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Abstract 

Northern New England Cold Air Damming (CAD) is an important example of complex 

mesoscale flow interactions with orography that have an impact on low stratus, freezing 

rain, and sleet precipitation types.  These wintry precipitation phenomena can have 

significant impact on the transportation industry if not forecasted and identified with high 

accuracy. While cold-air damming has been extensively studied in the U.S. Mid-Atlantic 

region east of the Appalachians, only very limited research has been conducted on events 

where cold air becomes entrenched east and south of the northern Appalachians of New 

England. In this study, cold-air damming events are identified using hourly surface 

station data to calculate a Cold-Air Damming Index (CADINX). The index is calculated 

as the average surface potential temperature gradient between five "central" stations 

located in the cold air along the eastern edge of the Appalachians (in Maine, New 

Hampshire, Massachusetts) and stations located in the warmer air west of the mountains 

(in Quebec, Vermont, New York) and stations located in the warmer air along the 

southern New England coast (in Maine, New Hampshire, Rhode Island). The index is set 

to zero if the central station is not colder than the surrounding stations. In addition, the 

index is only non-zero when higher sea level pressure is located to the north and east in 

the along mountain direction. 
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CAD events are objectively determined by applying the CADINX to hourly data for the 

five central stations. A CAD event is identified when three of the five stations have non-

zero CADINX values for at least 6 consecutive hours. Once CAD events are identified, 

the following information is collected for each event: start/end time, peak time, 

average/max/min CADINX value. Initially, CAD events have been identified for a test 

month (Jan 2012) and for all of 2016. During these periods 28 northern New England 

CAD events have been identified. Examination of RUC analyses and observations show 

that these events exhibit “classic” CAD characteristics as described by Bell and Bosart 

(1988), where a thermal trough (ridge) of potential temperature exists east (west) of the 

mountain barrier with a surface anticyclone situated to the north of the damming region.  

While the synoptic configuration during these cases is similar and expected, the 

mesoscale features differ significantly from case to case. In approximately half of the 

CAD events examined thus far, the typical mesoscale pressure ridge associated with the 

low-level cold air is easily identified. The other half, however, indicated the presence of 

the low-level cold air with no sign of an associated mesoscale pressure ridge. Future 

work will extend the analysis to create a 15-year climatology of New England cold-air 

damming events using the CADINX, investigating the spectrum of CAD events, and 

exploring the dynamical and thermodynamical mechanisms of CAD life cycles. 
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Chapter 1 

1. Introduction and Literature Review 

a. Introduction/Motivation 

Cold air damming (CAD) has been extensively studied along the Appalachian Mountains 

in the Mid-Atlantic and Southeast United States.  While CAD events can occur at any 

point during the year, winter CAD events pose a significant risk for the transportation 

industry when sub-freezing temperatures, and subsequent frozen precipitation, are poorly 

forecasted or missed entirely. While the processes and synoptic variability of CAD in the 

Mid-Atlantic and Southeast have been well documented, northern Appalachian CAD has 

gone untouched by the scientific community. This thesis will discuss the implementation 

of a CAD index (CADINX) to identify and document an objective 15-year climatology of 

CAD along the northern Appalachian Mountains in New England. 

The process of cold air damming along the Appalachian Mountains occurs when the 

eastern slopes act to funnel and trap cold air southward (Richwien 1980). The cold air 

takes on the shape of a dome and can be identified by a pressure ridge in the sea level 

isobar pattern (Bell and Bosart 1988). The formation of CAD can be generally described 

as a geostrophic adjustment process (Lackmann 2011). Fig. 1 represents an idealized 

version of this process, with higher pressure located to the north and a north-south 

oriented mid-latitude mountain barrier. As air flow approaches the mountain barrier from 

the east, the wind speed decreases and the Coriolis force responds by weakening. The 

once balanced pressure gradient force and Coriolis force are now unbalanced, and the 

wind field turns towards the south to balance the pressure gradient force. This process 

also disrupts the pressure field, as the deceleration and rotation of the wind field into the 
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barrier results in the piling up of mass and the development of a mesoscale pressure 

ridge. 

 

 

Figure 1. Idealized depiction of geostrophic adjustment with westerly flow and a north-
south oriented mountain barrier. Isobars (solid black lines) are contoured every 2 mb. 

 

The combination of a strong surface anticyclone to the north and the geostrophic 

adjustment process described above results in the onset of a CAD event along the 

Appalachians (Baily et al 2003). During a non-precipitating CAD event, northerly cold 

air advection by the ageostrophic wind, adiabatic cooling due to orographic lift, and the 

accumulation of mass along the eastern side of the barrier all contribute to the increased 

stability of the cold dome and the development of the mesoscale pressure ridge. Fig. 2 

shows the idealized, 3-D representation of the final adjusted state of Appalachian CAD 

created by Bell and Bosart (1988). The low-level wind maximum inside the cold dome is 

decoupled from the moist, ascending flow above by a sloping inversion. This warm 

advection above the cold dome helps to strengthen the inversion and increase stability. In 
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addition, the warm, moist air ascending the cold pool condenses and creates cloud cover 

above the cold dome that aids in protecting the shallow layer of cold air from solar 

heating. If precipitation begins to fall into the CAD region, the process of evaporative 

cooling will help to stabilize the cold pool even further, thus strengthening and 

prolonging the event. (Lackmann 2011)  

b.  Literature Review 

Bell and Bosart (1988) created a 50-year climatology of CAD east of the Appalachians 

using two separate periods of data; 1899 – 1918 and 1950 – 1979. The 30+ year gap in 

the climatology was utilized to compare CAD frequency between the early and middle 

part of the century. Bell and Bosart (1988) found no significant difference in the monthly 

occurrences of CAD between the two time periods. This finding bodes well for 

comparisons of other CAD climatology’s spanning different time periods that include the 

late 20th and early 21st century. Bell and Bosart (1988) concluded that 67% of all 

damming events occur between October and April while the average number of CAD 

events peak in both December and March at approximately 3. CAD events lasting longer 

than 36 hours are considered “strong” in their climatology, and on average these events 

peak at approximately once per month in December and March as well.  The 50-year 

climatology shows CAD events are favored during late autumn and early winter, which 

Bell and Bosart (1988) contribute to the time at which the land is coldest relative to the 

ocean and “cold anticyclones tend to be located more over land, away from destructive 

heat fluxes of the warmer ocean waters.”  The second peak in CAD occurs in March, and 

according to Bell and Bosart (1988), could be attributed to the “northward retreat of the 

westerlies and the development of an upper-level split flow regime over the central 
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United States.”  This upper level regime allows for Canadian high-pressure systems to 

dip southward over the United States and provide the source of cold air for CAD events 

to occur.  

To develop a better understanding of CAD synoptics and dynamics, Bell and 

Bosart (1988) analyzed a CAD event that occurred from 0000 UTC 22 March through 

1800 UTC 23 March 1985. The CAD region for this event enveloped the area east of the 

Appalachian Mountains from Virginia to western Georgia. The findings corroborate the 

initial CAD synoptic and dynamic expectations; a cold dome and subsequent “U-shape” 

ridge in the sea-level pressure field as well as the “U-shape” trough in potential 

temperature contours signaling the uniform distribution of cold air within the cold dome. 

Closer examination of this case study revealed the flow regimes as shown in Fig. 2. As 

previously mentioned, evaporative cooling processes act to cool the air further and 
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stabilize the cold pool. Bell and Bosart (1988) found that “roughly 30% of cooling in the 

cold dome was generated by evaporative cooling”.  

 

 

Figure 2. Conceptual model of the fully developed CAD region as shown by Bell and 
Bosart (1988). 

     

While these diabatic processes can aid in maintaining a CAD event that has already 

formed, they can also be solely responsible for a CAD event with no synoptic influences 

present. Kramer (1997) and Hartfield (1998) distinguished CAD events by the “relative 

roles of synoptic scale forcing and diabatic processes” and classified them between three 

possible CAD schemes. The first scheme, named Classical CAD, represents events that 

are initiated by synoptic scale features. Kramer (1997) and Hartfield (1998) subjectively 

defined this scheme by the presence of 1030+ millibar high pressure centered north of 
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40°N and limited influences from diabatic processes. The second scheme, “in situ” CAD, 

contains all CAD cases where diabatic processes play a dominant role in CAD formation 

and maintenance. The third scheme, “hybrid” CAD, result from synoptic scale forcing 

and diabatic processes. In these hybrid cases, the surface anticyclone to the north of the 

damming region tends to be poorly positioned or much weaker with respect to the 

classical CAD scheme. 

Like Bell and Bosart (1988), Baily et al. (2003) performed their own climatology 

beginning 1 January 1984 and ending 31 December 1995. However, unlike the subjective 

identification method used by Bell and Bosart (1988), Baily et al. (2003) utilize an 

objective identification algorithm that utilizes surface observations from in and around 

the CAD region to calculate gradients in sea level pressure and surface potential 

temperature. This identification scheme will be discussed in depth in Chapter 2 of this 

thesis, as the algorithm used in this research project mirrors that of Baily et al. (2003), 

with a few changes to accompany the shift in the location from the southern 

Appalachians to northern Appalachians.  

After completing the 12-year climatology, Baily et al. (2003) found a large population of 

warm season CAD events, with the month of July containing the least amount of CAD 

events and the month of September exhibiting the largest occurrences of CAD. While this 

distribution differs completely from the results of Bell and Bosart (1988), if the Baily et al. 
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(2003) climatology is restricted to the strongest 200 events, the monthly distribution lines 

up well with the Bell and Bosart (1988) climatology (Fig. 3).  

 

Figure 3. Monthly CAD frequency from 1984 to 1995 as detected by Baily et al. (2003) 
objective climatology. Black bars denote total CAD frequency; gray bars denote 
frequency of 200 strongest events. 

 

After identifying 353 CAD events between January 1984 and December 1995, Baily et 

al. (2003) set out to build off the original classification scheme of Kramer (1997) and 

Hartfield (1998). After examining the 353 CAD events, Baily et al. (2013) settled on the 

6 separate classification schemes below: 

1.) “Classical diabatically enhanced (CDEN)” – Strong and favorably situated 

surface high pressure centered north of 40°N between 100° and 65°W with central 

pressure greater than or equal to 1030 hPa. Duration of CAD event must exceed 24 hr 

and precipitation must be reported at any central station within 6 hr of CAD event onset. 
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2.) “Classical dry onset (CDRY)” – Same surface high pressure criteria as CDEN, 

however no precipitation reported at any of the central stations within 6 hr of onset.  

3.) “Hybrid (HYBR)” – Precipitation is reported at 1 or more central stations within 6 

hr of CAD onset. The parent surface high pressure must be less than 1030 mb and must 

be centered between 100° and 65°W if north of 40°N at onset. If parent high is located 

south of 40°N, high pressure must be centered between 100° and 70°W with no central 

pressure requirement. These pressure criteria summarize a parent anticyclone that is 

either weak or not optimally positioned for CAD. 

4.) “Weak Dry (WKDR)” – Same pressure criteria as “Hybrid” with the exception 

that the pressure must remain below 1030 mb regardless of location at onset. In addition, 

there can be no precipitation reported within 6 hr of onset. 

5.) “In situ (INST)” – Precipitation reported within 6 hr of onset with the parent high 

pressure centered east of 70°W if south of 40°N. If parent high pressure is located north 

of 40°N, then it must be centered east of 65°W. These pressure criteria ensure that the 

high pressure is unable to support CAD on its own, however did leave cold dry air in 

place at the lower levels. 

6.) “Unclassifiable (UNKN)” -- CAD event characteristics do not meet any of the 

other classification criteria. 

These classification schemes and the original Kramer (1997) and Hartfield (1998) 

classification schemes are summarized in Fig. 4 as provided by Baily et al. (2003). 
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Figure 4. CAD classification spectrum as they relate to the contributions of diabatic 
processes and synoptic-scale forcing: (a) Kramer (1997) and Hartfield (1998) scheme and 
(b) revised Baily et al. (2003) scheme. 

 

The cold season CAD events in the Baily et al. (2003) climatology are distributed 

amongst the six classification schemes as follows: 

CDEN – 19 CDRY – 73 HYBR – 20 WKDR – 48 INST – 6 UNKN – 14  

Baily et al. (2013) also found that during the warm season (16 April – 15 October), the 

frequency of the two classical types of CAD decreased from 92 to 19 while the HYBR 
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event frequency increased from 20 to 41. Average event duration was also studied for 

each of the 5 classifiable schemes and is shown below: 

CDEN – 50hr       CDRY – 48hr        WKDR – 32hr       HYBR – 23hr       INST – 11hr 

While the average duration of in situ events was only 11hr, Baily et al. (2003) noted the 

sample size of in situ events was quite small compared to the other event types. 

 These two publications provide the basis for the methodology of creating a 

northern New England CAD climatology.  The findings of Bell and Bosart (1988) and 

Baily et al. (2003) will give context for typical southern Appalachian CAD events and 

allow the comparison to be made with the new northern New England CAD climatology. 

While the identification and classification of northern New England CAD in this thesis 

will differ from that of Baily et al. (2003), the foundation has been laid for the creation 

and implementation of a new Cold Air Damming Index (CADINX) built for northern 

New England. 
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Chapter 2 

1.  Data and Methodology 

a.  Data 

To identify a New England CAD event, a 2nd generation CAD index model 

(CADEX) is implemented. The 1st generation model, developed by Handler (2015), 

ingests station data from 14 surface observing stations oriented along mountain normal 

transects from southern New Hampshire to northern Maine (Fig. 5). 

 
 

Figure 5. Stations and used in computing the Laplacian of sea level pressure and 
ageostrophic index (blue). The red line represents the mountain-normal lines for which 
the Laplacians were evaluated for, whereas the orange line represents a schematic of the 
ageostrophic index term. (Handler 2015) 
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 The second generation CADINX model modifies the location of these 14 stations by 

extending the southernmost station to Massachusetts and maintaining a more parallel 

orientation to the northern Appalachians (Fig. 6). 

 

Figure 6. Map of stations used for CADINX calculation (station elevation, m). Yellow 
dots represent stations with CAD. Blue dots represent stations outside the CAD region. 
(Maps generated online using USGS topography and Google Earth). 

 

 The original southernmost station in New York had been Newburgh (KSWF), however 

the continued occurrence of missing data forced the shift to Orange County Airport, New 

York (KMGJ). Additionally, a full year of data from Plymouth, NH (K1P1) begins in 
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2007, therefore Laconia, NH (KLCI) is selected as a replacement for the years 2002 – 

2006 as the proximity is close and the elevations are virtually identical.  Surface data 

from the National Centers for Environmental Information (NCEI) Integrated Surface 

Database (ISD) includes sub hourly temperature, dew point, sea level pressure, and 

occasionally altimeter setting when sea level pressure is unavailable. Each stations data is 

adjusted by removing sub-hourly data points and creating missing data flags for hours in 

which the station did not report. Data missing for less than 6 consecutive hours was 

linearly interpolated, while data missing for more than 6 hours was flagged if data could 

not be acquired from other sources. The full 15 year climatology for all 14 stations was 

quality assured through the AIRSEA (Miller 2003) MATLAB program to perform 

interpolation and remove sub-hourly data points. Quality assured data was then processed 

through a PYTHON script built to ingest hourly surface observations and output CAD 

event files containing start/end times and hourly CADINX values. 

 Raw METAR code for each of the 5 central stations and surface analysis are 

compiled for the CAD events identified by the CADINX. METAR data is obtained from 

the Iowa State University Iowa Environmental Mesonet archived database. Surface 

analysis are obtained from the Weather Prediction Center’s (WPC) surface analysis 

archive. 

b. Methodology 

When assessing regional gradients in temperatures across varying terrain, 

potential temperature is chosen and utilized at a reference isobaric surface of 1000 mb. 

By bringing air parcels adiabatically to a standard level, comparisons can be made 

between air parcels of many different elevations. Virtual potential temperature provides 
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the added benefit of ignoring moisture in the air, as the virtual potential temperature of 

two air parcels will instantly present which parcel is more/less dense. Calculating virtual 

potential temperature from the surface meteorological datasets requires converting sea 

level pressure or altimeter setting to station pressure. This is accomplished by adjusting 

the sea level pressure at each station to the elevation of said station by dividing the 

elevation by 8 (for the U.S. standard atmosphere, the average change in pressure in the 

lowest few hundred meters is ~ 8m/mb per the U.S standard atmosphere table). After 

station temperature is converted to kelvin and dew point temperatures are converted to 

degrees Celsius, the actual vapor pressure is calculated using the Clausius-Clapeyron 

equation containing the dew point temperature: 

 

 

  

 

Next, mixing ratio is calculated using the relationship with vapor pressure as follows: 

 

 

Where r is the mixing ratio, e is the vapor pressure, p is the station pressure and epsilon is 

equal to Rd/Rv = 0.622. From the mixing ratio, virtual temperature is calculated via the 

equation: 
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After completing the time series of these variables, virtual potential temperature is 

calculated using Poisson’s equation and replacing temperature with virtual temperature: 

           

 

where Rd/cp = 0.286 and p0 = 1000 mb. A complete time series of virtual potential 

temperature now exists for each of the 14 stations in the CADINX model. 

 The CADINX value is computed through the gradients of virtual potential 

temperature. These gradients are computed by finite difference approximations as shown 

below: 

 

 

 

 

The CADINX value is then calculated as: 

CADINX = mean(abs(A), abs(B), abs(C)) x 100 

with units of °C (100km)-1. The gradients and CADINX calculation are repeated for each 

of the 5 central stations. 

 The initial 2nd generation of the CADINX implemented three criteria of the newly 

calculated surface variables to identify a CAD event: 
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1.) The central station along the mountain normal transect must contain lower values 

of virtual potential temperature than the stations to the west, east and south (CADINX > 

0). 

2.) The Laplacian of sea level pressure across the mountain normal transects must be 

negative. 

3.) The above two criteria must be met at a minimum of 3 central stations for at least 

6 consecutive hours 

This CADINX was first applied to a test dataset of January 2012 to determine the 

accuracy of CAD detection and determine if false positives exist. The results of the 

CADINX model were compared to subjective analysis of archived 13-km Rapid Update 

Cycle (RUC) potential temperature and SLP fields. While the CADINX model accurately 

identified 4 CAD cases between 1 January – 31 January, subjective analysis of surface 

potential temperature indicated 3 other CAD events with the absence of a signature 

mesoscale ridge. Fig. 7 shows the comparison of a CADINX identified CAD event and a 

CAD event with a similar potential temperature profile but uniform pressure gradient. 
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Figure 7. Rapid Update Cycle (RUC) analysis of two separate CAD events in January 
2012. Sea level pressure (solid black lines) contoured every 1 millibar and surface 
potential temperature (Kelvin) is shaded. The CAD event on 13 January 2012 (top) 
exhibited a classic mesoscale ridge overtop the trough in potential temperatures east of 
the mountain barrier. A CAD event on 23 January 2012 (bottom) shows a strong signal 
for damming of colder air east of the mountain barrier, however any signal of a 
mesoscale ridge is completely absent. 



18 
 

 

With the knowledge that the current CADINX would not identify these CAD events, the 

pressure criteria were modified as follows: 

2.) The gradient in sea level pressure must be oriented to the north and east across all 

5 central stations. 

By removing the Laplacian criteria of the SLP, the need for a mesoscale pressure ridge 

was removed. The updated CADINX model applied to the same test month then captured 

all 7 events, as shown in Fig. 8. While only 7 events were identified passing all three 

criteria, several non-events with positive CADINX values occur often over the course of 

the test month. Subjective analysis of these times shows nighttime radiational cooling as 

the culprit for a trough of potential temperatures in the damming region, not CAD. 

 

Figure 8. CADINX (K 100 km-1) time series for CAD stations for January 2012. The 
index is zero when the station does not meet the potential temperature criteria (charcoal 
line) and is area-shaded when the station meets the pressure criteria (solid bright blue). 

 

CAD Event Peak 
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 With confidence in the CADINX model achieved, the full 15-year climatology 

was built. Each CAD event is contained in a comma separated values file format 

containing dates and times for each hour during a CAD event and the CADINX value for 

each of the 5 central stations. The climatology is scrutinized to determine any 

relationships and trends that exist.  To represent the CADINX values variability over the 

duration of an event, the median value of nonzero CADINX values over the 5 central 

stations is utilized to represent each hour of said event. 
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Chapter 3 

1.  Climatology 

 After initial testing, the new CADINX was applied to a 15-year dataset beginning 

1 January 2002 and ending 31 December 2016. The CADINX produced 242 total CAD 

events with the frequency of CAD events per month displayed in Fig. 9. While CAD 

events in northern New England occur both during the cold and warm seasons, the 

frequency at which they occur changes dramatically.  Only 4 total CAD events were 

identified during the months June – August over the 15-year climatology, while the cold 

season months of November – February contained 145 CAD events, or approximately 

60% of all events. A peak in CAD frequency occurs in early winter 

(November/December) and again in late winter/early spring (February/March). This 

finding corroborates the results of Bell and Bosart (1988) where they found two peaks in 

CAD event frequency in December and March.  
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Figure 9. CAD Event Frequency per month as detected by the CADINX between January 

2002 and December 2016. 

 

Fig. 10 shows the breakdown of each CAD event based on its duration. Beginning at six 

hours (the minimum for an event to register), the distribution of CAD duration decays 

exponentially. Of the 242 CAD events, the average duration was 13 hours with a median 

of 11 hours and a maximum event duration of 52 hours. 

 

Figure 10. Histogram of CAD event duration. Average event duration, median event 
duration and most common event duration are displayed in upper right-hand corner of 
plot. 

 

Comparing event duration to month of year indicates longer events typically occur during 

the middle of winter (November – January), peaking in January with an average CAD 

event duration of 15.6 hours (Fig. 11). 
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Figure 11. Average CAD event duration for events occurring in each month of the year. 
Event duration peaks in December with an average of 15.6 hours. 

 

Fig 12. shows the distribution of event frequency based on start and end times. While 

CAD events can begin and end at any point during the day, there lies a higher frequency 

of CAD events beginning in the evening and overnight hours (23:00 – 05:00 UTC) and 

ending during the daytime (10:00 – 18:00 UTC). 
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Figure 12. Histogram of CAD event start time (top) for each hour (in UTC) of the day 
and histogram of CAD event end time (bot) for each hour (in UTC) of the day. 

 

The CADINX value at each of the five central stations, grouped by month, is shown in 

Fig. 13. KMLT’s monthly CADINX distribution shows a peak in median CADINX value 

during the month of January. On either side of this maximum, median CADINX values 

decrease towards the summer months. This distribution holds true for KWVL, while 

KIZG exhibits a peak median CADINX value during December. K1P1 shows a bi-modal 

distribution of median CADINX values with local maxima in December and April. The 
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southernmost station, KORE, shows increased variability and no clear pattern in the 

monthly distribution of median CADINX values. 

 

 

Figure 13. Monthly distribution of CADINX values for all CAD events in 15-year 
climatology. Box Plots are overlaid to show time series of median CADINX values per 
month. 
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While previous studies (Bell and Bosart 1988, Bailey et al. 2003) have filtered their 

climatology of CAD between strong and weak events using the strength of the Laplacian 

of sea-level pressure, northern New England CAD events and their occasional absence of 

a mesoscale pressure ridge (and thus Laplacian of SLP) make this prospect difficult. 

Limiting the 242 CAD events to those that lasted at least 24 hours attempts to isolate the 

stronger events from the shorter, weaker ones. This criterion results in 22 “strong” events 

of the 242, or approximately the top 10%.  Fig 13. shows a new bimodal distribution of 

“strong” CAD events per month. All “strong” events occur between October – March 

with local maxima in November and February. 

 

 

Figure 14. Histogram of "strong" CAD events per month. "Strong" CAD events are 
defined as the events with a duration of 24 hours or longer. 

 

Fig. 15 represents a moving average of the time series of the median CADINX value over 

the course of each “strong” event. A clear pattern emerges when averaging the hourly 
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CADINX values for all strong events as shown in Fig. 16. The CADINX value peaks just 

after onset before decreasing and leveling off through the heart of the CAD period. As the 

CAD event ends, CADINX values begin to rise before peaking again at or near 

termination.  

 

 

Figure 15. Spaghetti plot showing the moving average of hourly CADINX values for 
each of the "strong" events. 
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Figure 16. Time Series of average CADINX value for all 22 "strong" events. 

 

The climatology of northern New England CAD between 1 January 2002 and 31 

December 2016 exhibits likeness to the climatology’s of Bell and Bosart (1988) and 

Bailey et al. (2003).  The bimodal distribution of monthly CAD frequency in early winter 

and early spring matches well with the previous studies findings. However, northern New 

England CAD is more of a winter phenomenon than that of southern Appalachian CAD. 

Bell and Bosart (1988) found that 67% of all events occurred within the months October 

– April whereas almost 95% of northern New England CAD occurs during these months. 

The intensity of these winter CAD events tend to be much stronger than their warm 

season counterparts, as evidenced by the distribution of the identified “strong” events in 

Fig. 14. This finding agrees with Bell and Bosart’s (1988) climatology. 
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Chapter 4 

1. Classification 

The Bailey et al. (2003) classification scheme for CAD in the Mid-Atlantic region cannot 

be applied to northern New England CAD, as parent anti-cyclone location is inherently 

different. During initial examination of CAD events occurring in January 2012, identified 

by the CADINX, three of seven lacked the signature mesoscale pressure ridge that 

accompanies a CAD event. This could be explained by the distance from mountain 

barrier to coast of the northern Appalachians being three times less than that of the 

southern Appalachians (Fig. 17).    

 

Figure 57. Comparison of distance between mountain barrier and coast for the northern 
Appalachian and southern Appalachian mountain regions. 

 

The larger land surface area to the south allows for a larger and more prolonged buildup 

of atmospheric mass as a result of the geostrophic adjustment process. This increase in 
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mass, and subsequent pressure rise, manifests as a mesoscale sea level pressure ridge 

over the CAD region. The smaller surface area in northern New England results in some 

CAD events exhibiting little to no signature pressure ridge during many CAD events 

(Fig. 18). 

 

Figure 18. Two northern Appalachian CAD events exhibiting a classic mesoscale ridge 
(Left: 12 January 2012) and no mesoscale pressure ridge (Right: 23 January 2012). 
RUC/RAP potential temperature (shaded every 1K) and mean sea level pressure 
(contoured every 1 hPa) obtained from the National Centers for Environmental 
Information. 

 

 

After the full 15 year climatology was created, the 135 events occurring between 2009 – 

2016 were reanalyzed using 13 kilometer resolution Rapid Update Cycle (RUC) and 

Rapid Refresh Model (RAP) datasets. RUC/RAP data was obtained from the NCEI 

THREDDS catalog and sea level pressure at hour 6 of each event is plotted and the 
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presence of a mesoscale ridge was subjectively determined. Of these 135 events, 68 

exhibited the mesoscale pressure ridge expected during a CAD event, while 67 events 

showed little to no signal of this ridge pattern.  In addition to these reanalyses, further 

classification attempts were made using criteria enforced by Bailey et al. (2003). 

To develop a new classification scheme for northern New England CAD, each CAD 

event in the 15 year climatology is subjectively scrutinized for the following: 

a.) Location and strength of parent anti-cyclone to the north of the damming region 

b.) Appearance of precipitation within 6 hours of the onset of CAD at each of the 5 

central stations 

c.) Type of precipitation (frozen or unfrozen) if precipitation is present 

Surface analyses are available from the Weather Prediction Center (WPC) in 3 

hour increments, therefore the surface analysis produced at the closest time to event onset 

is used. Precipitation type is obtained from the raw METAR for central stations that 

report precipitation (Waterville, ME is replaced with Augusta, ME and Plymouth, NH is 

replaced with Concord, NH pre 2006).  

The Bailey et al. (2003) classification scheme used elements from the original 

classification schemes of Kramer (1997) and Hartfield (1998) to classify CAD events 

based on the influences of synoptic and diabatic processes. Each CAD event can be 

classified by locating the parent anti-cyclone and the presence of precipitation during the 

early stages of a CAD event. Attempting to use the same criteria for northern New 

England yields most events falling into the “unclassified” or “in-situ” type based on the 

parent anti-cyclone being positioned too far to the north and east. Creating a new 
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classification scheme begins with analyzing the high-pressure locations of each event and 

the appearance of precipitation within the first six hours of CAD event onset.  

Across 241 northern new England CAD events, parent anti-cyclone locations 

range from the Hudson Bay to eastern Newfoundland to Bermuda (Fig. 19). 

 

  

Figure 19. High pressure center locations for all 241 northern new England CAD events. 

 

To separate these events based on the role of diabatic cooling in the evolution and 

maintenance of the cold pool, high pressure locations are plotted and categorized into 

events with precipitation reported within the first 6 hours at no less than three of the 5 

central stations and events containing no precipitation (Fig. 20).  
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Figure 20. High pressure center locations from Figure 19 colored based on the presence 
of precipitation at 3 or more of the central stations (green) within the first 6 hours of 
event onset versus no significant precipitation (red). 

 

There exists no correlation between the presence of precipitation within the damming 

region and the location of the parent anti-cyclone. In fact, across all 241 CAD events, 142 

(~59%) reported precipitation at three or more stations within the first six hours. In 

comparison, Bailey et al. (2003) found that of 180 cold season “strong” CAD events, 45 

(25%) contained precipitation within the first six hours. Removing the criteria that 

precipitation must occur within the first six hours of an event increases the total number 

of CAD events containing precipitation to 172 of 241 events (~71%) (Fig. 21). While 

southern Appalachian CAD can be defined by the presence or absence of precipitation in 

addition to the location of the parent anti-cyclone, northern New England CAD events 

have a significantly higher percentage of precipitation occurring and therefore are 

influenced by diabatic processes in roughly 7 of every 10 cases making it increasingly 
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difficult to separate cases on these conditions alone. However, the distribution of 

precipitating CAD events and high pressure location shows the increased proximity of the 

high pressure center to the damming region results in a larger concentration of dry CAD 

events with fewer precipitating CAD events. 

 

 

Figure 21. Parent anti-cyclone center locations colored based on the presence of 
precipitation from Figure 20, however the criteria that precipitation occur within the first 
six hours is removed. 

 

Further attempts to classify events based on the absence of the signature 

mesoscale ridge associated with typical CAD cases is shown in Fig. 22. 
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Figure 22. Location of parent anti-cyclones for 135 northern new England CAD events 
that occurred between January 2009 and December 2016. Parent anti-cyclone locations 
are colored based on the presence (blue) or absence (red) of a mesoscale ridge across the 
damming region.  

 

Of the 135 CAD events identified in this climatology from January 2009 – December 

2016, 68 exhibited a mesoscale ridge over the CAD region (~50%). Isolating these events 

and the locations of their parent anti-cyclones reveals the presence of a mesoscale ridge 

requires the anti-cyclone be positioned north of 42.5o N. While the mesoscale ridge 

indicates a sufficient amount of mass buildup along the mountain barrier and a more 

stable cold pool, these events are not less likely to include precipitation (Fig. 23). 
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Figure 23. All parent anti-cyclone locations of northern new England CAD events 
accompanied by a mesoscale ridge, colored by the presence of precipitation at 3 or more 
central stations within the first 6 hours of event onset (green) or not (red). 

 

42 of 68 (~62%) of CAD events with an accompanying mesoscale ridge contained 

precipitation with the same criteria as previously mentioned (At least 3 central stations 

within 6 hours of onset).  

Further analysis into the duration of CAD events and the strength of the parent 

anti-cyclone reveal little correlation to whether a northern New England CAD event will 

be accompanied by precipitation. 
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Figure 24. Northern new England CAD parent anti-cyclone locations as in Figure 21. 
Circles are then sized by the relative duration of each CAD event (A) and parent anti-
cyclone maximum pressure (B) to determine correlation between event duration, 
precipitation and parent anti-cyclone strength and position. 

A 

B 
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Figure 25. Northern new England CAD parent anti-cyclone locations as in Figure 22. 
Circles are then sized by the relative duration of each CAD event (A) and parent anti-
cyclone maximum pressure (B) to determine correlation between event duration, a 
mesoscale ridge and parent anti-cyclone strength and position. 

 

Examining the presence of precipitation as it relates to the strength of the parent 

anti-cyclone or the existence of a mesoscale pressure ridge over the damming region 

A 

B 
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results in little to no correlation. While the expectation may be that a stronger anti-

cyclone would result in a stronger synoptic influence over the CAD region and less 

precipitation, there exists no obvious spatial relationship between these variables 

throughout the 15-year climatology. In turn, the presence of precipitation or a mesoscale 

pressure ridge associated with a CAD event does not correlate to a longer duration, as the 

longest duration events occurred with and without these signatures. These results further 

strengthen the notion that northern New England CAD events cannot be classified using 

the original classification schemes of Kramer (1997) and Hartfield (1998) or the revised 

classification scheme of Bailey et al. (2003) and are unique to the northern New England 

region and the complex atmospheric-terrain interactions not found in the more spacious 

southern Appalachian Mountain region. 
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Chapter 5 

1. Composite Analysis 

While the attempts to classify northern New England CAD were hindered by the 

lack of correlation between synoptic forcing and precipitation within the damming 

region, findings regarding the presence of a mesoscale ridge and frequency of 

precipitation reveal a lot about the characteristics of northern New England CAD.  

Further analysis of the various types of CAD through composite analysis was performed. 

In this study, composite maps for numerous atmospheric parameters are constructed 

using the 32-kilometer resolution North American Regional Reanalysis (NARR) dataset. 

All composite analyses are performed on the hour of CAD onset, however a positive or 

negative time lag can be explored to identify further composite mean tendencies. 

First, composite analysis is performed on all 241 events for sea level pressure, 

surface potential temperature, 500 hPa geopotential heights, and 300 hPa vector wind 

(Fig. 26).  
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Figure 26. N
ARR Com

posite for all CAD events (n=241): a) 300 hPa 
w

ind vectors and isotachs (color shaded every 5 m
 s -1); b) surface (2 

m
) potential tem

perature (colors shaded every 2 K); c) 500 hPa 
geopotential heights (solid contours every 6 dam

); and d) sea-level 
pressure (solid contours every 2 hPa). (n = 241) 



41 
 

Across all CAD events between 2002 – 2016, an event typically begins with a 

broad area of high pressure situated to the north and east of the damming region (Fig. 

26d). This parent anti-cyclone is accompanied by an area of low pressure to the west over 

the Great Lakes region. The jet stream at 300 hPa (Fig. 26a) exhibits two jet maxima, one 

to the southwest near the Ohio River valley with southwesterly flow and another stronger 

maximum to the north and east over eastern Canada with northwesterly flow. The implied 

low-level cold advection associated with the ageostrophic circulation with the entrance 

region of the jet streak likely reinforces the cold air to the north east of the CAD region. 

The 500 hPa heights (Fig. 26c) show a mean trough just west of the low-pressure center 

with a subsequent ridge to the east above the high pressure center. While examining the 

atmosphere across all CAD events, seasonal variations within the atmosphere need to be 

accounted for when taking composite means. Further composite analysis will focus solely 

on cold season CAD events occurring during the months October – April. Of the 241 

total CAD events, 198 occurred during these months across all 15 years of the 

climatology. The CAD events lasting 24 hours or longer all occurred during the cold 

season months, and thus remain as the top 21 events of the total 198. The RUC/RAP 

reanalysis for the 110 cold season events from 2009 – 2016 reveal 55 events with a 

signature mesoscale ridge and 55 without.  

Figure 27 represents the same parameters as in Fig. 26 for those events occurring 

during the cold season as defined above.  
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Figure 27. Sam
e as Fig. 26, except for all cold-season CAD events 

(n=198) 
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Beginning with the 300 hPa winds as a representation of the jet stream, two local 

maxima appear in the broader flow (Fig. 27a). One weaker maxima to the southwest of 

New England and another to the immediate north and east. The 500 hPa geopotential 

heights (Fig. 27c) reveal a slightly positively tilted trough to the west over the Great 

Lakes extending south to northern Louisiana. A subsequent ridge exists just east of the 

damming region. Mean sea level pressure analysis (Fig. 27d) shows a surface anticyclone 

centered over the Gulf of St. Lawrence and Nova Scotia with a central pressure of 

102400 Pascals or 1024 hPa. A low-pressure center exists just east of the 500 hPa trough 

across the eastern Great Lakes. This synoptic setup is typical of a CAD event with an 

optimally placed high pressure center to the north and east of the damming region with a 

trailing low-pressure system providing ample low level warm air advection. 

While this composite mean represents all cold season events, the synoptic signal 

of the stronger (longer duration) events becomes muted. Figure 30 represents the 

composite mean of only those CAD events lasting at least 24 hours in duration, or the 

previously defined “strong” CAD cases. 



44 
 

 

 

Figure 28. Sam
e as Fig. 26, except for all “strong” CAD events (n=21) 
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Right away a few key differences appear, at 300 hPa (Fig. 28a) the two maxima in 

the jet stream winds observed in previous composites (Figs. 26a, 27a) are different. The 

jet streak over eastern Canada is weaker while the jet steak over the Ohio River Valley is 

stronger for the stronger CAD cases. The 500 hPa height pattern (Fig. 28c) still reveals a 

positively tilted trough to the west with a ridge to immediate east of New England, 

however the surface sea level pressure field (Fig. 28d) exhibits further differences. 

During the stronger CAD events, the parent anticyclone contains a higher central 

pressure, by at least two hPa, and is centered further to the north across northern New 

Brunswick and the mouth of the St. Lawrence River. 

To compare the composite picture of weak and strong cold season CAD events, 

21 randomly selected CAD events lasting less than 24 hours are examined in Fig. 29. 
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Figure 29. Sam
e as Fig. 26, except for 21 random

ly selected cold-
season CAD events lasting less than 24 hours. (n=21) 
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The two 300 hPa jet maxima (Fig. 29a) return for the weaker CAD cases with the 

strongest maxima to the north and east of the CAD region across the Gulf of St 

Lawrence. The 500 hPa trough ridge pattern (Fig. 29c) remains the same with the slight 

difference being the weaker CAD cases exhibit a less positively tilted trough than that of 

the stronger cases. Surface sea level pressure analysis (Fig. 29d) reveals a much weaker 

parent anticyclone with a central pressure approximately four hPa lower than that of the 

stronger CAD cases. In addition, the low-pressure system to the west is approximately 

two hPa stronger than that of the stronger CAD cases. 

While event duration can separate the apparent strong events from weaker ones, 

further compositing can show the synoptic differences between CAD events based on the 

appearance of precipitation and a mesoscale pressure ridge. Composite means of all cold 

season CAD cases with precipitation reported at 3+ of the 5 central stations within 6 

hours of onset are shown in Fig. 30. The same composite work for those cases not 

reporting precipitation are plotted in Fig. 31. The key differences in the synoptic scale 

features between these two subsets begins with the 300 hPa jet stream level winds (Figs. 

30a, 31a). CAD events with precipitation exhibited the dual jet streak signature as seen 

before, whereas the nonprecipitating events were accompanied by one much weaker jet 

streak to the northeast across the Gulf of St Lawrence.  The dual jet streak signature 

provides favorable conditions for rising motion and support for precipitation cases with 

the CAD area located underneath the poleward exit region of the first jet streak and the 

equatorward exit region of the second jet streak. The 500 hPa heights during 

nonprecipitating events (Fig. 31c) show significantly more zonal flow than that of the 

precipitating events (Fig. 30c), and this translates to the surface sea level pressure pattern 
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where there exists a much weaker (~4 hPa) low pressure system to the west of the 

damming region (compare Figs. 30d and 31d). 
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Figure 30. Sam
e as Fig. 26, except for all precipitating cold season 

CAD events. (n=117) 
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Figure 31. Sam
e as Fig. 26, except for all non-precipitating cold 

season CAD events. (n=81) 
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CAD events were further classified based on the presence of a mesoscale sea level 

pressure ridge that forms in response to the cold pool formation at the surface. Figures 33 

and 33 represent composites of synoptic scale parameters for cold season CAD events 

with the presence of a mesoscale ridge and for cold season events without, respectively. 

The 300 hPa vector winds (Figs. 32a and 33a) show a pronounced difference between the 

two subsets of CAD events. Events accompanied by the mesoscale ridge (Fig. 32a) 

typically have one strong jet streak to north and east of the damming region, extending 

from the St Lawrence Gulf and southwest. This favorable location within the entrance 

region provides abundant low-level CAA into the damming area, acting to build and 

enhance the mesoscale ridge.  CAD events with no strong signature of this mesoscale 

phenomena (Fig. 33a) have a strong jet streak to the southwest extending from Arkansas 

to southern New York State. Mesoscale ridge events also exhibit a slightly stronger 

parent anticyclone (Fig. 32d) to the north and east of the damming region that’s 

positioned farther north than that of the nonridged CAD events (Fig. 33d).  
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Figure 32. Sam
e as Fig. 26, except for all cold season CAD events 

exhibiting a m
esoscale ridge from

 2009 - 2016. (n=55) 
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Figure 33. Sam
e as Fig. 26, except for all cold season CAD events not 

accom
panied by a m

esoscale ridge from
 2009 - 2016. (n=55) 
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The composite means during various subsets of the CAD climatology shed light 

into the various forcing for the wide array of CAD signatures present within the 

climatology. The classification and composite work from Chapter 4 and this chapter of 

the 241 CAD events between 2002 and 2016 demonstrate the difficulty in identifying a 

defined system for classifying northern New England CAD. Position and strength of the 

parent anti-cyclone, duration of the event, presence of a mesoscale pressure ridge, and the 

appearance of precipitation within the damming region at event onset were explored.  
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Chapter 6 

1.  Conclusions and Future Work 

a. Conclusions 

Previous CAD climatologies by Bell and Bosart (1988) and Bailey et al. (2003) 

provided the foundation for the work performed during this project. Bailey et al. (2003) 

and the objective methodology to their climatology was adapted to the northern New 

England CAD region using 14 surface stations oriented in mountain normal transects 

across the northern Appalachian Mountains. After implementing numerous criteria 

regarding the spatial and temporal extent of a CAD event, the second generation 

CADINX was created and utilized on surface data between January 2002 – December 

2016. This 15-year climatology resulted in 241 CAD events, of which 198 occurring 

between October through March. Only four CAD events were identified between June 

and August further identifying CAD as primarily a cold season phenomenon. The bi-

modal monthly distribution of CAD reveals peaks in frequency during November and 

March where CAD events occur approximately 2.8 and 2.1 times per month, respectively. 

These findings corroborate that of Bell and Bosart (1988) and Bailey et al. (2003), who 

each found this bi-modal distribution when examining the monthly frequency of CAD in 

the southern Appalachians.  

The complete climatology of northern New England CAD also revealed further 

characteristics including event duration distribution, start and end time distributions, 

CADINX value distribution and the hourly profile of a CAD event based on the 

CADINX values themselves. CAD events in northern New England are, on average, 
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approximately 11 – 13 hours long and while they can begin and end at any time during 

the day, 40% of all CAD events begin in the evening hours between 23:00 – 05:00 UTC 

and 43% of all events end in the morning hours between 10:00 – 16:00 UTC. It’s well 

understood that the CAD process is strongly influenced by diurnal processes and 

boundary layer dynamics, and these climatological results provide further evidence that 

northern New England CAD is no different. CADINX values, a measure of the potential 

temperature gradient across the mountain barrier, are highest during the winter months 

for the northern most stations within the damming region, however the southernmost 

stations show little variability and no clear trend in CADINX values throughout the year.  

Bailey et al. (2003) extended the original classification scheme of Kramer (1997) 

and Hartfield (1998) to classify the 12-year CAD climatology for the southern 

Appalachians. The northern New England CAD climatology was influenced greatly by 

the Bailey et al. (2003) CAD event identification methodology, however the 

classification scheme and its parent anticyclone requirements could not be applied to the 

northern New England region. Further analysis into the location and strength of the CAD 

parent anticyclone found little correlation to the strength and length of a CAD event. 

While the position of the high-pressure system to the north and east is important for each 

CAD event, the role of synoptic scale forcing versus that of diabatic processes is less 

obvious. One reason for this is the nature of New England CAD; 142 of the 241 CAD 

events reported precipitation at three or more of the five central stations within the first 

six hours of onset. (~59%) When removing the requirement that precipitation begin 

within the first six hours, the ratio of CAD events with precipitation occurring jumped to 

~70%.  
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In addition to the increase in precipitation frequency, the typical mesoscale 

pressure ridge associated with previous CAD studies was only found in approximately 

50% of all cases examined (N=135 CAD events 2009 – 2016). While the location and 

strength of the parent anticyclone yielded no correlation to the presence of a mesoscale 

ridge, all events with parent anticyclones positioned south of 42.5 degrees latitude 

exhibited no pressure ridge signal (N=12).    

While the warm season CAD events are important in the analysis and 

understanding of northern New England CAD, the 198 cold season events contained all 

21 events whose duration exceeded 24 hours. These cold season events were chosen for 

further synoptic composite analysis.  The full composite mean of all 198 cold season 

events reveals a dual jet streak pattern with maxima located to the north and east of the 

damming region as well as a second maximum to the south and west. Average surface 

low and high-pressure centers were positioned further west at onset of the 21 long 

duration events when compared to 21 randomly selected short duration events. 

Comparing the synoptic features of those CAD events exhibiting a classic mesoscale 

ridge signature to those that did not, revealed the orientation of the sea level pressure 

ridge axis seems to be the driving factor. In addition. CAD events without a mesoscale 

ridge are also missing the secondary area of cyclogenesis off the East Coast.  

b. Future Work 

As discussed earlier, previous CAD climatology work had been minimal for the 

northern Appalachian Mountains. This work provides an excellent first study of a 15-year 

climatology of CAD events in northern New England. However, further enhancements to 
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this methodology could provide slightly different results and a deeper understanding of 

the complex processes at play that control the appearance and type of CAD events.  

The CADINX developed in this research provided many cold season CAD events 

with the absence of several warm season events. This may have been due to the temporal 

requirements we set within the CAD identification algorithm requiring at least six 

consecutive hours of a CAD signal. Warm season events that were identified in our study 

were much shorter than the cold season events, averaging the minimum in duration of six 

hours during the summer months June – August. A dynamic CADINX may be of use in 

these cases, where time of year decides the criteria that must be satisfied to signal the 

start and end of a CAD event.  

During the RUC/RAP analysis of the CAD events in this study, another possible 

limitation to our CADINX became evident when identifying the end of said events. 

While our damming region of interest resides east of the northern Appalachians, our 

CADINX ingested surface observation data from stations in Vermont and New York. The 

erosion of CAD in northern New England often relies on the passage of a cold front to 

help mix out the cold pool that has formed in the low levels of the atmosphere. When this 

front passes our most western stations (in VT and NY), our CADINX reports the CAD 

event has ended. In cases where this frontal boundary has not reached the damming area, 

our CADINX is premature in declaring the “end of the event”. This left a few hours at 

times where CAD may still be active, however our index was no longer identifying as 

such. Further information on the difference between modeled and actual termination of 

CAD events can be found in Simms (2017). 
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While this research began preliminary work into the discussion and analysis of 

composite mean results, further work will only aid in identifying further patterns between 

the various CAD signals and will provide a better understating of how northern New 

England continues to differ from southern Appalachian CAD.  The development of the 

CADINX presented in this research can aid forecasters in determining the strength and 

temporal extent to which they can expect CAD conditions to occur, further providing 

increased accuracy of forecasts to the public. 
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