulations. 

 

Figure 55. Same as in Fig. 50 except at 1800 UTC. 

a b 
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Figure 56. Same as in Fig. 51 except at 1800 UTC. 

(iii) 21-hr forecast valid 2100 UTC (Figs. 57-62) 

At 2100 UTC many isolated thunderstorms were seen from Oxford county 

through Piscataquis county. A larger swath of precipitation was seen across northern 

Franklin county through Piscataquis county. Another cell was located further east in 

Penobscot county. Both the observed and simulated thunderstorms appeared to become 

more organized by 2100 UTC, and though each simulation contained lines of convection 
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similar to the observed convection, the 2-km simulation appeared more accurate by this 

time period. The 2-km simulation produced isolated convection from Coos county 

through Piscataquis county. A cell was also located in northeast Waldo county in the 2-

km simulation, just southwest of the observed cell location. Three main lines of 

thunderstorms were seen in the 4-km simulation; one through Penobscot county, another 

through Franklin county and Piscataquis county, and the final line through Coos county. 

Both simulations also contained very few cells in southern Maine and New Hampshire, 

which agreed with the observed conditions. 
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Figure 57. Same as in Fig. 47 except at 2100 UTC. 

 Temperatures decreased to values in the 20-24°C range through much of the 

coastal plain, and the temperature gradient weakened through interior Maine with a 

10°C/70 km gradient in the 2-km simulation. The highest dewpoint values were located 

in central Maine and through the coastal plain by 2100 UTC, where dewpoint 

temperature values exceeded 15°C. Convection was not limited to the areas of highest 

c 
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dewpoint values, with some thunderstorms being located in the areas of minimum 

dewpoint values. 

 

Figure 58. Same as in Fig. 48 except at 2100 UTC. 

 

Figure 59. Same as in Fig. 49 except at 2100 UTC. 

 Most of the higher CAPE values between 500-1000 J kg
-1

 remained in northern 

New Hampshire and Maine. CAPE values within the surface pressure trough exceeded 

a b 

a b 
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500 J kg
-1

. Values of CAPE above 1000 J kg
-1

 were also seen in Kennebec county and 

Penobscot county. Localized areas of CIN values surpassing 100 J kg
-1

 remained close 

the Maine coast and in Androscoggin, Kennebec, and Lincoln counties. This would 

inhibit thunderstorm development in this region. The localized maxima of CIN above 100 

J kg
-1 

is most likely attributed to the marine air advecting inland due to the southerly 

winds along the coast line. This stable marine boundary layer air would suppress any 

surface-based convection in the region.
  

The pressure trough near the coast deepened by 0.5 hPa between 1800 UTC and 

2100 UTC. Another surface pressure trough was seen further north in Franklin county 

and Somerset county. Thunderstorms appeared to further develop in this surface feature. 

 

Figure 60. Same as in Fig. 50 except at 2100 UTC. 

a b 
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Figure 61. Simulated CIN values (J kg
-1

) for a) 4-km WRF output and b) 2-km WRF 

output at 2100 UTC on 13 July 2007. 

a b 
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Figure 62. Same as in Fig. 51 except at 2100 UTC. 

(iv) 24-hr forecast valid 0000 UTC, 14 July 2007 (Figs. 63-67) 

By 0000 UTC most of the thunderstorms had either moved out of or dissipated 

within the simulated domains. One widespread area of precipitation remained in Waldo 

county, with isolated cells in Oxford county and northeastern Vermont. Both simulations 

showed a large decrease in precipitation, and the 2-km simulation showed even less 

precipitation than the 4-km simulation. The 2-km simulation produced widespread 

scattered cells throughout Maine and in Coos county. The 4-km simulation contained a 
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swath of precipitation lingering in Penobscot county and Hancock county. Isolated cells 

also remained across much of the 4-km simulated domain. 

 

 

Figure 63. Same as in Fig. 47 except at 0000 UTC on 14 July 2007. 

 Temperature values continued to decrease throughout much of New Hampshire 

and Maine in both simulations, with temperatures in the 25-29°C range in southern 

Oxford, Cumberland, and York counties. Dewpoint temperatures also decreased through 

c 
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much of the region, and the dewpoint temperature maxima exceeding 15°C was seen in 

interior Maine. 

 

Figure 64. Same as in Fig. 48 except at 0000 UTC on 14 July 2007. 

 

Figure 65. Same as in Fig. 49 except at 0000 UTC on 14 July 2007. 

Nearly the entire domain in both simulations contained CAPE values below     

500 J kg
-1

, and the simulations showed differences in the CAPE field by 0000 UTC. The 

a b 

a b 
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4-km simulation contained widespread areas of minimum CAPE values near 0 J kg
-1

 in 

northern Maine, central New York, central Vermont, and central New Hampshire. The 2-

km simulation did not show any areas with CAPE values reaching this minimum, and 

also showed a larger portion of the region containing CAPE values exceeding 500 J kg
-1

. 

It appeared that the convection in both simulations was not focused on these localized 

areas of maximum CAPE. The synoptic scale cold front appeared to move through the 

region by 0000 UTC and overtake the sea breeze front, as westerly flow became 

prominent in the wind field by this time. 

 

Figure 66. Same as in Fig. 50 except at 0000 UTC on 14 July 2007. 

a b 
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Figure 67. Same as in Fig. 51 except at 0000 UTC on 14 July 2007. 

 4) 13 JULY 2007 CASE STUDY SYNOPSIS 

 Both simulations contained convective initiation earlier than the observed 

convection. While very few thunderstorms were seen in the observed conditions at 1600 

UTC, convection was widespread in both simulations. Both simulations incorrectly 

predicted the structure of the convection, creating scattered thunderstorms through 

northern New England as well as multiple bands of thunderstorms through Maine and 

New Hampshire. Also, since the timing of the simulated convection was incorrect, the 
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position of the simulated convection was generally incorrect. By 2100 UTC, the 2-km 

simulation contained closer accuracy in terms of the placement of the convection, 

especially with the line of multi-cellular thunderstorms in western Maine. Both 

simulations produced thunderstorms close to the correct counties, but not necessarily 

downstream of the White Mountains as seen in the observed conditions. The intensity 

from both simulations was the most accurate part of the simulations, with reflectivity 

values exceeding 50 dBZ in both simulations as well as the observed conditions. 
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Chapter 4 

 

4.  Northwesterly flow case studies 

The following chapter will discuss the results from the WRF-ARW simulations 

for the northwesterly flow cases (2 June 2007 and 17 June 2007). Similar to the 

southwesterly flow cases, these case studies were chosen from previous research (Belge 

2009). The 2 June 2007 case study contains convective initiation that occurs both in 

“typical” and “atypical” genesis regions as defined by Lowery (2008). The 17 June 2007 

case exhibited convective initiation in only “atypical” regions. Although this did not 

match Belge’s (2009) criteria for choosing case studies, nearly every northwesterly flow 

case consisted of convective initation along frontal boundaries in “atypical” genesis 

regions.  

a. Isolated Convection, Northwesterly Flow: 2 June 2007 (NW1) 

 1) SYNOPTIC ANALYSIS 

 The surface analysis indicated a frontal boundary across central Maine, stretching 

west into southern Quebec and Ontario (Fig. 68). High pressure was located over the 

Atlantic Ocean, providing mostly southerly flow through the Northeast. While the 500 

hPa upper air analysis indicated westerly flow (Fig. 69), northwesterly flow was seen 

over Massachusetts and Maine at 250 hPa (Fig. 70). A jet streak was also located over 

northern Maine, placing much of southern and central Maine in the poleward exit region 

of the jet streak. Although this may act to inhibit thunderstorm development immediately 

at 1200 UTC, movement of the jet streak could alter convergence or divergence aloft, 

affecting convective initiation.  
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Figure 68. NCEP surface analysis valid for 1200 UTC on 2 June 2007 for the 

Northeastern U.S. 
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Figure 69. Upper air analysis for 500 hPa winds, geopotential heights, and temperatures 

[wind barbs (kts), geopotential heights (m) contoured in solid lines every 60 m, 

temperature (°C) contoured in red dashed lines every 2°C]. 
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Figure 70. Upper air analysis for 250 hPa winds and streamlines. 

 2) CONVECTIVE ANALYSIS 

 Convection began in Carroll county soon after 1600 UTC (Fig. 71a). By 1700 

UTC, a broken line of thunderstorms had formed, extending into Androscoggin, 

Kennebec, and Lincoln counties (Fig. 71b). The cell that initially developed moved 

offshore by 1900 UTC, but the line of thunderstorms oriented northwest-southeast 

through Oxford, Androscoggin, Kennebec, and Knox counties remained (Fig. 71c). By 

0000 UTC, multiple scattered thunderstorms were seen throughout the region, the 

strongest of which was located offshore of Massachusetts (Fig. 71d). 
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Figure 71. Observed reflectivity values (dBZ) for a) 1600 UTC, b) 1700 UTC, c) 1900 

UTC, and d) 0000 UTC on 3 June 2007. 

 

 3) MESOSCALE ANALYSIS OF WRF SIMULATIONS 

(i) 16-hr forecast valid 1600 UTC (Figs. 72-76) 

Although observed convective initiation was seen at 1600 UTC, the simulated 

convective initiation already began by this time. Both simulations contained convection 

a b 

c d 
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moving southeastward into Oxford county. The 4-km simulation had one thunderstorm 

containing 40 dBZ reflectivity values on the Maine/New Hampshire border, with weaker 

cells to the east and west. The 2-km simulation had multiple thunderstorms located along 

the Maine/New Hampshire border. Although the simulations established convection 

early, they were in the “typical” convective initiation regions. 

 

Figure 72. Reflectivity values (dBZ) for 1600 UTC on 2 June 2007: WRF 16-hr forecast 

of maximum reflectivity for the a) 4-km inner nest, b) 2-km inner nest, and c) observed 

reflectivity from KGYX at 1600 UTC. 

c 

b a 
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 Model temperatures near the simulated convection were 20-30°C.  Dewpoint 

temperatures were 15-20°C in the counties where the convection began. Both the 

maximum temperature and dewpoint values were collocated with the strongest areas of 

convection. 

 

Figure 73. Simulated temperature values (°C) for a) 4-km WRF output and b) 2-km WRF 

output at 1600 UTC on 2 June 2007. 
 

a b 
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Figure 74. Simulated dewpoint values (°C) for a) 4-km WRF output and b) 2-km WRF 

output at 1600 UTC on 2 June 2007. 
 

 Peak CAPE values were 1000-1500 J kg
-1 

in southern York county. A mesolow 

feature was seen in Carroll county, most likely associated with the convective initiation. 

Confluence to the southeast of the mesolow was visible in the wind field, most likely due 

to a developing sea breeze boundary. 

a b 
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Figure 75. Simulated CAPE values (J kg
-1

) for a) 4-km WRF output and b) 2-km WRF 

output at 1600 UTC on 2 June 2007. 
 

a b 
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Figure 76. Simulated wind field (m s
-1

) and mean sea level pressure (hPa, contoured 

every 0.5 hPa) for 2-km WRF output at 1600 UTC on 2 June 2007. The dashed line 

indicates an area of confluence. 
 

(ii) 18-hr forecast valid 1800 UTC (Figs. 77-82) 

The strongest thunderstorm cell moved southeastward along the borders of York 

county and Cumberland county. The other thunderstorms in the region continued to move 

southeast as well, weakening slightly as they moved into Maine. A broken line of 

thunderstorms was visible to the north of the strongest cell, extending from Oxford 
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county through Androscoggin, Kennebec, and Lincoln counties. Both simulations 

identified the most intense cell and placed it within a few kilometers of the strongest 

observed cell, as well as containing multiple other thunderstorms throughout most of the 

region. The simulations appeared to generate cellular thunderstorms instead of specific 

lines of convection. 

 

Figure 77. Same as in Fig. 72 except at 1800 UTC. 

c 

b a 
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The onshore marine air became apparent in the temperature field by 1800 UTC, 

with temperatures in Cumberland county decreasing below 20°C. Temperature values 

along the coastline dropped to 15°C. As the cooler air entered into Maine, two areas of 

relatively strong temperature gradients began to appear in Maine. One temperature 

gradient developed through York county and Cumberland county, an area where 

thunderstorms were seen in both simulations as well as the observed conditions. This 

temperature gradient was approximately 10°C/25 km. Another temperature gradient 

extended along the border of Oxford county and Cumberland county, as well as the 

border of Cumberland county and Androscoggin county. This temperature gradient was 

approximately 10°C/20 km. Thunderstorms were seen along this gradient in the 2-km 

simulation alone. Dewpoint temperature values were similar to 1600 UTC and the peak 

dewpoint temperature values (20°C) were seen in southern Oxford county, associated 

with an area of convection in the 2-km simulation.  

 

Figure 78. Same as in Fig. 73 except at 1800 UTC. The circles indicate areas containing a 

temperature gradient associated with simulated convection. 

a b 
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Figure 79. Same as in Fig. 74 except at 1800 UTC. 

Maximum CAPE values of 1000 J kg
-1

 were seen in York, Oxford, and Carroll 

counties. The 4-km simulation also showed peak CAPE values exceeding 1500 J kg
-1

 

along the border of Oxford county and Carroll county. The CIN values with a local 

maximum greater than 50 J kg
-1 

in the 4-km simulation and greater than 100 J kg
-1

 in the 

2-km simulation were seen through York county south into Strafford county and 

Rockingham county. The higher CIN values further implied marine air pushing onshore 

and a sea breeze boundary present near the Maine coastline. 

a b 
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Figure 80. Same as in Fig. 75 except at 1800 UTC. 

 

Figure 81. Simulated CIN values (J kg
-1

) for a) 4-km WRF output and b) 2-km WRF 

output at 1800 UTC on 2 June 2007. 

 In the 2-km simulated wind field, an inverted trough appeared in Cumberland 

county and extended inland, which continued to bring onshore flow for the Maine coast. 

Strong directional convergence could be seen through York county and extending into 

Carroll county. This line of convergence also aligned with the higher values of CAPE. 

a b 

a b 
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Figure 82. Same as in Fig. 76 except at 1800 UTC.  

(iii) 21-hr forecast valid 2100 UTC (Figs. 83-88) 

At 2100 UTC, scattered thunderstorms were moving through Oxford, Franklin, 

Androscoggin and Kennebec counties. There was not a well-defined line of observed 

thunderstorms as there was at 1800 UTC. Both simulations showed a large swath of 

thunderstorms through Oxford county and Androscoggin county, and the 2-km 

simulation contained thunderstorms that extended even further into Kennebec county. 
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The simulations did have convection in the correct counties, but the convection was 

spatially too large and extended much farther than the observed convection. The 

simulations did accurately depict the intensity of the observed thunderstorms. 

 

Figure 83. Same as in Fig. 72 except at 2100 UTC. 

 Temperature values decreased throughout the region between 1800 and 2100 

UTC, and temperatures dropped approximately 10°C across many areas of western Maine 

between these time periods. The cooler temperatures in the region were associated with 

c 

b a 



107 

 

the simulated convection in the region. Both temperature gradients seen at 1800 UTC had 

weakened by 2100 UTC.  The strongest simulated temperature gradient was now in 

southern New Hampshire and approximately 15°C/20 km, stronger than the temperature 

gradients previously seen in Maine. Isolated convection formed near this temperature 

gradient in the 2-km simulation, while only a single cell appeared to initiate in the 4-km 

simulation. Dewpoint temperature values appeared to uniformly increase slightly through 

the region, and the highest dewpoint temperatures (20-25°C) still remained close to the 

New Hampshire and Maine border, to the west of most of the simulated convection. 

 

Figure 84. Same as in Fig. 73 except at 2100 UTC. 

a b 
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Figure 85. Same as in Fig. 74 except at 2100 UTC. 

 The CAPE values continued to increase between 1800 UTC and 2100 UTC, with 

a large area of CAPE greater than 1500 J kg
-1

 in both simulations as well as an embedded 

peak of over 2000 J kg
-1

 located in Carroll county in the 2-km simulation. The higher 

CAPE values were collocated with the back end of the convection; the convection was 

mostly associated with CAPE values below 500 J kg
-1

. The CIN values also increased 

above 150 J kg
-1

 in Strafford county and Rockingham county. The CIN maximum values 

were seen further inland than at 1800 UTC, indicating that the sea breeze boundary was 

moving further inland. 

a b 
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Figure 86. Same as in Fig. 75 except at 2100 UTC. 

 

Figure 87. Same as in Fig. 81 except at 2100 UTC. 

 A mesolow feature with a mean sea level pressure of 1009 hPa was seen at 2100 

UTC in southern New Hampshire, associated with faster winds and convergence at the 

surface. A weaker mesolow was located near the coast to the southeast of Cumberland 

county, also associated with directional convergence but weaker wind speeds than the 

a b 
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mesolow in southern New Hampshire. An area of confluence was seen extending through 

Oxford county and Androscoggin county. Thunderstorms were seen in close proximity to 

all of these features. 

 

Figure 88. Same as in Fig. 76 except at 2100 UTC. The black circles indicate mesolow 

features. 
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(iv) 24-hr forecast valid 0000 UTC, 3 June 2007 (Figs. 89-93) 

At 0000 UTC one area of strong thunderstorms remained in Maine, located in 

Oxford county and Androscoggin county. Scattered thunderstorms were seen to the 

southeast and the north of the strongest cell, but their reflectivity values were much 

lower. Convection still remained throughout much of the region; one strong thunderstorm 

was located just to the north of Boston, MA and more convection was moving into 

western New Hampshire. The 2-km simulation contained a large line of thunderstorms in 

Oxford, Cumberland, Androscoggin and Lincoln counties, and this line continued to 

stretch out over the Atlantic. Most of the convection was over the ocean in the 4-km 

simulation, although many smaller cells remained through New Hampshire and Vermont, 

as well as a weaker line of thunderstorms through Oxford, Franklin, and Kennebec 

counties. Both simulations spatially over-developed the thunderstorms throughout the 

region, but the 2-km simulation did capture the correct intensity of the cell in Maine.  
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Figure 89. Same as in Fig. 72 except at 0000 UTC on 3 June 2007. 

Temperature values through western and central Maine were between 15-20°C, 

and much of the convection in Maine was located in these areas. The highest 

temperatures and the strongest temperature gradient in the region were located in 

southern New Hampshire, although simulated convection was visible to the northeast of 

this area. Dewpoint values remained relatively consistent with 2100 UTC, except that the 
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localized maximums of dew point on the New Hampshire and Maine border were not 

seen at 0000 UTC. 

 

Figure 90. Same as in Fig. 73 except at 0000 UTC on 3 June 2007. 

 

Figure 91. Same as in Fig. 74 except at 0000 UTC on 3 June 2007. 

 The CAPE values greatly decreased in most of Maine, and areas of convection 

were generally located where CAPE values were less than 500 J kg
-1

. Local maxima of 

a b 
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CAPE over 1000 J kg
-1

 were located south and west of most of the convection. The 

mesolow features seen in the simulations at 2100 UTC were not annotated in the pressure 

field at 0000 UTC, although cyclonic flow was seen offshore of southern New 

Hampshire. This area of convergence was not close to most of the simulated convection 

in the region. 

 

Figure 92. Same as in Fig. 75 except at 0000 UTC on 3 June 2007. 

a b 
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Figure 93. Same as in Fig. 76 except at 0000 UTC on 3 June 2007. The circle indicates 

the cyclonic flow near the coast associated with convergence. 

 4) 2 JUNE 2007 CASE STUDY SYNOPSIS 

Convection began nearly at the correct time in the WRF simulations, although 

more thunderstorms were initiated in the simulations compared to the observed 

conditions at 1600 UTC. After convective initiation however, both simulations were not 

very accurate in convective development. The structures of the thunderstorms in the 

simulations were inaccurate, with large swaths of spatially over-developed convection in 
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both the 4-km and 2-km simulation. The positioning of the convection was partially 

correct with simulated thunderstorms in western Maine and central New Hampshire, but 

the thunderstorms spread through much more of the region in both simulations. Although 

the simulated convection covered a large amount of the region, the reflectivity values of 

the convection were accurate when compared to the observed reflectivity values.   

b. Isolated Convection, Northwesterly Flow: 17 June 2007 (NW2) 

 1) SYNOPTIC ANALYSIS 

 A cold front was situated to the west of New England, extending along the U.S. 

and Canada border. A surface pre-frontal trough was observed to the east of this cold 

front through New England. Surface flow was generally southerly to southwesterly 

within this pressure trough (Fig. 94). Both 500 hPa and 250 hPa upper air analyses 

indicated northwesterly flow aloft over the Northeast as well as a cut-off low located over 

the Atlantic Ocean (Figs. 95 and 96). 



117 

 

 

Figure 94. NCEP surface analysis valid for 1200 UTC on 17 June 2007 for the 

Northeastern U.S. 
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Figure 95. Upper air analysis for 500 hPa winds, geopotential heights, and temperatures 

[wind barbs (kts), geopotential heights (m) contoured in solid lines every 60 m, 

temperature (°C) contoured in red dashed lines every 2°C]. 
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Figure 96. Upper air analysis for 250 hPa winds and streamlines. 

 2) CONVECTIVE ANALYSIS 

 A line of convection developed east of the cold front analyzed in the surface 

analysis and entered Coos county at 1520 UTC (Fig. 97a). The convection moved 

southeastward and entered Oxford county at 1600 UTC. Multiple isolated cells also 

formed in Penobscot county at 1600 UTC. As the initial line of convection moved 

through Oxford county and Franklin county, it began to dissipate as another line of 

thunderstorms formed and developed to the east along a pre-frontal trough. The newer 

line of convection began to form around 1700 UTC and matured into a well-defined line 

by 1827 UTC (Fig. 97b). The precipitation associated with this convection was seen 

extending from Sagadahoc county to Penobscot county. As the convection moved toward 
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the coast it continued to strengthen until 2025 UTC, which was when the convection 

began to move offshore (Fig. 97c). By 2200 UTC the line of thunderstorms had mostly 

dissipated and only a few cells remained over land at 2240 UTC in Penobscot county and 

Pisacataquis county, as well as further west in Grafton county (Fig. 97d). 

 

Figure 97. Observed reflectivity values (dBZ) for a) 1520 UTC, b) 1827 UTC, c) 2025 

UTC, and d) 2240 UTC. 

  

 

a b 

c d 
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3) MESOSCALE ANALYSIS OF WRF SIMULATIONS 

(i) 16-hr forecast valid 1600 UTC (Figs. 98-102) 

The line of observed convection was located in Coos county at 1600 UTC, 

extending north through most of the county and into Canada. Both simulations contained 

convection by 1600 UTC, though both the placement and intensity of the convection was 

not accurately depicted. The thunderstorms were underdeveloped both spatially and in 

terms of intensity in the 2-km simulation. The 4-km simulation contained weak 

reflectivity echoes from Oxford county to Pisacataquis county, to the east of the observed 

lined of convection. 
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Figure 98. Reflectivity values (dBZ) for 1600 UTC on 17 June 2007: WRF 16-hr forecast 

of maximum reflectivity for the a) 4-km inner nest, b) 2-km inner nest, and c) observed 

reflectivity from KGYX at 1600 UTC. 

The highest temperatures through the region were between 25-30°C across much 

of the coastal plain in Maine. The line of reflectivity echoes between 10-20 dBZ in the 4-

km simulation appeared along the temperature gradient of approximately 5°C/60 km seen 

in northwestern Maine. Dewpoint temperature values were relatively uniform throughout 

the region, with values between 10-20°C throughout most of the domain. 
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Figure 99. Simulated temperature values (°C) for a) 4-km WRF output and b) 2-km WRF 

output at 1600 UTC on 17 June 2007. 

 

Figure 100. Simulated dewpoint values (°C) for a) 4-km WRF output and b) 2-km WRF 

output at 1600 UTC on 17 June 2007. 

The CAPE values exceeded 500 J kg
-1 

through most of the region in both 

simulations. There were also large swaths of CAPE above 1000 J kg
-1 

across western 

New Hampshire and central Maine, with a maximum of 1500 J kg
-1

 in Somerset county 

a b 
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in the 2-km model. In the surface pressure field, a surface pressure trough was seen along 

the coast of Maine. Confluence could be seen extending along this trough as onshore 

flow met westerly and southwesterly winds. 

 

Figure 101. Simulated CAPE values (J kg
-1

) for a) 4-km WRF output and b) 2-km WRF 

output at 1600 UTC on 17 June 2007. 
 

 

a b 
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Figure 102. Simulated wind field (m s-
1)

 and mean sea level pressure (hPa, contoured 

every 0.5 hPa) for 2-km WRF output at 1600 UTC on 17 June 2007. Dashed line 

indicates an area of convergence. 
 

(ii) 18-hr forecast valid 1800 UTC (Figs. 103-108) 

The observed line of convection that moved through Oxford county and Franklin 

county began to weaken by 1800 UTC and a new line of convection formed from the 

interaction between the surface pressure trough and the sea breeze boundary. This line of 

thunderstorms extended from Cumberland county to the northeast through Penobscot 
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county. Both WRF model simulations missed the weakening of the initial precipitation 

and formation of a new line of convection. Both simulations contained convection further 

northwest than the observed convection. A band of isolated thunderstorms were seen in 

the 2-km simulation, spreading from Oxford county through Penobscot county. Isolated 

convection was also seen in the 4-km simulation through much of the same counties as 

the 2-km simulation but also in New Hampshire and Vermont, which was not the case in 

the observed conditions. 
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Figure 103. Same as in Fig. 98 except at 1800 UTC. 

 Temperatures remained similar to 1600 UTC across southern Maine, where 

surface temperature values were between 25-30°C. Most of the convective initiation 

appeared to occur within the temperature gradient located through northwestern Maine. 

This temperature gradient did not significantly change between 1600 UTC and 1800 

UTC. Dewpoint temperature values remained consistently between 15-20°C. Small 
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localized maxima of dewpoint temperature values above 20°C were seen in Penobscot 

and Somerset counties in both simulations.  

  

Figure 104. Same as in Fig. 99 except at 1800 UTC. 

 

Figure 105. Same as in Fig. 100 except at 1800 UTC. 

The CAPE values increased in much of the region from 1600 UTC to            

1500-2000 J kg
-1

. The peak CAPE values were generally collocated with the simulated 

a b 
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convection. These areas of peak CAPE were not necessarily close to the observed 

convection, however. 

 

Figure 106. Same as in Fig. 101 except at 1800 UTC. 

 Directional convergence within the surface pressure trough near the Maine 

coastline appeared to be one of the main sources of lift through the region. The 

convergence field at 925 hPa and 850 hPa was plotted to examine features throughout the 

region, specifically the surface pressure trough. Investigating the convergence could lead 

to an explanation for convective initiation and development further northwest than much 

of the observed convection.  

a b 
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Figure 107. Same as in Fig. 102 except at 1800 UTC. 
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Figure 108. Convergence (s
-1

) plotted for 2-km WRF output at a) 925 hPa and b) 850 

hPa. 

 It is hard to distinguish noticeable areas of strong convergence at 925 hPa 

associated with the interaction between the pressure trough and the sea breeze boundary. 

At 850 hPa localized areas of convergence reaching values above 30 s
-1

 are near the coast 

through Cumberland, Sagadahoc, Lincoln, and Knox counties. Even higher values of 

convergence above 40 s
-1 

were located inland, which was where thunderstorms were 

located in the 2-km simulation. Values of convergence greater than 40 s
-1 

extended 

downwind of the White Mountains. A lee pressure trough can be seen downwind of the 

White Mountains, associated with higher values of convergence within the trough. The 

simulations appeared to have higher values of convergence within the lee pressure trough 

compared to the pressure trough along the coastline, leading to convective initiation and 

development occurring further inland. This was clearly not the case in the observed 

conditions, where thunderstorms initiated further east than the simulated convection. 
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(iii) 21-hr forecast valid 2100 UTC (Figs. 109-113) 

The line of observed thunderstorms moved over the Atlantic Ocean by 2100 UTC, 

with only the northern-most part of the line remaining over land in Washington county. 

Both simulations contained convection moving both over the Atlantic as well as over 

land, which was inaccurate. This is most likely due to the fact that when the observed 

convection initiated, the thunderstorms formed further east than the simulated convection. 

As both the observed and simulation thunderstorms moved from west to east, the 

simulated thunderstorms consistently remained to the west of the observed 

thunderstorms. While the convective initiation was slightly mistimed, the position of the 

simulated convection was incorrect. 
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Figure 109. Same as in Fig. 98 except at 2100 UTC. 

 Temperatures through much of the coastal plain decreased approximately 5°C to 

20-25°C with smaller isolated pockets of temperature values above 25°C remaining in 

central and southern Maine. The temperature gradient noted in the past two time periods 

persisted, but convective initiation did not occur in this area by this time period. The 

areas of localized dewpoint temperature maximums greater than 20°C were expanding 

b a 

c 
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through much of the coastal plain since 1800 UTC, very close to the convection moving 

through southeastern Maine. 

 

Figure 110. Same as in Fig. 99 except at 2100 UTC. 

 

Figure 111. Same as in Fig. 100 except at 2100 UTC. 

 The CAPE values still remained above 1500 J kg
-1

 across much of Maine in both 

simulations, while CAPE values in the 2-km simulation reached above 2000 J kg
-1

 from 

a b 

a b 
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York county to the northeast through Penobscot county. Much of the convection in both 

simulations was located in close proximity to CAPE values above 1500 J kg
-1

. Some 

areas of convection were also collocated with the peak CAPE values, although this was 

not the case with all of the simulated convection. 

 

Figure 112. Same as in Fig. 101 except at 2100 UTC. 

 The surface pressure trough was not nearly as discernible in the pressure field at 

2100 UTC. Northwesterly flow prevailed through much of New Hampshire and Maine, 

most likely associated with the cold front moving through New England (Fig. 94). 

Mesolow features developed near the coast of York county and Cumberland county, 

enhancing convergence in these areas. These mesolows were not collocated with 

simulated convection, however. 

a b 
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Figure 113. Same as in Fig. 102 except at 2100 UTC. The black circles indicate mesolow 

features. 

(iv) 24-hr forecast valid 0000 UTC, 18 June 2007 (Figs. 114-118) 

Scattered thunderstorms were observed in Maine by 0000 UTC, moving through 

Penobscot county. A more defined line of convection was seen through Grafton, Sullivan, 

and Merrimack counties. Both simulations were more accurate in the placement of the 

convection by this time period. Nearly all of the thunderstorms were out of the domain in 

the 2-km simulation, except for one remaining area of thunderstorms in southern New 
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Hampshire. This area of simulated thunderstorms was located approximately 40 miles 

southeast of observed thunderstorms. Isolated thunderstorms remained near the Maine 

coastline in the 4-km simulation, as well as other cells through southern Vermont and 

northern Massachusetts. Although convection was misplaced in the 4-km simulation at 

0000 UTC, the placement of convection in the 2-km simulation was more accurate. 

 

Figure 114. Same as in Fig. 98 except at 0000 UTC on 18 June 2007. 

c 

b 

a 
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Temperatures through most of the coastal plain were between 20-25°C, although 

no convection was visible in Maine in the 2-km simulation. The strongest convection 

appeared in Massachusetts by 0000 UTC, and the convection was not located near a 

temperature gradient. Dewpoint values between 15-20°C remained closest to the 

shoreline, and no areas of dewpoint maxima were seen in the images associated with the 

thunderstorms moving through Massachusetts. 

 

Figure 115. Same as in Fig. 99 except at 0000 UTC on 18 June 2007. 

a b 



139 

 

 

Figure 116. Same as in Fig. 100 except at 0000 UTC on 18 June 2007. 

The imagery of CAPE values at 0000 UTC mark the indication of the cold front 

that moved through Maine and New Hampshire. Some areas in the region to the southeast 

of the cold front still contained CAPE values above 1500 J kg
-1

. The convection 

remaining in the 2-km simulation was associated with CAPE values much lower than the 

maximum CAPE values in the region. The wind field became more uniform by 0000 

UTC with the frontal passage, with a shift to northerly and northwesterly winds 

throughout much of the region.  

a b 
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Figure 117. Same as in Fig. 101 except at 0000 UTC on 18 June 2007. 

a b 
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Figure 118. Same as in Fig. 102 except at 0000 UTC on 18 June 2007.  

4) 17 JUNE 2007 CASE STUDY SYNOPSIS  

 Convection initiation occurred by 1600 UTC in both simulations, but the observed 

convection was already visible in a well-developed line, moving through northern New 

Hampshire. Both the structure and position of the simulated convection was inaccurate 

compared to the observed convection. While the simulations developed many cellular 

thunderstorms through the region, the observed convection consisted of linear 

thunderstorms. The simulated thunderstorms developed slightly later in the time period 
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than the observed thunderstorms and remained to the west of the observed convection 

throughout the entire event. The intensity of the simulated convection was accurate, as 

the most intense thunderstorms in both the observed and simulated conditions reached 

between 50-60 dBZ at 1800 UTC.  
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Chapter 5 

5. Miscellaneous Cases 

a. Weak reflectivity case: 26 September 2007 

 26 September 2007 was chosen for further investigation after finding that the 

WRF model poorly simulated convective activity on this date. Observed radar imagery 

indicated a single line of convection through Vermont, into northern New Hampshire and 

western Maine. Convective initiation occurred in Vermont and thunderstorms moved into 

New Hampshire by 2100 UTC, with the northeastern extent of the line reaching western 

Maine (Fig. 119e). The WRF model output using the Kain-Fritsch parameterization 

scheme for the 10-km outer domain and no parameterization scheme for the 2-km inner 

domain contained no significant convective activity through the entire time period (Fig. 

119b). Three different pairings of parameterization schemes were tested to find how the 

altered parameterization schemes within the WRF model would handle convective 

initiation in the domain. The three test cases included: 

1. Betts-Miller-Janjic for 10-km outer domain, no parameterization scheme for 2-km 

inner domain. 

2. Grell-Freitas for 10-km outer domain, no parameterization scheme for 2-km inner 

domain. 

3. Kain-Fritsch for 10-km outer domain, no parameterization scheme for 2-km inner 

domain. 

The WRF model output using the Betts-Miller-Janjic parameterization scheme 

appeared to be most accurate, but the thunderstorms were considerably underdeveloped 



144 

 

compared to the observed convection. Fig. 119c shows this model run, which contained 

two individual cells in Coos county at 2100 UTC and other isolated cells through Oxford 

county and Franklin county. Each of the WRF model runs with altered parameterization 

schemes contained reflectivity echoes that were weaker than the observed reflectivity 

values. The WRF model run using the Grell-Freitas scheme was the only other test case 

that contained any sort of measurable convection, but much of it was located farther north 

of the observed convection and the intensity was too weak throughout the domain (Fig. 

119d). The model runs using the Kain-Fritsch scheme both contained extremely weak 

reflectivity values and no thunderstorms in the domain (Figs. 119a and 119b).  
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Figure 119. 2-km WRF simulated reflectivity values (dBZ) with different 

parameterization schemes and observed reflectivity values for 26 September 2007 at 

2100 UTC. a) The KF scheme in both the outer and inner model domains. The other 

simulations contain no parameterization scheme for the inner domain, and b) KF, c) BMJ, 

and d) GF for the outer domains. e) Observed reflectivity values.  

b a 

c d 

e 
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It is difficult to pinpoint specific reasoning as to why the WRF model completely 

missed the convection. One thought is that the WRF simulations misjudged the lifting 

mechanism in the models, thus the line of thunderstorms would not develop within the 

simulations. The convergence fields show many gravity waves emanating from the 

mountainous terrain in New Hampshire and Maine, but no focal areas of convergence 

where the convection could develop. The scheme pairing that actually developed isolated 

thunderstorms (Betts-Miller-Janjic outer domain/no scheme inner domain) did have 

slightly enhanced areas of convergence in southern Coos county near Mt. Washington, 

directly where thunderstorms formed. This would lead to the assumption that there was 

not enough convergence throughout the rest of the domain to either further develop these 

thunderstorms or for convective initiation to occur. 

b. Severe thunderstorm case: 21 July 2010 

 Another case chosen for further investigation was 21 July 2010, which featured 

severe thunderstorms and an EF1 tornado in York county that moved into Cumberland 

county. A mesoscale convective system developed in Vermont and New Hampshire, 

moving into Maine with multiple severe cells embedded in the system. By the end of the 

time period, the element had a linear structure with an asymmetric stratiform rain region 

to the north. Two different parameterization scheme pairings were utilized for this test 

case: 

1. Kain-Fritsch for 10-km outer domain, no parameterization scheme for 2-km inner 

domain. (Figs. 120a, 121a, 122a) 

2. Betts-Miller-Janjic for 10-km outer domain, no parameterization scheme for 2-km 

inner domain. (Figs. 120b, 121b, 122b) 
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Both WRF model cases contained isolated convection throughout central New 

Hampshire and southern Maine, which accurately depicted the observed convection. The 

placement of the convection in both model cases was not very accurate, as most of the 

thunderstorms in the simulations were focused through central New Hampshire, while 

most of the observed thunderstorms were located in western New Hampshire and along 

the border of New Hampshire and Vermont. The WRF model output with the Kain-

Fritsch parameterization scheme for the 10-km outer domain contained the proper 

intensity of the thunderstorms throughout the event, but the accuracy of the placement 

and overall size of convection was poor. The WRF model output with the BMJ 

parameterization scheme for the 10-km outer domain showed very similar results: 

accurate reflectivity intensity through the entire event, but poor accuracy for both 

placement and size of the convection. The structure of both model runs was also 

incorrect.  

 

Figure 120. Simulated and observed reflectivity values (dBZ) for the severe weather 

event on 21 July 2010 at 1800 UTC. Both simulations contain no parameterization 

scheme for the inner nest. For the outer model domain: a) KF scheme and b) BMJ 

scheme. c) Observed reflectivity values. 

a b 

c 
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Figure 121. Same as Fig. 120, except at 2100 UTC. 

 

Figure 122. Same as Fig. 120, except at 0000 UTC on 22 July 2010. 

 Neither WRF model test run accurately depicted this convective event. Both 

parameterization scheme pairings captured different nuances of the MCS to an extent but 

still missed the main structure of the element as well as the location of the convective line 

associated with the MCS along the coast of Maine. Although this is a singular case, it 

shows that the WRF model has a difficult time handling a MCS event as well as a 

complex convective structure. 

c. WRF-ARW forecast case: 17 August 2012 

 Another extraneous WRF case study was to find how the WRF model could work 

in a “forecast” mode, or using forecast fields from the GFS model as boundary conditions 

a b 
c 

a b 
c 
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instead of initialization fields. By using the GFS forecast fields, we can evaluate if 

running the WRF model operationally produces skillful high resolution forecasts. 

 17 August 2012 was the case chosen to examine a WRF model forecast. The 

forecast simulation was compared to the simulation run with the GFS initialization fields. 

Both simulations were compared to the observed conditions to find how skillful the WRF 

model was when utilizing the GFS forecast fields. Observed isolated cells began to 

develop along a north-south axis near the New Hampshire and Vermont border at 1943 

UTC. Behind this axis of convection was another line of thunderstorms moving through 

central Vermont. Both convective lines extended from the U.S./Canadian border 

southward near the Massachusetts border. The first axis of convection moved into Maine 

by 2144 UTC, and as it moved through Maine the isolated cells connected into a full-

fledged line. 

 The WRF model simulation with the forecast fields appeared more accurate than 

the simulation with the initialization fields. The forecast model had isolated cells in a 

linear formation from Oxford county to Grafton county. The WRF analysis simulation 

did not contain this structure yet, developing isolated convection across northern New 

Hampshire and Vermont. As time passed, the WRF forecast model became less accurate 

as the multiple cells converged into a single cell. The WRF analysis model began to 

develop the linear structure further into the time period, but it did not develop convection 

south towards the Maine coastline. It also lagged behind the real convective location by 

0000 UTC. 
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Figure 123. Simulated and observed reflectivity values (dBZ) for 17 August 2012 at 2000 

UTC. a) WRF simulation using analysis fields every six hours, b) WRF simulation using 

forecast fields every six hours, and c) observed reflectivity values. 

 

Figure 124. Same as Fig. 123 except at 2200 UTC. 

 

Figure 125. Same as Fig. 123 except at 0000 UTC on 18 August 2012. 

 Although convective initiation occurred in the forecast WRF model at the correct 

time and position, the forecast simulation became less accurate as the time period 

a b 

c 

a b 

c 

a b 

c 
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continued. The analysis fields initially incorrectly simulated the structure and position of 

the convective initiation, but became more accurate than the forecast WRF model by 

0000 UTC. Both simulations could not fully encapsulate the full extent of the convective 

line and did not initiate thunderstorms in southern New Hampshire. Even still, this is only 

one specific case, and more cases would further indicate how the WRF model handles 

convection in an operational sense. 
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Chapter 6 

6. Discussion 

 The WRF-ARW model showed mixed results when modeling convection within 

New England. Although one case (NW1) showed great accuracy when comparing the 

simulated convection with the observed convection, another case (NW2) completely 

missed mesoscale interactions that affected how convective initiation occurred initiated in 

the model domain. The other two cases (SW1, SW2) featured time periods within the 

simulation that followed closely to the observed conditions as well as time periods that 

were completely different from the observed convection. Table 4 shows a summary of 

each case, including the timing, structure, position, and intensity of the simulations when 

compared to the observed conditions. The WRF model appeared to have trouble properly 

identifying the structure in nearly each case. The positioning of the simulated convection 

was not fully accurate in most cases as well. The timing of the convective initiation and 

the intensity of the reflectivity values were accurate through most of the simulation cases. 
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Table 4. Comparison of timing, structure, position, and intensity between the simulated 

and observed convection.  

 

The case events in this study were chosen because they did not have any synoptic 

forcing influences on the convective initiation. The cases did occur in pre-frontal 

environments, but the convection did not form from lifting mechanisms related to any 

sort of synoptic boundaries. This was in order to focus on how topography enabled the 

convection to form. Any sort of synoptic boundary would most likely become the main 

source of lift for convection, making it difficult to identify the role of topography in the 

convective development. 

Both southwesterly cases contained observed thunderstorm initiation in the 

“typical” areas of thunderstorm genesis. The same results were seen within the WRF 

model, where both cases contained convective initiation in the “typical” genesis regions. 

Belge (2009) attributed the observed thunderstorm development to a lee surface pressure 

trough that was seen in the pre-convective environment. This pressure trough was also 

seen in the model pre-convective environment before thunderstorms initiated in the 
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simulations. Convergence within the trough would provide the lift needed for 

thunderstorm development. Since a large amount of moisture and instability is present 

through these cases (much more so in the SW1 case) the convergence and associated lift 

was the critical component to the thunderstorm development. This was stated in Belge’s 

(2009) results and it holds true for these simulations as well. Figure 126 shows the pre-

convective pressure trough to the southeast of the White Mountains at 1600 UTC as well 

as the convection that develops within the next hour for the SW2 case.  

 

Figure 126. Images from 13 July 2007 for a) model surface pressure (hPa), wind field   

(m s
-1

) at 1600 UTC and b) model reflectivity values (dBZ) at 1700 UTC. 

The northwesterly cases contained different results between the two cases. 

Convective initiation occurred in both “typical” and “atypical” genesis regions in the 

NW1 case, while convective initiation occurred only in “atypical” genesis regions in the 

NW2 case. The NW2 event was more representative of all northwesterly flow regime 

cases in Belge’s (2009) study than the NW1 event. The NW1 event featured much similar 

development compared to the southwesterly case events, where a lee pressure trough in 

a 
b 
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the observations led to convergence and thunderstorm formation near the tri-county 

border of Carroll county, Oxford county, and Strafford county. The WRF model 

identified this convective initiation, albeit nearly an hour earlier than observed convective 

initiation. The lee trough is difficult to pinpoint in the WRF model output, so it is difficult 

to associate the model convection with the lee trough as seen in the other cases. A 

mesolow feature was visible in Carroll county, however, and convergence associated 

with this feature could be the main factor for convective initiation. A strong cell then 

developed in Cumberland county, slightly east of the observed location of the 

thunderstorm. The thunderstorm that initiated in the simulation formed within a surface 

pressure trough located near the Maine coast, a feature not mentioned in Belge’s (2009) 

results. This pressure trough is a different feature than the lee trough seen in the 

southwesterly cases that is closer to the White Mountains. 

The NW2 event contained both “typical” and “atypical” thunderstorm initiation, 

which occurred in most of the northwesterly flow cases in Belge’s (2009) research. The 

observed thunderstorms developed along a pre-frontal trough, which Belge (2009) 

defined as “frontal.” As such, it was difficult to identify the terrain’s role in convective 

initiation and development. A broad pressure trough was visible in the 4-km WRF model 

results at 1500 UTC, extending through central Maine and into Carroll county and 

Belknap county. The thunderstorms in the 2-km simulation developed at 1700 UTC, 

upstream of this trough. 
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Figure 127. Comparison between model pre-convective environment and convective 

initiation for the NW2 case. a) is the 4-km model MSLP (hPa) and wind vectors (m s
-1

) at 

1500 UTC, b) is the 2-km model reflectivity values (dBZ) at 1700 UTC, and c) is the 

observed reflectivity values at 1800 UTC. 

 A surface pressure trough along the Maine coastline was evident in every event. 

Convergence associated with the pressure trough could attribute to increased lift in the 

environment and further initiation and development of thunderstorms. The surface 

a 
b 

c 
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pressure trough feature played a vital role in the NW2 case, where the main convective 

initiation occurred due to the convergence associated with the surface pressure trough. A 

sea breeze boundary was also seen during this event, and interaction between these 

features contributed to even further convective initiation and development.   

 

 

Figure 128. Surface pressure analysis (hPa, contoured every 0.5 hPa) and wind vectors 

(m s
-1

) at 2100 UTC of each case study, showing the surface pressure trough present near 

the Maine coast in each event. a) SW1, b) SW2, c) NW1, and d) NW2. 

 

c 

b a 

d 
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Figure 129. Model convergence (m s
-1

) analysis plotted at 2100 UTC of each case study 

for all four cases. a) SW1, b) SW2, c) NW1, d) NW2. 

Although the WRF model contained higher convergence values across much of 

the region, the foci for the greatest areas of convergence were closest to the mountains 

(Fig. 129). The thunderstorms within the WRF model would often initiate to the 

northwest of where the observed convection formed, and the WRF model output would 

be incorrect for the rest of the time period. The structure of the simulated thunderstorms 

a b 

c d 
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that formed was also often different than the observed thunderstorms because the 

processes for convective development were different. The observed convection often 

developed in a linear structure within the surface pressure trough. The simulated 

convection appeared to initiate downwind of the mountains with a more cellular 

appearance. Figure 130 shows the contrast between simulated and observed reflectivity 

images for the NW2 case. 

 

Figure 130. a) Simulated reflectivity values (dBZ) and b) observed reflectivity values 

(dBZ) for the NW2 case at 1800 UTC. 

 While seemingly half of the simulations had difficult with the timing of the 

convection within each event, they also were able to generally partially identify the 

correct positioning of the convection. The WRF model for the NW2 case initiated 

convection late, missing the observed convective initiation by two hours. Model 

convective initiation occurred nearly two hours early in the SW2 case at 1500 UTC, 

while observed convection began close to 1700 UTC in this event. The NW1 and SW1 

cases were modeled relatively well in terms of timing. In the NW1 case, weak reflectivity 

a 

b 
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values were seen at 1600 UTC in both model and observed conditions, and the WRF 

model captured the timing of the strongest convective cell that formed in Cumberland 

county at 1800 UTC. The SW1 simulation also contained convective initiation at the time 

that observed thunderstorms formed. The timing issues between multiple cases could 

appear from a variety of causes, although one main source of error may be due to the 

domain sizes of the simulations. With both model simulation domains covering a small 

area of the continental U.S. (12-km/4-km and 10-km/2-km) and centered on New 

England, the convection may not be completely resolved within the model domains, 

leading to incorrect forecasts. This appeared to occur in the NW2 case where a line of 

thunderstorms formed west of the 2-km nested model domain. The observed convection 

remained together as it moved into the model domain, so although thunderstorms 

progressed into northern New Hampshire at 1600 UTC, convection did not develop in the 

simulations until 1700 UTC.  

 A relatively strong temperature gradient was seen in two out of the four case 

events with convection initiation and development occurring along these baroclinic 

boundaries. The two cases contained different orientations of the temperature gradient. In 

the NW1 case, two temperature gradients were oriented southeast-northwest through 

York, Cumberland, and Sagadahoc counties.  This orientation was due to cold air 

advecting northwestward from the Atlantic Ocean and over land, wedging into York 

county and Cumberland county. For the SW2 case, the gradient was oriented southwest-

northeast through Oxford county and Franklin county. In both cases, the convection in 

the simulations formed in the same direction as the orientation of the baroclinic 

boundary.  
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Figure 131. a) Temperature (°C) and b) simulated reflectivity values (dBZ) for the NW1 

case. 

 

Figure 132. a) Temperature (°C) and b) simulated reflectivity values (dBZ) for the SW2 

case. 

  

a 

a 

b 
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Chapter 7 

7. Conclusion 

The objective of this study was to examine thunderstorm genesis locations in 

northern New England. The complex terrain of the region impacts the pre-convective 

environment and can influence thunderstorm development in specific areas. The location 

of areas of strong convergence can be a key factor in the determination of convective 

initiation. 

The WRF-ARW numerical weather model was utilized to simulate specific 

thunderstorm events used in this study. Since these were all convective cases, the main 

feature of study within the WRF-ARW was the cumulus parameterization schemes. Four 

different cumulus parameterization schemes were tested, as well as running the WRF 

model without a cumulus parameterization scheme. The results showed that the Kain-

Fritsch scheme performed the best as an outer domain parameterization scheme, which is 

in agreement with other studies about parameterization schemes (Wang and Seaman 

1996; Ma and Tan 2009).  

 Four convective events that contained convective activity occurring in a pre-

frontal environment were simulated using the Kain-Fritsch scheme in the outer domain of 

a single nest simulation. Each simulation was completed for 24 hours from 0000 UTC-

0000 UTC, and two simulations were run for each event. One simulation contained an 

outer domain of 12-km and a nested domain of 4-km, and the other simulation contained 

an outer domain of 10-km and a nested domain of 2-km. After comparing the two results, 

the 10-km/2-km simulation showed more accurate simulations than the 12-km/4-km 

overall. This is somewhat expected, since the higher resolution allows a more accurate 
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representation of topography and should lead to more accurate depictions of convergence 

and convective initiation.  

These four case studies were chosen based on previous research of convective 

activity in New England. Belge (2009) chose these events in order to focus on the role of 

topography in the pre-convective environment. Lowery’s (2008) dataset used events from 

Belge’s (2009) study which contained thunderstorms that developed in “typical” regions, 

as well as thunderstorms that initiated away from surface boundary interactions. The 

southwesterly case results from Belge’s (2009) results and the WRF-ARW output 

showed the same type of conditions: a lee pressure trough that developed on the eastern 

side of the White Mountains. This trough created the lift necessary for convective 

initiation. Although the SW1 case contained weak simulated reflectivity values, 

convective initiation occurred in “typical” regions on the lee side of the mountains in 

both southwesterly flow cases (for SW cases, typical areas included central Oxford, 

central Franklin and southwest Somerset counties; south of the Merrimack and Belknap 

county border; central Oxford county; northern Grafton county; and southern Somerset 

county). The WRF-ARW southwesterly flow cases matched accurately with Belge’s 

(2009) results.  

The simulated northwesterly flow cases contained different pre-convective 

environments. In one event (NW1), a synoptic-scale trough was positioned over most of 

the Northeast. The broad trough aided convergence in the region, specifically on the lee 

side of the White Mountains similarly to the lee troughs present in the southwesterly flow 

cases. This lifting mechanism appeared to be what forced the convective initiation on this 

day, as the simulated thunderstorms formed just east of the White Mountains. 
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Thunderstorms did not form in the “typical” areas as identified by Lowery (2008) and 

Belge (2009) in the NW2 case (for NW cases, typical areas included near the border of 

Strafford and York counties and along the tri-county border of Carroll, York and Oxford 

counties). A pressure trough was located adjacent to the Maine coastline in this event, 

though thunderstorms initiated just northwest of this trough. While observed 

thunderstorms formed within the pressure trough near the coast, the WRF-ARW model 

did not capture this characteristic. 

Overall, the convergence created by the surface pressure troughs appears to be a 

major factor for convective initiation in the Northeast. Moisture and instability were 

readily available throughout the region in each case tested in this study. The location of 

the surface pressure trough was the most important factor for these cases in determining 

the location of convective initiation. Since these cases were all pre-frontal, away from 

any synoptic-scale boundaries, the mesoscale surface pressure troughs and associated 

convergence played a large role in convective initiation. 

a. Future Work 

 Each case was modeled using the WRF-ARW model, which is a highly 

customizable numerical model. This study focused on cumulus parameterization 

schemes, but nearly any parameterization scheme can be tested to find which 

combination gives the best results. There are an enormous amount of possibilities 

between all different parameterizations, but the microphysics schemes and the planetary 

boundary layer (PBL) schemes may hold greater importance when modeling convection. 

A Large Eddy Simulation could be examined within the WRF model to create more 

accurate boundary layer conditions. Both horizontal and vertical resolution can also be 
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modified within the model. An even finer resolution than 2 km can be examined to find if 

it is able to improve on the topography within the model, which would then provide more 

accurate portrayals of convective initiation and development. Vertical resolution can be 

altered, and more vertical grid points located within convection could provide even 

further precision into the structure of the storms. 

 This study only used four case studies to compare to observations and analyses 

already completed within a previous study. More case studies would be helpful to 

evaluate if the surface pressure trough is truly the most important factor in determining 

convective initiation. Severe thunderstorm cases including hail or tornadoes can also be 

examined further within the WRF-ARW model. One severe weather case was examined 

in this study, and the WRF did not handle the convective environment and development 

well.  

 Another extraneous case in this study looked at how the WRF-ARW modeled an 

event in “forecast” mode, using model forecast fields every three hours. The test case 

using forecast fields within the WRF-ARW captured part of the event correctly, but 

contained much less skill further in the time period. More events need to be simulated to 

achieve more robust results and further fine-tune the WRF-ARW for operational cases.  
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