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ABSTRACT 

 

AN INVESTIGATION OF COLD-AIR CYCLOGENESIS ALONG  

THE EAST COAST OF THE UNITED STATES 

by 

Christopher J. Warren 

Plymouth State University, December, 2007 

 

A nine-year (1997-2006) climatology of East Coast cold-air cyclogenesis was 

developed to determine significant atmospheric conditions associated with these rather 

unique events.  In the literature, a few case studies have examined these small-scale 

synoptic low-pressure systems in the midlatitudes that form within arctic airmasses as 

cold air moves offshore.  Some of the characteristics of these storms have been shown to 

be similar to “polar lows”.  The goals of this study are to: 1) determine how frequently 

these systems occur; 2) examine conditions that are favorable for their development; and 

3) find similarities or differences between these storms and other East Coast cyclones and 

polar lows. 

In order to identify cases of cold air cyclogenesis, all cyclone events along the 

East Coast (within a boxed region bounded at 45°N by 70°W and 62.5°W, and 30°N by 

85°W and 72.5°W), were identified using the North American Regional Reanalysis 

(NARR).  Cyclone events were counted when at least one closed sea-level pressure isobar 

(plotted at 2 hPa intervals) was present in the region of interest.  Cyclogenesis was 

determined to have occurred when the sea-level pressure in the center of circulation 
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decreased by at least 2 hPa/6-hrs at least twice in a 24 hour period (not necessarily 

consecutively).  Finally, cyclogenesis events were classified as cold-air events if the 

gridpoint values of the mean daily 1000-500 hPa thickness from the National Centers for 

Environmental Protection/National Center for Atmospheric Research (NCEP/NCAR) 

Reanalysis near and immediately surrounding the storm were below -0.5 standard 

deviations from a 32 year (1975-2006) mean.  

During the nine-year period, twenty extratropical cyclones met the above cold air 

cyclogenesis criteria. Five of these cold-air cyclones developed when at least four out of 

five grid points near and immediately surrounding the storm were below -1.0 standard 

deviations from the 32 year mean.  The East Coast boxed region was divided into 

Northern, Western, and Eastern sub-regions based on location of initial time of 

cyclogenesis and eventual storm tracks. Composites were constructed for each sector for 

cold air cases and for other East Coast cyclones during the 2000-2001 cool season.  

Comparisons were made between the cold air cyclones and 2000-2001 cool season 

cyclones composite results.  Each cold air case was analyzed using a satellite-derived 

classification scheme and revealed that 65% were either comma cloud or instant 

occlusion types.  Finally, two case studies are presented and reveal that the dynamical 

processes involved in cold air cyclogenesis are similar to that of other extratropical East 

Coast midlatitude systems. 
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CHAPTER 1  

 

1. Background 

 Almost every year during the cool season (October-March) the East Coast of the 

United States endures a multitude of winter storms that disrupt travel and affect peoples’ 

daily routines.  Most of the high-impact winter storms, which produce heavy snow, high 

winds, and coastal flooding, are detected and monitored by forecasters well in advance.  

Forecasts for winter storms along the East Coast of the U.S. have improved in recent 

years and can be primarily attributed to extensive research, more sophisticated 

technology, and improved forecaster awareness.  Forecast tools, such as classification 

schemes have been developed for winter storms using pattern recognition techniques or 

climatological trends.  Research projects, such as the Genesis of Atlantic Lows 

Experiment (GALE) in 1986 (Dirks et al. 1988) and the Experiment on Rapidly 

Intensifying Cyclones over the Atlantic (ERICA, Hadlock and Kreitzberg 1988) have 

focused on East Coast Winter Storm (ECWS) cyclogenesis and their impact on the East 

Coast of the U.S.  As a result, a variety of winter storm types emerged.  One type has not 

been as extensively investigated as the others.  These rather unique storms form within 

polar or arctic airmasses by a process known as cold-air cyclogenesis (Gurka et al. 1995).  

Studies of cold-air cyclones (Businger and Reed 1989; Bromwich 1991; Carrasco and 

Bromwich 1994) have been conducted in other regions across the globe where a similar 

phenomenon most commonly occurs in the high latitudes (60°-90°).  Arctic or polar 

storms that develop in these high latitudes are known as “polar lows.”  Generally 

speaking, cold-air cyclogenesis refers to the development or intensification of cold-core, 
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extratropical cyclones where the cold-air is defined by the 1000-500 hPa thickness ribbon 

(Gurka et al. 1995).  

 A climatology of cold-air cyclogenesis along the East Coast of any continent has 

never been pursued before.  Therefore, this study focuses on United States East Coast 

cold-air cyclogenesis over a nine-year period and looks to compare these storms to other 

cold-core coastal systems like polar lows and other ECWS.  In order to achieve this, a 

climatology of East Coast cold-air cyclogenesis, over a nine-year period has been 

constructed.  Additionally, case studies of two events will help to provide more 

information on the behavior and development of these events. 

 

a. East Coast Winter Storm climatologies 

 ECWS climatologies have been constructed using a variety of methods to display 

regions of enhanced cyclogenesis, general storm tracks, and storm damage, just to name a 

few.  Reitan (1974) compiled one of the first climatologies of ECWS and found that there 

was a region of maximum enhanced cyclogenesis located off the southeast U.S. coast 

along the Gulf Stream during the month of January.  Colucci (1976) discovered a mean 

pattern of maximum winter cyclone frequency oriented linearly from Cape Hatteras, NC 

to the easternmost point of Maine with a width of approximately 550 km.  In a later 

study, Zishka and Smith (1980) showed that the region of enhanced cyclogenesis 

discovered by Reitan (1974) could be expanded.  This updated study revealed an area of 

maximum cyclogenesis for the month of January tended to be an elongated region, 

parallel to the coastline extending about 5° of longitude offshore and stretching from 

South Carolina to the Canadian Maritime Provinces.  Hayden (1981) observed that the 
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axis of maximum cyclone frequency was more centered along the coast rather than 

offshore, where higher standard deviations of annual cyclone frequency were found.   

 Hirsch et al. (2000) developed an automated ECWS identification routine based 

on data from the National Centers for Environmental Prediction-National Center for 

Atmospheric Research (NCEP-NCAR) reanalysis dataset (1948, 1951-97).  Four criteria 

were chosen in order for a storm to be considered an ECWS.  The classifications set by 

Hirsch et al. (2000) were; 

1) to have a closed circulation; 

2) be located along the east coast of the United States (bounded by 45°N by 65°W and 

70°W and 30°N by 75°W and 85°W; 

3) show general movement from the south-southwest to the north-northwest; and 

4) contain winds greater than 10.3 m/s during at least one 6-h period. 

 

Hirsch et al. (2000) subdivided the storm events into three categories based upon the 

previous research by Zishka and Smith (1980), Colucci (1976), and Mather et al. (1964).  

The 35°N latitude line was used to divide the ECWS region into northern (above 35°N) 

and southern (below 35°N) zones.  Storms were separated into those impacting the 

northern zone or southern zones only; however, storms that traversed both zones were 

deemed to be called “full coast” storms.   Kocin and Uccellini (1990) showed that major 

East Coast snowstorms typically develop south of 35°N and travel north-northeast along 

the coastline.  The influence of the Gulf Stream may support these findings because north 

of 35°N the Gulf Stream veers away from the coast, but south of it is closer to the coast.  

The environment south of 35°N latitude acts as a region of favorable baroclinicity with 

cold air flowing over the land and interacting with the warm moist water (Kocin and 

Uccellini 1990).  North of 35°N the temperature gradient decreases between the air and 

ocean surface as the Gulf Stream resides further offshore.  Hirsch et al. (2000) showed 
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Figure 1. Surface streamline analysis 

(solid lines) at 1500 UTC overlaid 

with sensible heat flux (Wm
-2

) on 24 

February 1989 off the mid-Atlantic 

coast of the U.S. (Gurka et al. 1995) 

that during the winter season the frequency of ECWS steadily increases during the fall, 

peaks in January, and then slowly decreases through April. 

 

b. Classifications of East Coast wintertime cyclogenesis 

Winter storms, in particular those that develop and track north-northeastward 

along the eastern seaboard of the United States, bring a variety of challenges for 

operational forecasters.  In Gurka et al. (1995), a classification for wintertime cyclones 

was presented for the eastern seaboard using synoptic patterns and specific cloud 

signatures developed by Evans et al. (1994).  The 

storms were separated into four particular 

cyclogenesis schemes; Miller type A & B, Zipper 

lows, 500-mb cutoff lows, and cold-air 

cyclogenesis.  The only storm type that develops 

in cold airmasses and typically is located in the 

wake of cold fronts is cold-air cyclogenesis.  

Gurka et al. (1995) and Businger et al. (2003) 

describe an event that occurred on 24 February 

1989 when a small-scale synoptic cyclone formed 

along the mid-Atlantic coastline during a cold-air outbreak.   

Typically in the wake of a cold frontal passage, cold air begins to pour into the 

area.  Over the East Coast, a common feature seen in surface observations and visible 

satellite images are cloud streets.  Cloud streets are linearly organized stratocumulus or 

cumulus clouds most commonly seen over a uniform surface with sufficient moisture 
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(American Meteorology Society 2006).  The initial cold front passed over the mid-

Atlantic region on 22 February 1989.  A cold Arctic air mass was well in place over the 

region for at least two days before the cold-air cyclone developed.  However, prior to the 

initiation of cold-air cyclogenesis, a shallow southwest to northeast oriented baroclinic 

zone developed along the coastline, stretching from the Delmarva Peninsula southward to 

northern parts of South Carolina.  Heavy snowfall fell along the immediate coastline with 

up to 400 mm in places, but there was a very sharp precipitation gradient, as New York 

City received only a trace.  Satellite imagery and surface streamline analysis revealed a 

series of vortices, labeled A, B and C by Gurka et al. (1995), stretching along the shallow 

baroclinic zone (Fig. 1).  As an upper-level 500 mb trough approached the shallow 

baroclinic zone, cyclogenesis commenced over vortex A. 

 

c. Case studies of cold-air cyclogenesis 

Cold air cyclogenesis has been widely studied in regions other than the East Coast 

of the U.S.  Locatelli et al. (1982) observed that polar lows were a common occurrence in 

the Northern Pacific Ocean basin during the winter months.  Monteverdi (1976) 

estimated that 50% of the precipitation in the San Francisco Bay Area over a ten-year 

period was due to cyclones existing in polar airmasses.  It was also found that about two-

thirds of storms in the southern hemisphere were due to cold-air systems (Clark 1977). 

In an attempt to determine possible favorable conditions and storm structure 

involved with cold-air cyclogenesis, Businger and Reed (1989) demonstrated that there 

exist many diverse mesoscale phenomena within polar air masses.  At the time, more 

research was proposed in order to understand the principles behind the formation of 
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cyclones.  Since then, improvements to models and other improvements have led to more 

accurate mesoscale forecasts, ultimately increasing our ability to see the small-scale 

phenomena in synoptic systems.  However, we are still greatly limited in what can be 

modeled with the lack of observations over the oceans.  Three types of polar-low 

development were proposed by Businger and Reed (1989) based on distinct synoptic 

patterns, degree and distribution of baroclinicity, static stability, and surface fluxes of 

latent and sensible heat.  The first type of polar low classified by Businger and Reed 

(1989) was the short-wave/jet-streak that has a secondary vorticity maximum and 

positive vorticity advection aloft, deep vertical extent of moderate baroclinicty, and 

modest surface fluxes.  The second type is primarily associated with ice boundaries, 

called the Arctic-front where strong surface temperature gradients exist along the 

coastline.  The temperature contrast between the colder ice surface and the warmer, moist 

waters sets up a shallow baroclinic zone and strong surface fluxes favoring the 

development of cyclogenesis.  The third polar low type was the cold-low, characterized 

by deep-convection, strong surface fluxes, and weak baroclinicity present. 

Businger and Reed (1989) reported that the Arctic-front type was found most 

commonly near the Bering Sea and the northern Gulf of Alaska.  These regions are 

located along the ice margin, and strong low-level baroclinicity exists with the sudden 

change in surface type, going from ice covered surfaces to the warm open water.  The 

cyclone on the 24 February 1989 described by Gurka et al. (1995) seems to have similar 

characteristics to that of the Arctic-Front type.  The cyclone developed along a pre-

existing shallow baroclinic zone setup by the strong temperature gradients between air 

and ocean surface temperatures.  Satellite imagery confirmed that the storm developed in 
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an area where cloud street type clouds were present, another characteristic seen in Arctic-

Front type polar low systems.  Businger and Reed (1989) found that that low-level 

baroclinicity that develops is crucial to the development of these polar lows.  

“This low-level baroclinicity appears to play an important role in the formation of polar 

lows that occur in conjunction with outflows of surface air from ice and snow covered 

regions over open water (Businger and Reed 1989).” 

 

Rosenblum and Sanders (1974) noted that a similarity existed between a New 

England coastal storm event and “polar low” cyclones, which more commonly form in 

the vicinity of the United Kingdom.  These UK polar lows, also known as small-scale 

snowstorms, develop predominantly with their cyclone centers of low pressure in an air 

mass of polar origin.  The upper-level flow associated with these storms is typically 

northwesterly, with a ridge over the eastern Atlantic Ocean and a trough over Western 

Europe.  These small-scale snowstorms form over warmer ocean surfaces because with 

cold air flowing just above the surface a region of enhanced baroclinicity is achieved.  If 

enough vertical lift can be achieved along this baroclinic region conditions then become 

favorable for cyclone development.  It was suggested by Rosenblum and Sanders (1974) 

that storms of this nature would be a rare sight to see off the coast of New England 

because of the cold landmass of Canada located to the northwest.  In a polar low type 

storm off the East Coast of the U.S. described by Rosenblum and Sanders (1974), the 

1000-500 hPa thicknesses over New England were found to be climatologically lower 

than normal for the time of year.  These thicknesses suggested that this mesoscale 

cyclone formed in unusually cold air for the beginning of December.  Rosenblum and 

Sanders (1974) indicated that the predominant physical mechanisms were advections of 

temperature and vorticity.  The relatively warm waters off of Massachusetts and Cape 

Cod allowed for heat transfer into the atmosphere and helped maintain small hydrostatic 
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stability within a shallow zone of strong baroclinicity to promote small-scale 

cyclogenesis.  It has been shown that cold-air cyclogenesis can materialize on varying 

spatial scales at both high and midlatitudes.  Different techniques have been used to 

detect cyclogenesis because of the wide-range of sizes and storm individuality.  

 

d. Defining cyclogenesis 

 Cyclogenesis is associated with falling or rapidly falling pressure.  Pressure falls, 

therefore, have been shown to be a good tool to use when identifying the formation or 

strengthening of mid-latitude cyclones.  Alternative techniques have been developed to 

detect for cyclogenesis in weak or sub synoptic-scale features.  Sinclair (1997) found that 

vorticity captures many additional weaker cyclonic rotations that would not be detected 

as pressure minima.   

An additional tool developed to help indicate the presence of a cyclone is the use 

of cloud signatures analyzed from satellite imagery.  Matching cloud signatures to types 

of cyclogenesis has been widely used to forecast development, track, and to an extent the 

intensity of extratropical cyclones.  Using satellite images, Browning and Hill (1985) 

proposed three distinct categories of maritime cyclogenesis.  The first was the evolution 

of a comma cloud in the absence of interaction with a polar-front cloud band.  Second is 

the evolution of an instant occlusion and the third is the evolution of a frontal wave.  The 

comma-development and instant occlusion cases were found to best represent cold-air 

cyclogenesis or polar-airstream cyclogenesis (Browning and Hill 1985 and Evans et al. 

1994).  The development of these cloud patterns have been attributed to the merger of 
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cumuliform clouds found within the unstable air mass behind a primary cold front 

(Mullen 1983). 

Young (1993) expanded on this satellite classification scheme and developed a 

systematic one that involved using satellite imagery, the shape of the upper-tropospheric 

flow, and the position of the developing cyclone relative to the jet stream.  This scheme 

was geared toward a tool to be used by operational forecasters.  Four categories were 

identified from “Young’s scheme”, with several having subcategories.  The third 

category described by Young involves a cold-air cloud feature and a polar-frontal cloud.  

Three subcategories were outline in this third scheme with two of the three found to be 

linked to cold-air cyclogenesis.  All three subcategories involved the cold-air cloud 

feature initially downstream and detached from the polar-front cloud.  The first 

subcategory states that no merger between the two features occurs and development of a 

cyclone is entirely within the cold-air cloud and results in cold-air cyclogenesis.  The 

second is again in the absence of a merger between the two features with the polar-front 

cloud being the region of development called “induced wave cyclogenesis.”  The third 

type is “instant occlusion” and development occurs beneath the cold-air cloud as merger 

with the polar-cloud feature supporting cold-air cyclogenesis. 

A slightly more recent classification scheme was developed by Evans et al. 

(1994), in which four characteristics were used to construct four broad categories of 

cloud features associated with cyclogenesis.  Table 1 is a summary of the classification 

scheme proposed by Evans et al. (1994).  Evans et al.’s (1994) comparison of this 

updated scheme to Young’s scheme revealed that cold-air cyclogenesis commonly 

occurred in the comma cloud and instant occlusion types.  

 



 

10 

 

Table 1. Satellite-based classification scheme developed by Evans et al. (1994). 

 

 The classification schemes described by Browning and Hill (1985), Mullen 

(1983), and Young (1993) outline how a forecaster can look for cold-air cyclogenesis in 

the high latitudes.  These schemes also provide a starting point for determining whether a 

storm has evolved or strengthened by cold-air cyclogenesis in the midlatitudes.  

Particular attention should be paid to the unstable airmass in the wake of the frontal 

system as cold air moves over the warmer ocean waters.  Evans et al. (1994) and Young 

(1993) have shown that comma-cloud and instant occlusion cloud features are the most 

common cloud pattern structures for cold-air cyclogenesis, however the criteria for 

classifying systems as cold-air for this study are not based entirely on cloud patterns. 

 

e. Cold-air outbreaks 

 In order to be able to classify a particular storm system as forming in cold-air, 

certain criteria must be met.  Cold-air outbreaks (CAOs) are a relatively common 

occurrence in the eastern U.S. when strong polar or Canadian Highs follow in the wake 

of a cold front in the wintertime.  Synoptic flow regimes associated with CAOs seem to 

be favorable for baroclinic zones or cold-cloud features to develop.  In a study conducted 

by Boyle (1985), CAOs in East Asia were analyzed during the months of December 1974 
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Figure 2. Temperature deviations from 

the 1000 hPa monthly mean for 

December 1974 and 1978 (Boyle 

1985). 

and 1978.  The outbreaks were determined based 

upon their temperature deviations from monthly 

mean 1000 hPa temperatures.  As shown in Fig. 2, 

four distinct outbreaks were found to occur during 

December 1974 and six events were recorded in 

December 1978 for Hong Kong, China.  Boyle 

(1985) found similar results to those presented in an 

earlier study by Chu (1978).  The findings were that 

long-wave troughs positioned near the East Asian 

coast with short waves traveling along it force a circulation that thrusts the cold air 

southward from its origin, the eastern Siberian cold pole.  The relative intensity varies 

between each outbreak and the surge of cold air intensity depends on the large-scale 

conditions at the time.  In the two cases presented by Boyle (1985) the outbreaks during 

December 1974 were stronger compared to those that occurred in December 1978.  The 

East Asian trough was deep in December 1974 with a sharp baroclinic zone below a 

strong jet.  The weaker outbreaks in December 1978 showed different synoptic 

conditions with a relaxed (weaker) trough, weaker jet, and long wave patterns having 

much less amplitude.  It was discovered that the blocking pattern present in the strong 

December 1974 cases is favorable for anticyclone development allowing for the CAO’s 

to occur. 

Features that are commonly found in conjunction with CAO’s over the East Coast 

of the U.S. are the tropopause fold and the position of surface anticyclones.  Shapiro et al. 

(1987) found that the development and southward movement of the tropopause fold along 
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with an associated frontal boundary was connected to two cold air outbreaks.  Colucci 

and Davenport (1987) made the connection prior to the onset of a CAO that the 

development of a surface anticyclone positioned over northwest North America plays a 

major role.  Konrad and Colucci (1989) examined two CAO cases occurring on 11 and 17 

January 1977.  In this study CAO were defined as being a minimum of 850 hPa cold 

season temperatures using a time series constructed from averaged daily radiosonde 

reports over eastern North America.  Konrad and Colucci (1989) wanted to have the 

intensity of the outbreak related to the temperature and not by baroclinic development.  

The results from Konrad and Colucci (1989) revealed that for both of the outbreaks in 

January 1977 there were “precursor outbreaks” that were identified to be associated with 

lesser temperature drops.  The temperature drops associated with these “precursor 

outbreaks” would level out slightly in the temperature field before a second, more 

impressive drop occurred, which would be defined as a CAO.  The pattern formed what 

is called a “double structure” where the outbreak is preceded by a weaker event. 

To clearly show that polar low events described by Businger and Reed (1989) 

were truly cold-air systems, a combination of two separate weather charts were used.  

These charts were used to analyze surface pressure and 1000-500 hPa thicknesses.  This 

technique showed that large cold pool areas of cyclonically rotating air provided the most 

favorable environment for polar-low outbreaks.  Once the cold-air is in place other 

ingredients are required for cyclogenesis to begin. 

 

f. Precursors to East Coast cold-air cyclogenesis 
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 A number of possible precursors have been listed for East Coast cold-air 

cyclogenesis cases already mentioned (Gurka et al. 1995 and Businger et al. 2000).  For 

cyclogenesis to occur in a cold airmass all, some, or none of these precursors need to be 

present.  Two of these possible precursors that will be described in more detail are 

shallow baroclinic zones and the importance of differential heating. 

 

IMPORTANCE OF SHALLOW BAROCLINIC ZONES AND DIFFERENTIAL HEATING 

 The presence of shallow baroclinic zones (SBZs) has been shown to increase the 

likelihood of a cold-air cyclone to develop as reported by Gurka et al. (1995), Businger et 

al. (2000), and Businger and Reed (1989).  These SBZs are commonly found to develop 

along the western boundaries of oceans or seas during the cool season because of the 

enhanced temperature gradient between the cold land and the warmer waters.  The 

National Weather Service defines a baroclinic zone to be; 

“A region in which a temperature gradient exists on a constant pressure surface.  

Baroclinic zones are favored areas for strengthening and weakening systems; barotropic 

systems on the other hand, do not exhibit significant changes in intensity.  Also, wind 

shear is characteristic of a baroclinic zone” (NWS Internet Services Team 2005). 

 

SBZs are not just restricted to forming in cold-air masses and can develop anytime during 

the year.  Locating these areas of enhanced baroclinicity that, in turn, can lead to increase 

favorability for cyclone development may be useful in identifying precursors to cold-air 

cyclogenesis. 

Doyle and Warner (1993) preformed nonhydrostatic model simulations on data 

provided by the Intensive Observation Period No.2 of the Genesis of Atlantic Lows 

Experiment to study offshore mesobeta-scale coastal front structures.  In their findings a 

series of shallow, weak mesoscale vortices formed along the offshore coastal front.  From 

the results of the study, several important mesoscale features were noted and can be seen 
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Figure 3. Schematic from Doyle and Warner 

(1993) showing important features in the 

development of mesoscale vortices.  The Gulf 

Stream is shaded in (a) to represent SSTs 

greater than 22°C.  Wind direction is marked by 

the arrows with a low-level jet indicated by the 

shaded regions on (b) and (c).  The developing 

vortices are seen in (d) with the cyclonic 

curvature in the winds. 

in Fig. 3.  The schematic of Fig. 3 shows 

areas of convergence along the Gulf 

Stream associated with differential heating 

between the warm, moist waters and the 

cold air off the coast.  The strengthening of 

the SBZ leads to a low-level jet developing 

on the northern side of and further 

enhances the low-level frontogenesis.  As 

time progressed, localized regions of 

forced convergence ensued along the SBZ 

and in response, small-scale vortices 

developed in those convergent regions. 

In the case presented by Gurka et al. 

(1995) the shallow baroclinic zone formed 

through a combination of shear deformation and differential diabatic heating between the 

land and the ocean.  The development of the shallow baroclinic zones has been tied to 

differential surface fluxes located very close to the Gulf Stream.  Conditions that are 

conducive to the setup of shallow baroclinic zones along the eastern seaboard are cold, 

north or northwest flow (especially at low-levels) interacting with warm, moist waters 

from the Gulf Stream.  

 Shallow baroclinic zones play an essential role in the possible development of 

cold-air cyclogenesis.  Businger et al. (2003) determined that the shallow, thermally 
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forced vortices that were present in during the February 1989 event were on the order of 

about 200 km (small wavelengths) along the baroclinic zone.   

In another study, Carrasco and Bromwich (1994) discovered that small-scale 

vortices (< 1000 km) develop on a fairly routine basis in regions within cold air 

environments along portions of the Antarctic coastline.  On average these mesoscale 

vortices were found to have a diameter under 3 x 10
2
 km and most were shallow comma-

cloud types during the projects one- year duration.  Because of their small nature it was 

suggested that numerical models would not have been able to detect these features 

because of the models’ coarse resolutions. 

Within the U.S. similar mesoscale vortices were detected during a study 

conducted by Forbes and Merritt (1983) over three of the Great Lakes in the years 1978-

82.  These vortices were found to occasionally occur and were referred to as wintertime 

mesoscale lake vortices.  Through the use of visible and infrared satellite imagery three 

types of cloud configurations were noted; miniature comma clouds, swirls of cloud 

bands, and swirls of cloud streets.  The diameters of these features on average were 

smaller than those presented by Carrasco and Bromwich (1994) ranging from 50 to 120 

km.  The synoptic conditions present during the development of the wintertime 

mesoscale lake vortices were typically under regions of weak surface pressure gradients 

and located in cold polar air masses.  The effects of diabatic heating on the lake vortices 

seem to be important because the air temperature in all cases was colder than that of the 

lake temperature. 

 

g. The objectives of this study 
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 In this study a climatology of East Coast cold-air cyclones is constructed.  Results 

of this climatology study will help determine the frequency of this type of event.  A 

composite of East Coast cold-air cyclones is developed from the climatology in order to 

compare the structure and evolution of cold-air cyclones to other ECWS and polar lows.  

Finally, two short case studies are presented to examine other details that are not resolved 

in the composite charts.  The hope is that the information gained from this research may 

provide important information for forecasters to use in predicting the development, 

intensification, and track of these “polar low” type storms.   

With so few documented cases of cold-air cyclones developing off the East Coast 

of the U.S. and the strong temperature and moisture differentials between air and sea in 

this area, it seems evident that events have been missed.  In the wake of a cold front over 

the coastal waters the cold continental or arctic airmass flowing off the eastern 

continental U.S. would provide high surface heat fluxes, increased lapse rates, and greater 

atmospheric instability.  Cyclones will be considered cold based on their storm’s center 

relative to the 1000-500 hPa thickness ribbon (Businger and Reed 1989, Bosart and 

Sanders 1991, Gurka et al. 1995, Businger et al. 2003). Using satellite observations has 

shown to be useful in identifying cyclogenesis with cloud signatures in visible and 

infrared imagery.  A blend of these various techniques will be used to capture cold-air 

cyclones located along the East Coast of the U.S.   

In the next chapter the methods used to classify cyclones as being a cold-air 

cyclogenesis event are discussed.  Chapter 3 presents the results of the nine-year 

climatology and provides insight into three areas of favorable development of cold-air 

cyclones along the East Coast.  Using the results from the cold-air cyclogenesis 
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climatology, composite charts were analyzed and compared with non-cold air cyclones 

from a single cool season in Chapter 4.  Two case studies are presented in Chapter 5 for 

two cold-air cyclone events.  Summary and final thoughts are discussed in chapter 6. 
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CHAPTER 2  

 

2. Data and Methodology 

This chapter discusses the methods used in indentifying East Coast cold-air 

cyclogenesis events.  First the data used for this study will be presented, followed by the 

steps taken to determine the frequency of cold-air cyclones and conditions that are 

favorable for their development.  Finally, the method for comparing cold-air cyclones to 

other ECWS and polar lows is discussed. 

 

a. Data 

The climatology of East Coast cold-air cyclogenesis is constructed using a nine-year 

period spanning from October 1997 to April 2006 (including only the cool season months 

from 1 October to 30 April).  This time period was selected because it contains a varying 

number of cyclones each season and it encompasses the last nine most recent winter 

seasons.  The National Centers for Environmental Protection’s (NCEP’s) North 

American Regional Reanalysis (NARR) dataset (NOAA 2006) was used for identifying 

cyclones and cyclogenesis events.  These data were available four times daily (0000, 

0600, 1200, 1800 UTC) on a grid with 32 km horizontal resolution.   The NARR was 

additionally used to produce surface and upper-air maps for composite charts and for 

further analysis on selected case studies. The National Center for Atmospheric Research 

(NCAR)/NCEP Reanalysis (NOAA 2006) dataset was used to determine if an identified 

cyclogenesis event occurred in “cold-air”.  Daily 1000-500 hPa thickness grids were 

available from the NCEP-NCAR Reanalysis four times daily with a horizontal resolution 

of 2.5° latitude x 2.5° longitude from 1997 to 2006.  Daily thickness grids were compared 
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Figure 4. East Coast region used to identify ECWS.  

The red parallelogram box is bounded by 45°N, 

70°W and 62.5°W and by 30°N, 85°W and 72.5°W. 

to 32-year (1975-2006) daily averaged thicknesses, compiled from the same dataset to 

discern between cold-air and non cold-air cyclones.  Both gridded datasets have an 

insufficient resolution for identifying polar low cyclones, because the typical spatial 

scales of polar lows are on the order of 100-200 km. Therefore, this study will focus on 

synoptic-scale cyclones.    Satellite data was obtained from the Comprehensive Large 

Array-data Stewardship System (CLASS), an electronic library of the National Oceanic 

and Atmospheric Administration (NOAA) for Geostationary Operational Environmental 

Satellites (GOES) 8 (prior to July 2003) and 12 imagers (NOAA 2006).  Surface weather 

charts were used for frontal analysis of each cold-air cyclone event (Unysis 2007, 

Colorado State University 2007). 

 

b. Identifying ECWS 

The first step in identifying cold-air cyclones was to catalog all ECWS in the nine-

year period.  Mean sea-level pressure (SLP) maps, from the NARR, were constructed 

using Unidata’s Integrated Data 

Viewer (IDV).  A map was produced 

four times a day (every six hours) for 

every 212 days contained in each cool 

season.  After the inclusion of leap 

years (2000 and 2004) the number of 

mean sea-level pressure maps analyzed 

totaled 7,640.  These maps were used to 

determine cyclones and cyclogenesis (if any) in a region along the East Coast of the U.S. 

ECWS Region 
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(Fig. 4).  This region was based on work done by Hirsch et al. (2000) and has been 

slightly modified for the current study.  The region of interest used in Hirsch et al. (2000) 

was expanded to the east (2.5° longitude) when test runs from the 2005-2006 cool season 

revealed a relatively high number of cyclones on or near its eastern boundary. 

The East Coast region (hereafter referred to as the ECWS region) used for this study 

is a parallelogram-shaped box bounded by 45°N, 70°W and 62.5°W and 30°N, 85°W and 

72.5°W (Fig. 5).  A cyclone was defined to be an area of low pressure having at least one 

closed mean SLP isobar (plotted at 2 hPa intervals).  This interval allowed for earlier 

identification of cyclogenesis rather than at 4.0 hPa and increased the sensitivity to 

capture a greater number of less intense systems.  A manual, subjective analysis 

technique was performed using mean SLP maps developed from IDV to classify ECWS 

event.  The following criteria needed to be met for a cyclone to be deemed an ECWS: 

1. Any portion of a low-pressure system’s central isobar that is completely closed enters the 

ECWS region. 

2. A cyclone that leaves the ECWS region and re-enters is considered to be the same event. 

3. When the central closed isobar of the low pressure system completely exits the box and 

does not re-enter results in the tracking of the cyclone ended. 

4. If the cyclone forms within the ECWS region, its initial time is when the first closed isobar 

forms. 

 

To ensure that all events were cold-core, extratropical systems and not smaller-scale  

 

 
Figure 5. Examples of mean sea-level pressure (solid lines and shaded) at 2 hPa intervals for low 

pressure systems classified as ECWS.  The image to the left is an ECWS that developed entirely 

within the ECWS region, while the image on the right is an event that entered  the region from 

the west. 
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Figure 6. Diagram of 7-day running 

average. The black box represents 

the days (1-7) of a month used to 

calculate the average 1000-500 hPa 

thickness for the 4
th

 day of the 

month.  The red box reflects the 

days used for the 5
th

 day of the 

month average. 

circulations within a frontal boundary, cyclones had to exhibit a closed isobar for at least 

12 hours consecutively.  The National Hurricane Center’s hurricane archive list was used 

to eliminate warm-core, tropical cyclones from this study.  Once cyclones met these 

criteria they were labeled as ECWS. 

 

c. Cold-air cyclogenesis identification 

Cyclogenesis was determined to have occurred when the mean SLP in the center of 

circulation decreased by at least 2 hPa in a 6 h at least twice in a 24 h period (not 

necessarily consecutively).  Once the cyclones that 

either developed or intensified in the ECWS region 

were cataloged, the next step was to determine 

whether the airmass these storms existed in were 

“cold-enough.” For the purposes of this study cold-

air cyclones are defined to be cold-core, extratropical 

storms developing or intensifying within cold-air relative to the 1000-500 hPa thickness 

ribbon.   

Thickness values immediately surrounding the center of the storm needed to be less 

than -0.5 standard deviations from the daily climatological mean. A 32-year (1975-2006) 

daily thickness mean has been constructed using the NCEP/NCAR Reanalysis dataset.  

For each cool season day within the nine-year period, a 7-day running average (extending 

three days prior to and following the storm day) has been calculated.  Storm start days are 

defined as the day in which the ECWS developed or entered the ECWS region.  Figure 6 

provides a visual example of this 7-day sliding window technique.  This method was 
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Figure 7. Schematic of a low 

pressure system with solid 

lines representing isobars and 

the “L” denoting the center of 

the storm.  The circles indicate 

the five grid points used for 

the 1000-500 hPa thickness 

values.  Blue circles are “cold 

enough” and black is thickness 

above -0.5 standard deviations 

from the mean. 

selected with the understanding that large amounts of week-to-week variability in the 

thicknesses can exist in the mid-latitudes, particularly during the early and late cool 

season months.  The only exceptions to this sliding-window approach were the beginning 

of October, end of April, and leap years.  The first three days of October used the 7-day 

running average for 4 October and the last three days of April used the 7-day running 

average for 27 April.  For leap years, 29 February was omitted due to the few times they 

occur. 

Grid points located near and immediately surrounding the center of a cyclone during 

the time of initial cyclogenesis were used as the reference 

points for the 1000-500 hPa thickness values.  The surface 

cyclone center latitude and longitude were subjectively 

determined using IDV for each ECWS center.  These 

values were then matched with the closest NCEP/NCAR 

reanalysis grid point to obtain the center 1000-500 hPa 

thickness for each cyclone.  In addition to the center grid 

point, surrounding points (north, south, east, and west), 

were selected (Fig. 7).  In order for cyclogenesis to be 

considered in cold-air, at least four out of the five grid 

points needed to be less than -0.5 standard deviations from the 32 year daily mean. 

The thickness approach for defining cold-air cyclones was chosen as a first order 

attempt to define these systems.  An alternative approach may have been to use the 

Laplacian of the thickness to calculate thermal vorticity to discern between warm- and 

cold-core systems.  Another possible approach could have been to use the cyclone phase 
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space diagrams as in Hart (2003).   Since previous studies of East Coast cold-air cyclones 

(Rosenblum and Sanders 1974; Gurka et al. 1995; and Businger et al. 2003) have used 

the 1000-500 hPa thickness to describe the cold-air nature of the systems, we chose to 

adopt this first-order approach. 

Once the cold-air cyclogenesis cases were identified composite charts were next 

constructed from the NARR data.  These charts include surface, 1000, 850, 700, 500, and 

300 hPa levels.  The purpose of this analysis was to determine whether any significant 

abnormalities or similarities existed between the cold-air cyclones and results from past 

studies on East Coast cyclogenesis or polar lows.  Composite charts were also developed 

for the 2000-2001 cool season for non cold-air cyclogenesis events.  These storms 

consisted of cyclones developing or intensifying in the ECWS box region and were the 

remaining cold-core systems.   The 2000-2001 season was chosen for non cold-air 

cyclones because it contained the greatest number of cold-air cyclone occurrences in a 

season out of the nine-year study. 

 

d. Subjective satellite-based classification scheme 

In an attempt to identify specific satellite image features exhibited by cold-air 

cyclones, GOES 8 and 12 satellite images were examined for each of the cold-air cyclone 

events recorded during this nine-year investigation period.  The Evans et al. (1994) 

satellite-derived classification scheme was used for the purposes of this study.  The 

expectations were that cold-air cyclogenesis events would resemble either the comma 

cloud or instant occlusion types, similar to the results demonstrated by Evans et al. 

(1994).  The satellite classification scheme is broken down into four characteristics; 
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satellite imagery, surface, and two upper-level analyses.  The satellite data was viewed 

using Unidata’s Man computer Interactive Data Access System (McIDAS-X).  Satellite 

imagery was viewed from 12 h prior to 12 h following the time of initial cyclogenesis 

within the ECWS region.  NARR mean sea-level charts were used to determine whether 

the cold-air cyclone developed along or upstream of a polar front.  The upper-level 

analyses focused on the 300 hPa level flow shape and development of cyclone relative to 

the position of a jet streak. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 3  
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Figure 8. Inter-annual distribution of ECWS (blue), observed cyclogenesis cases in the ECWS region 

(red), and cold-air cyclones (purple) over the nine-year period from 1997-2006 in the cool season 

months. 

 

3. Climatology & Satellite Classification 

a. Cold-air cyclones 

During the cool seasons (Oct – Apr) between 1997 and 2006, 512 cyclones were 

identified and tracked within the ECWS box region.  On average there were 57 cyclones 

per season.  Figure 8 shows that the fewest number of cyclones were observed during the 

1997-98 cool season with 45.  The 2002-03 cool season contained the most with 69 

storms.  Ten tropical cyclones were removed from the cyclone list based on the National 

Hurricane Centers storm tracks.  The number of extratropical cyclones undergoing 

cyclogenesis (having a central pressure fall of 2 hPa/6-hrs in 24 hours, not necessarily 

consecutively, within the ECWS region) ranged anywhere from 23 in 2005-06 to 42 

events in 2000-01.  The average annual number of cyclones developing or strengthening 
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Figure 9. 0000 UTC on 22 February 1999; mean sea-level 

pressure (solid contours every 2 hPa), 1000-500 hPa daily 

thicknesses (dashed lines, every 60 m), 1000-500 hPa daily 

thickness anomaly (shaded every 60 m). 

was calculated to be 29 cases with a grand total of 259 cyclogenesis events. 

Cold-air cyclones were identified in eight out of the nine seasons with the 2001-02 

cool season containing none.  Using the methodology from Chapter 2, twenty-one cold-

air cyclones were identified in the nine-year period within the ECWS region.  This 

number was reduced to 20 (7.72% of all cyclones) cold-air cyclones after further analysis 

of the storm track showed that one storm never moved over open ocean waters and could 

not be considered a coastal event.  Of the 20 cold-air cyclones 15 (5.79% of the total) of 

them had thickness values less than -0.5 standard deviations from the mean at all five grid 

points.  The greatest number of cold-air cyclones was detected in the 2000-01 cool 

season.  This correlated well with the highest number of cyclogenesis events in a single 

season.  The average number of cold-air cyclones per season was about two.   
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Figure 10. Temporal distribution of duration in the ECWS region for the 20 cold-air 

cyclones. 

In the attempt to determine if any of the 20 cold-air cyclones were in fact on the 

extreme end of anomalously low 1000-500 hPa thicknesses, the threshold value was set 

to be even colder.  When the threshold value for cold-air cyclones to thickness values of 

was set at -1.0 standard deviations from the mean 5 (1.93% of the total) storms met the 

new criteria with four out of five grid points surrounding the center of low pressure were 

below -1.0 standard deviations.  Two storms in particular (21 and 24 February 1999) 

were shown to have thickness values less than -1.0 standard deviations from the mean at 

all five grid points.  The average thickness anomaly for the storm on the 21
st
 was -149 m 

and at 0000 UTC on the 22
nd

 it was seen to be -100 m (Fig. 9).  This value was the lowest 

anomaly for any cyclogenesis event during the nine year period when it entered the 

ECWS region.  The other remarkably cold cyclogenesis event on the 24
 
February 1999 

had an average thickness anomaly of -108 m.  The duration that cold-air cyclones 

remained within the ECWS region averaged 23.7 hours.  Sixty percent (12 storms) of 

these events were found to be in the ECWS region between 12 and 18 hours (Fig. 10).  A 
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second peak in storm duration frequency was observed at 30 hours showing 20% (4 

storms) lasting for that long.  One storm each remained in the box for 24, 36, 54, and 60 

hours.  During the time when cold-air cyclones were tracked as they moved across the 

box, 45% (9 storms) were shown to remain “cold enough” (4 of 5 NCEP/NCAR 

reanalysis grid points less than -0.5 standard deviations from mean) for the entire lifespan 

while in the ECWS region.  For the rest of the cases warming occurred near the center of 

the low pressure system after the initial cyclogenesis began.  In these cases, warm air was 

observed to wrap around from the south or southeast of the center and warm the south, 

east, center, and north grid points first causing thicknesses to be above the cold-air 

threshold. 

Thicknesses at the time of the event and thickness anomalies were plotted for each 

case.  Mean SLP was then overlaid to show storm locations.  In all 20 cases, the storms 

Figure 11. 0600 UTC on 25 December 2000; mean sea-level 

pressure (solid contours every 2 hPa), 1000-500 hPa daily 

thicknesses (dashed lines, every 60 m), 1000-500 hPa daily 

thickness anomaly (shaded every 60 m). 
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Figure 12. Monthly distribution of East Coast cold-cold cyclones over the nine-year 

period. 

developed downstream of the 1000-500 hPa thickness trough and east of the maximum 

area of the cold thickness anomaly.  Figure 11 shows the cold-air cyclone that developed 

at 0600 UTC on 25 December 2000.  Cyclones were also found to be collocated with the 

strong thickness gradients and followed the strongest gradients, which is typically seen in 

extratropical, baroclinic systems. 

 These results are very much similar to the findings provided by Rosenblum and 

Sanders (1974) in their analysis of a mesoscale coastal snowstorm off the New England 

coast.  Unusually cold 1000-500 hPa thickness values could be seen across New England 

and off its coast which is the case with the cold-air cyclones presented in this study.   

Analyses of intra-annual variability of the twenty cold-air cyclones revealed that the 

greatest number of events transpired during the months of February and March (Fig. 12).  

Both months contained five cold-air cyclones, three were observed in December, and the 

remaining months each had two. The primary peak of cold-air cyclones differs from the 

January peak described by Reitan (1974) for all ECWS. 
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Figure 13. Locations of initial time of cyclogenesis for the 20 

cold-air cyclones (1997-2006) within the ECWS region. 

a. Location & tracks of cold-air cyclones 

The locations of initial times of cyclogenesis for each cold-air event are shown in Fig. 

3.6.  At first glance the low pressure symbols marking initial cyclogenesis times are 

clustered together in the northern part and southern part of the box (as in Fig. 13).  At  

first the locations of the initial time of cyclogenesis for each cold-air cyclone were  

 

 

separated by latitude.  The ECWS region was split by latitude into three areas; 30°N-

35°N, 35°N-40°N, and 40°N-45°N.  The northern and southern regions contained the 

highest numbers with 8 cold-air cyclones each, while the middle region only had 8 (Fig. 

14).  These results indicate that the most favorable regions for East Coast cold-air 

cyclogenesis are north and south of the mid-Atlantic coastline and differs from the 

studies of general ECWS where the greatest frequency of cyclogenesis is along the mid-

Atlantic (Colucci 1976, Reitan 1974, Zishka and Smith 1980, and Hayden 1981).    

Later, each cold-air cyclone was tracked as it either moved into the box and 

intensified or developed within it until it exited.  Once the tracks were incorporated with  
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Figure 14. Latitudinal distribution of East Coast cold-air cyclones. 

 

 

the locations of initial cyclogenesis time, three sub-regions of East Coast cold-air 

cyclones (Fig. 15) were subjectively determined.  The regions include: a north region 

focused on the Gulf of Maine and Long Island waters; an east region located offshore of 

the mid-Atlantic and southeastern U.S.; and a west region that is primarily over land 

including the mid-Atlantic and southeastern states. 

 

1) NORTH SUB-REGION  

The north sub-region includes an area extending from northern New Jersey northward 

to central Maine and east to about 65°W longitude.  Seven cold-air cyclones were located 

within this north sub-region over the nine-year period.  The majority of these events were 

found over the Gulf of Maine.  Three of the seven cases are classified as continuing 

storms that developed over the North American continent (typically near the Great Lakes 

region) but then intensified when they moved over the water.  The tracks of these storms 

were found to initially move southeast then recurved toward the northeast. 

 



 

32 

 

Figure 15. ECWS region sub-divided ino three smaller regions (north, east, west) based upon location 

of initial time of cyclogenesis and storm tracks for East Coast cold-air cyclones. 

 

2) EAST SUB-REGION 

Storms that developed or intensified offshore of the Mid-Atlantic and southeastern 

U.S. were considered to be grouped in the East sub-region.  The storm tracks were found 

to be generally from southwest to northeast.  Ten storms were identified in this region 

with two storms, both continuing storms, entering the box at its southern most boundary.  

The two cases mentioned earlier that were found to have undergone cyclogenesis with 

thicknesses values less than -1.0 standard deviations from the mean were both located in 

the east sub-region.  One case of secondary cyclogenesis was detected at 1800 UTC on 
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Figure 16. Classification of East Coast cold-air cyclones 

based upon the satellite-derived scheme developed by 

Evans et al. (1994). 

17 April 2001.  In this case a secondary low developed and intensified while meeting the 

cold-air criteria. 

 

3) WEST SUB-REGION 

Three cold-air cyclones either developed or intensified near the coastline, but 

centered just over land.  These storms were located in the extreme southeastern states of 

Georgia and South Carolina.  The tracks of these storms took a general path from 

southwest to northeast and closer to the coastline than the storm tracks from the east sub-

region.  Those systems were mainly comprised of continuing Gulf of Mexico 

disturbances that tracked over land when they crossed over to the western North Atlantic. 

 

b. Satellite classification 

A combination of visible and infrared satellite data were used for the cloud 

classification technique.  Storms that existed in the ECWS region during the daylight 

hours used imagery from both visible and infrared channels.  Cloud classifications were 

subjectively subdivided into the following four categories; emerging cloud head, comma 

cloud, left exit, and instant 

occlusion (mirroring the 

classification groups outlined by 

Evans et al. 1994).  During the early 

stages of cyclogenesis, satellite 

images, surface and upper-air maps 

showed that at least one cold-air 
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Figure 17. Infrared satellite image at 0000 UTC on 20 November 1997. 

cyclone event was found to meet the criteria for each one of the four categories. The 

results, shown in Fig. 16, indicate that comma cloud was the most prominent type of 

cloud classification with 45% of the cold-air cyclones.  There also existed six left exit and 

four instant occlusion cases with only one event classified as emerging cloud head.  An 

example for each of the cloud classification types will be discussed for the cold-air 

cyclone events. 

The only case classified as an emerging cloud head type occurred on 19-20 

November 1997.  This cold-air cyclone entered the ECWS region at 1200 UTC on the 

19
th

 and intensified over the Gulf of Maine on 20
th

 at 0000 UTC (Fig. 17).  Cyclogenesis 

occurred just along the polar front associated with a small amplitude trough at 300 hPa, 

and positioned under the left exit region of the jet streak.   

 

Nine examples of comma cloud type were detected during the observation period.  

Three were located in the Gulf of Maine, one over Long Island Sound, four off the mid-

Atlantic coast, and one along the Southeast coastline.  At 0000 UTC on 24 February 
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1999, the surface analysis depicted a coastal front positioned off the coast of the 

Carolinas.  Figure 18a-c shows the surface, upper-level and visible satellite images for 

this case.  The surface analysis depicted a coastal front east of the Carolina coast.  The 

north-south oriented baroclinic zone is seen in the satellite image as the sharp line 

between stratocumulus just offshore and a clear slot just southeast of it.   

A surprisingly high number of storms were identified to fall under the left exit 

category.  From previous research cold-air cyclogenesis is seen most frequently to 

correlate well with either comma cloud or instant occlusion type.  An example of a left 

exit type occurred on 17 April 2001 a cyclone over southeastern New York was 

weakening, while further off the coast to the south and east of the first low secondary 

cyclogenesis was detected (Fig. 3.19a-c).  Cyclogenesis from this second low pressure  

 

 

(a) 
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Figure 18. NCEP surface analysis (a) at 0000 UTC on 24 February 1999 along with 300 

hPa chart with height contours (lines) and wind speed (shaded) (b) and visible satellite 

image (c) at 1902 UTC. 

 

 

 

 
(c) 

(b) 
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system developed when a rotating baroclinic leaf merged with the polar front from 

satellite analysis (Fig. 19c).  This was the only cold-air cyclone case where a secondary 

cyclone was detected.   

Four cold-air cyclones met the criteria of instant occlusion, with two of these found to 

develop along shallow baroclinic zones.   One of the cases associated with a preexisting 

SBZ occurred at 1200 UTC on 20 April 1999 and found on the surface analysis chart to 

be along the New Jersey and Delaware coast (Fig. 20a).  Analysis of the 1000-500 hPa 

thickness (not shown) revealed that anomalously cold thickness values remained 

stationary over the Northeast coastline from northern New England southward to the mid-

Atlantic from twenty-four hours prior to cyclogenesis up to its detection.  During the day  

 
(a) 
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Figure 19. NCEP surface analysis at 1300 UTC on 17 April 2001 (a), 300 height contours and 

wind speed (shaded) (b), infrared satellite image (c) at 1932 UTC. 

 

 

(b) 

(c) 
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of the 20
th

 embedded within the shallow baroclinic zone a mesoscale vortex was seen in 

the visible satellite images (Fig. 20c).  This vortex developed south of where the center of 

circulation developed for the eventual cyclone and did not seem to directly impact 

cyclogenesis.  This detection is similar to the mesoscale vortices discovered in the 

formation of the 24-25 February 1989 cyclone (Gurka et al. 1995 and Businger et al. 

2000).  The other instant occlusion example when a SBZ was detected prior to  

cyclogenesis of a cold-air cyclone occurred that developed on 10 March 2004.  The SBZ 

in this case was oriented north-south along the southeast coastline indicated by satellite 

and NCEP surface analysis (Fig. 21a-b).  High clouds moved in during the afternoon on  

 
(a) 
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Figure 20. NCEP surface chart (a) at 1200 UTC on 20 April 1999 and visible satellite image 

(c) at 1602 UTC. 

(b) 

(a) 
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the 9
th

 preventing identification of mesoscale vortices.  The significance of this event 

shows that SBZs play a role in the development of some East Coast cold-air cyclones and 

being aware that upper-level disturbances can potentially interact with them to produce a 

coastal event.   

The climatology of ECWS performed in this study identifies 7.7% of the total 

number of cyclones between 1997 and 2006 met the criteria of cold-air cyclogenesis.   

These 20 cold-air events were further separated using a satellite-based classification 

scheme to illustrate the various types of cold-air cyclone evolution observed during this 

nine-year research period.  So far the only difference between East Coast cold-air 

cyclones to other ECWS is that they develop in airmasses of anomaly cold 1000-500 hPa 

Figure 21. NCEP surface analysis at 0000 UTC on 10 March 2004 (a) and visible satellite 

image (b) at 1302. 

(b) 
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thickness.  The results do not provide enough information to determine how cold-air 

cyclones compare to other ECWSs.   To help answer this question, composite charts 

developed for cold-air cyclones and non cold-air cyclones are presented in the following 

chapter. 
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CHAPTER 4  

 

4. Cold-air cyclone composites 

Based upon the three sub-regions outlined in the previous chapter, composite charts 

were developed for the 20 cold-air cyclone events.  A second set of composite charts 

were created for non cold-air East Coast cyclones for a comparison to the cold-air 

cyclones.  A sample of 43 non cold-air cyclones from the 2000-2001 cool season of non 

cold-air ECWS events were selected.  This season was chosen for the limited sample 

since it contained the greatest number of events from the 9-year study.  Similarities and 

differences were noted between to two composites and the results from the all three sub-

regions are presented below.  Composite charts were constructed to include 24 hours 

prior through 24 hours after the initial time of cyclogenesis at 6 hour intervals. 

Results from the previous chapter revealed that there were seven cold-air cyclones 

located in the north-sub-region, ten in the east sub-region, and three in the west sub-

region.  Composite charts were only developed for the north and east sub-regions.  The 

west sub-region only had three cold-air events contained within it and this was too few 

for a statistical analysis to be performed.  Composite charts include surface, 300, 500, 

700, and 850 hPa levels.  Heights, wind speed patterns, and jet streak locations were 

studied on the 300 hPa charts.  The 500 hPa level was used to track the position and 

movement of shortwave troughs, absolute vorticity, and temperature.  Shortwave troughs 

were also analyzed at 700 and 850 hPa levels in addition to comparing temperatures.  

Surface composite charts showed locations of the composite cold-air cyclone, the 

presence of any prior frontal passages, surface wind direction and speed, and 

temperatures. 
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Figure 22. Cold-air cyclone composites at t-24 h for north sub-region; (a) 300 hPa heights (solid 

contours every 90 m) and wind speed (thin solid contours, shaded every 10 ms
-1

); (b) 500 hPa heights 

(solid contours every 60 m) and temperatures (thin contours every 5°C); (c) 850 hPa heights (solid 

contours every 60 m) and temperatures (thin contours, shaded every 5°C); (d) mean sea-level pressure 

(solid contours every 2 hPa), 2 m temperatures (thin contours, shaded every 5°C), and 10 m wind speed 

and direction (ms
-1

). Composites each contain 7 cold-air cyclones. 

 

a. North Sub-Region Cold-air Cyclone Composites 

In this section the composite evolution of cold-air cyclones in the north sub-region is 

analyzed from 24 hours prior to cyclogenesis (hereafter t-24h, Fig. 22), to the initial 

cyclogenesis time (t0, Fig. 23), through 24 hours after cyclogenesis (t24 h, Fig. 24).  A 

well-defined trough at 300 hPa intensifies from t-24 h (Fig. 22a) to t0 (Fig. 23a).  As the 

trough digs and approaches the East Coast, wind speeds within the jet streak reach speeds 

of 50-60 m/s.  The position of the jet streak is located south of the north sub-region with 
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Figure 23. Cold-air cyclone composites at t0 h for north sub-region; (a) 300 hPa heights (solid contours 

every 90 m) and wind speed (thin solid contours, shaded every 10 ms
-1

); (b) 500 hPa heights (solid 

contours every 60 m) and temperatures (thin contours every 5°C); (c) 850 hPa heights (solid contours 

every 60 m) and temperatures (thin contours, shaded every 5°C); (d) mean sea-level pressure (solid 

contours every 2 hPa), 2 m temperatures (thin contours, shaded every 5°C), and 10 m wind speed and 

direction (ms
-1

). Composites each contain 7 cold-air cyclones. 

 

the jet axis over the mid-Atlantic region.  Temperatures at 500 hPa range from -20°C to -

30°C with heights as low as 530 dam at t-24 h (Fig. 22b).  The 500 hPa trough is west of 

the coast, centered over the western Great Lakes.  Figure 22c reveals a  

shortwave trough/ridge couplet in the isoheights with a trough upstream near the western 

Great Lakes and a ridge over New England.  Heights at 850 hPa at t-24 h are across the 

north sub-region range from 132 dam to 144 dam with temperatures 5-10°C below 

freezing.  Temperatures at 2 m above the surface (Fig.22d) are between 5°C and -5°C 

with a weak 5-10 ms
-1

 wind out of the northwest.  Additionally, a cold front is inferred 

from the isobars and isotherms to be exiting the eastern boundary of the ECWS region at 
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Figure 24. Cold-air cyclone composites at t24 h for north sub-region; (a) 300 hPa heights (solid 

contours every 90 m) and wind speed (thin solid contours, shaded every 10 ms
-1

); (b) 500 hPa heights 

(solid contours every 60 m) and temperatures (thin contours every 5°C); (c) 850 hPa heights (solid 

contours every 60 m) and temperatures (thin contours, shaded every 5°C); (d) mean sea-level pressure 

(solid contours every 2 hPa), 2 m temperatures (thin contours, shaded every 5°C), and 10 m wind speed 

and direction (ms
-1

). Composites each contain 7 cold-air cyclones. 

 

t-24 h with a closed mean SLP isobar from a developing low pressure system north of 

Michigan in Fig. 22d. 

At t0 h, the jet streak continues to remain south of the north sub-region and has 

strengthened.  Figure 23a shows that maximum winds within the jet streak are now 

between 60-70 ms
-1

.  The 500 hPa trough has now become negatively tilted (Fig. 23b) 

and the base is located just along the northwestern edge of the north sub-region.  Heights 

have fallen to 534 dam at this time, and the -35°C isotherm is located along the northern 

edge of the sub-region. At the 850 hPa level the trough axis has crossed into the north 

sub-region with heights as low as 132 dam (Fig. 23c).  Temperatures associated with this 
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trough range from 0°C to -10°C with the coldest temperatures located in the northwest 

portions of the sub-region.  A closed isoheight at 850 hPa is detected at t6 h (6 hours after 

initial cyclogenesis time, not shown), however it only remains for that six-hour period 

before the trough becomes open again.  Temperatures at 2 m above the surface (Fig. 23d) 

range from 0°C to 10°C at t0 h.  Figure 23d shows a well-defined center of circulation in 

the sea-level pressure field is located in the Gulf of Maine at t0 h.  The strongest 10 m 

winds are shown to be located around the southeast side of the low pressure system with 

speeds reaching 15 ms
-1

.  

Over the next 24 hours, the jet streak winds weaken to 50-60 ms
-1

 as it propagates to 

the east and becomes located southeast of the north sub-region at t24 h (Figs. 23a and 

24a).  Figure 24b shows that 500 hPa heights have rebounded over the north sub-region 

in the wake of the trough axis ranging from 530 dam to 536 dam.  Temperatures have 

warmed slightly to near -30°C.  As a ridge begins to build from the west at t24 h at 850 

hPa (Fig. 24c), temperatures have not changed from t0 h.  However, 2 m temperatures 

(Fig. 24d) do indicate that temperatures have fallen about 5°C since t0.  Analysis of the 

surface charts reveals the central mean SLP of the low pressure system drops 6 hPa 

between t0 h and t24 h.  The lowest composite sea-pressure recorded was 1000 hPa (Fig. 

24d).  The track of the surface low began by moving in an east-south-east direction while 

over land, then once intensification begins over the ocean, it recurved and tracked to the 

northwest (Figs. 22d, 23d, 24d).  By t24 h the flow over the Northeast and corresponding 

coastal waters is northwesterly (Fig. 24d). 

 

b. East Sub-Region Cold-air Cyclone Composites 
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Figure 25. Cold-air cyclone composites at t-24 h for east sub-region; (a) 300 hPa heights (solid 

contours every 90 m) and wind speed (thin solid contours, shaded every 10 ms
-1

); (b) 500 hPa heights 

(solid contours every 60 m) and temperatures (thin contours every 5°C); (c) 850 hPa heights (solid 

contours every 60 m) and temperatures (thin contours, shaded every 5°C); (d) mean sea-level pressure 

(solid contours every 2 hPa), 2 m temperatures (thin contours, shaded every 5°C), and 10 m wind speed 

and direction (ms
-1

). Composites each contain 7 cold-air cyclones. 

 

Next the composite evolution of cold-air cyclones in the east sub-region is discussed 

from t-24 h (Fig. 25), to t0 (Fig. 26), through t24 h (Fig. 27).  At t-24 h, the jet stream in 

Fig. 25a is displaced further south than is seen in the north sub-region composite.  A 

single jet streak at 300 hPa is identified over most of the southern portions of the ECWS 

region (Fig. 25a).  The magnitude of the jet streak is about 40-50 ms
-1

 ahead of the 

approaching upper-level trough.  At t-24 h, the 500 hPa chart (Fig. 25b) shows a small 

amplitude, positively tilted trough east of the Appalachians Mountains.  This east sub-

region cold-air composite trough is located further south then the 500 hPa composite 
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Figure 26. Cold-air cyclone composites at t0 h for east sub-region; (a) 300 hPa heights (solid contours 

every 90 m) and wind speed (thin solid contours, shaded every 10 ms
-1

); (b) 500 hPa heights (solid 

contours every 60 m) and temperatures (thin contours every 5°C); (c) 850 hPa heights (solid contours 

every 60 m) and temperatures (thin contours, shaded every 5°C); (d) mean sea-level pressure (solid 

contours every 2 hPa), 2 m temperatures (thin contours, shaded every 5°C), and 10 m wind speed and 

direction (ms
-1

). Composites each contain 7 cold-air cyclones. 

 

trough described earlier for the north sub-region (Fig.23b).  Additionally, the 500 hPa 

temperatures from the east sub-region compared to t-24 h composite in the north sub-

region are about 10°C warmer.  At 850 hPa, multiple shortwave troughs are identified at 

t-24 h.  One has already moved east of the ECWS region and is located of Nova Scotia, 

another is crossing over the Appalachian Mountains with a third right on its heals 

stretching across Ohio, Indiana, and Illinois. A forth shortwave trough is just coming into 

the picture as it is seen diving out of Canada just north of Wisconsin (Fig. 25c).  As 

shown in the north sub-region composite (Fig. 25d), a cold front can be inferred along 
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the eastern half of the ECWS region in the surface chart. The composite cold front has 

yet to completely pass through the east sub-region and this may be the cause of the warm 

2 m temperatures in the southeast part of the ECWS region.  In Fig. 25d, temperatures at 

2 m above the surface are between 5°C and 15°C.  This moderate temperature gradient 

indicates the presence of a typical SBZ associated with the Gulf Stream. 

Figure 26a shows the position of the 300 hPa jet axis, now oriented southwest to 

northeast is just east of the east sub-region.  The core of the jet continues to maintain 

wind speeds of about 40-50 ms
-1

. The upper-level trough at 300 hPa is deeper than 24 h 

earlier and has become negatively tilted.  The 500 hPa heights at t0 h are found to be 60 

dam lower across the east sub-region compared to t-24 h with heights ranging from 548 

dam to 572 dam as the trough at this level has also deepened and become more negatively 

tilted (Fig. 26b).  The 850 hPa trough at t0 h is positioned along the mid-Atlantic 

coastline just to the west of the east sub-region (Fig. 26c).  Temperatures at 850 hPa and 

1000 hPa have remained relatively constant despite the passage of the inferred cold front.    

Figure 4.4e shows a broad 1014 hPa surface low pressure system at t0 h.  The circulation 

is centered off the mid-Atlantic coast in an area where 2 m temperatures are between 

10°C and 15°C.  The weak surface composite trough along the east boundary of the 

ECWS region indicated at t-24 h (Fig. 26d) has stalled between t-24 h and t0 h.  It is 

along this boundary where cyclogenesis occurs.  The cold-air composite surface low 

pressure systems from the composite charts develop on the warm side of the synoptic-

scale temperature gradient. 

At t24 h the jet axis is oriented from north to south on the 300 hPa chart at t24 h (Fig. 

27a).  It has moved completely east of the ECWS region and is located on the 
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downstream side of the trough.  The intensity of the jet has remained nearly constant 

through the entire 48 h period.  Figure 27b shows the 500 hPa trough axis splitting the 

east sub-region in half from north to south at t24 h.  The 500 hPa heights have fallen 

another 60 m from the time of initial cyclogenesis across the sub-region associated with 

the upper-level trough.  Temperatures at 500 hPa are seen to drop with the approaching 

trough and range from -15°C to -25°C, and are the coldest observed in the sub-region 

over the past 48 h.  By this time the 850 hPa composite trough has nearly exited the east 

sub-region as it tracks eastward and a building ridge is moving in behind it from the west  

 (Fig. 27c).  The composite surface low pressure system shown earlier at t0 h deepens 

from 1014 hPa to 1008 hPa by t24 h (Fig. 27d).  The surface chart clearly indicates a 

developing area of high pressure west of the Appalachians over the southeastern U.S by 

this time.  The track of the composite surface low is generally to the northeast as it heads 

on a path eventually taking it east of Newfoundland. 

From the analysis provided by the north and east sub-regions, a few key points can be 

made between them.  The position and magnitude of the 300 hPa jet streak in the north 

sub-region was located further north and shown to contain faster winds at all times.  The 

composite trough at 300 hPa and 500 hPa took a more southward track in the east sub-

region composites than the north.  Both sub-regions were found to have multiple 

shortwave troughs at 700 hPa with at least one prior shortwave to the cold-air 

cyclogenesis event providing the cold air.  The north sub-region surface composite 

revealed that the development of the systems tended to be over the Gulf of Maine, while 
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Figure 27. Cold-air cyclone composites at t24 h for north sub-region; (a) 300 hPa heights (solid 

contours every 90 m) and wind speed (thin solid contours, shaded every 10 ms
-1

); (b) 500 hPa heights 

(solid contours every 60 m) and temperatures (thin contours every 5°C); (c) 850 hPa heights (solid 

contours every 60 m) and temperatures (thin contours, shaded every 5°C); (d) mean sea-level 

pressure (solid contours every 2 hPa), 2 m temperatures (thin contours, shaded every 5°C), and 10 m 

wind speed and direction (ms
-1

). Composites each contain 7 cold-air cyclones. 

 
cyclogenesis occurred along a stalled out boundary in the east sub-region composite.  In 

the following sections, each sub-region will be compared with non cold-air composites of 

that same region to determine what similarities and or differences exist between cold-air 

cyclones and other ECWSs.  

 

c. Cold-air / Non Cold-air Comparison (North Sub-region) 

In this section the north sub-region cold-air cyclone composites are compared to non 

cold-air cyclone cases that were observed to have developed or intensified in the north 

sub-region during the 2000-2001 cool season.  The number of cases used in the cold-air 
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Figure 28. 300 hPa cold-air cyclone (a) and non cold-air cyclone (b) composites at t-24 h for the north 

sub-region; heights (solid contours every 90 m) and wind speed (thin solid contours, shaded every 10 

ms
-1

). The cold-air composites contain 7 cyclones and the non cold-air composites have 11 cyclones 

from the 2000-2001 cool season. 

composites from this sub-region was 7 storms compared to 11 that were identified from 

the non cold-air sample. 

The upper-air pattern at 300 hPa and 500 hPa is remarkably different between the 

cold-air and non cold-air composites.  In the cold-air composite (Fig. 28a) at t-24 h, a 

 

stronger jet is shown located just south of the north sub-region is nearly zonal flow 

downstream.  Meanwhile in the non cold-air composite (Fig. 28b) two jet streaks are 

apparent at t-24 h with one located over the eastern half of the sub-region south of Nova 

Scotia and a second jet max located over the southeastern U.S.  The magnitude of the 

wind speeds within these cold-air composite jet streaks is about 10 ms
-1

 greater than that 

of the one seen in the non cold-air composite.  The flow between the two composites is 

very different, particularly during the times before cyclogenesis.  At both 300 hPa (Fig. 

28a-b) and 500 hPa (Fig. 29a-b) the non cold-air composites clearly show a trough/ridge 

couplet with a well-defined composite trough over the central U.S. and a composite ridge 

located over the eastern U.S.  In the cold-air composites for the same time period there is 

(a)      (b) 
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Figure 29. 500 hPa cold-air cyclone (a) and non cold-air cyclone (b) composites at t-24 h for the north 

sub-region; heights (solid contours every 60 m) and temperatures (thin solid contours, shaded every 

5˚C). The cold-air composites contain 7 cyclones and the non cold-air composites have 11 cyclones 

from the 2000-2001 cool season. 

 

Figure 30. 850 hPa cold-air cyclone (a) and non cold-air cyclone (b) composites at t-24 h for the north 

sub-region; heights (solid contours every 60 m) and temperatures (thin solid contours, shaded every 

5˚C). The cold-air composites contain 7 cyclones and the non cold-air composites have 11 cyclones 

from the 2000-2001 cool season. 

 

no evidence of ridging, only the Central U.S. trough.  Temperatures within the north sub- 

region are between -25°C and -35°C associated with the cold-air composite trough at t-24 

h (Fig. 29a).  This is about 5-10°C colder than the temperatures in the non cold-air 

composite (Fig. 29b) with the 500 hPa composite ridge over this area.  Accordingly, the 

500 hPa heights are 180 m lower in the cold-air composite chart (530 dam to 542 dam) 

compared to heights seen in the non cold-air composite (548 dam to 560 dam,  

comparison of Figs. 29a,b).  In the 850 hPa composites at t-24 h, the flow pattern of the 

 

(a)        (b) 

(a)        (b) 
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Figure 31. Surface charts of cold-air cyclone (a) and non cold-air cyclone (b) composites at t-24 h for 

the north sub-region; mean sea-level pressure (solid contours every 2 hPa), 2 m temperatures (thin solid 

contours, shaded every 5˚C), and 10 m wind speed and direction (barbs, ms
-1

). The cold-air composites 

contain 7 cyclones and the non cold-air composites have 11 cyclones from the 2000-2001 cool season. 

 

cold-air composite (Fig. 30a) shows a weak trough/ridge couplet centered over the Great 

Lakes.  In the non cold-air composite, the amplitude of the trough/ridge is larger (Fig. 

30b).  A closed 850 hPa isoheight (138 dam) in the non cold-air composite is located over 

the western Great Lakes compared to an open trough displaced slightly to the east of that 

location in the cold-air composite.  The 850 hPa temperatures are more than 5°C colder in 

the cold-air composite across the north sub-region compared to the non cold-air 

 

composite.  A surface cold front in the cold-air surface composite chart at t-24 h (Fig. 

31a) indicated in the mean SLP isobar analysis appears to be lagging compared to the non 

cold-air composite (Fig. 31b) cold front that has progressed east of the ECWS region.  A 

more well-defined low pressure system with more closed mean SLP contours is located 

over the western Great Lakes in the non cold-air composite chart than in the cold-air 

composite.  However the low pressure system in the cold-air composite is already 4 hPa 

lower, at 1010 hPa than the system in the non cold-air composite at t-24 h. 

At t0 h, Fig. 32a shows the cold-air jet maximum south and slightly to the east of the 

development region, while the non cold-air composite jet is farther southwest (Fig. 

(a)        (b) 
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Figure 32. 300 hPa cold-air cyclone (a) and non cold-air cyclone (b) composites at t0 h for the north 

sub-region; heights (solid contours every 90 m) and wind speed (thin solid contours, shaded every 10 

ms
-1

). The cold-air composites contain 7 cyclones and the non cold-air composites have 11 cyclones 

from the 2000-2001 cool season. 

 

Figure 33. 500 hPa cold-air cyclone (a) and non cold-air cyclone (b) composites at t0 h for the north 

sub-region; heights (solid contours every 60 m) and temperatures (thin solid contours, shaded every 

5˚C). The cold-air composites contain 7 cyclones and the non cold-air composites have 11 cyclones 

from the 2000-2001 cool season. 

 

32b).  The placement of the jet in the non cold-air composite positions the poleward exit 

region over the north sub-region.  This would suggest that enhanced divergence aloft will 

contribute to increased upward vertical motion for the development region.  The eastward 

progression of the trough in the cold-air composites is found to be traveling slightly faster 

than that of the non cold-air.  The composite jet streaks in both cold-air and non cold-air 

composites show an increase in magnitude.  However, the cold-air jet streak 

 

(a)        (b) 

(b)        (b) 
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Figure 34. 850 hPa cold-air cyclone (a) and non cold-air cyclone (b) composites at t0 h for the north 

sub-region; heights (solid contours every 60 m) and temperatures (thin solid contours, shaded every 

5˚C). The cold-air composites contain 7 cyclones and the non cold-air composites have 11 cyclones 

from the 2000-2001 cool season. 

 

(a)      (b) 

 

always remains stronger by at least 10 m/s.  The coldest temperatures of the period at t0 h 

are seen entering the north sub-region on the 500 hPa cold-air composite chart (Fig. 33a).  

A pocket of -35°C temperatures associated with the composite trough axis is sagging 

south out of Canada at this time, while 500 hPa temperatures are greater than -25°C in the 

non cold-air composite (Fig. 33b).  A stronger 500 hPa isoheight gradient is evident in 

the cold-air composite chart compared to the non cold-air composite.  A height difference 

of 60 m is seen between the two composites over the southern area of the north sub-

region in contrast to the nearly 180 m lower heights in the cold-air composite over 

northern portions.  The 850 hPa temperatures at t0 h are found to be between 0°C and -

10°C within the north sub-region in the cold-air composite (Fig. 34a), about 5°C colder 

than what is shown in the non cold-air 850 hPa composite (Fig. 34b).  There is more of a 

southward surge of colder temperatures 

associated with the composite trough in the cold-air composites than in the non cold-air 

composites.  the north sub-region.  Surface composites for the north sub-region at t0 h 

show a 1006 hPa composite low pressure in the cold-air (Fig. 35a) and 1008 hPa 
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Figure 35. Surface charts of cold-air cyclone (a) and non cold-air cyclone (b) composites at t0 h for the 

north sub-region; mean sea-level pressure (solid contours every 2 hPa), 2 m temperatures (thin solid 

contours, shaded every 5˚C), and 10 m wind speed and direction (barbs, ms
-1

). The cold-air composites 

contain 7 cyclones and the non cold-air composites have 11 cyclones from the 2000-2001 cool season. 

 

(a)      (b) 

 

Figure 36. 300 hPa cold-air cyclone (a) and non cold-air cyclone (b) composites at t24 h for the north 

sub-region; heights (solid contours every 90 m) and wind speed (thin solid contours, shaded every 10 

ms
-1

). The cold-air composites contain 7 cyclones and the non cold-air composites have 11 cyclones 

from the 2000-2001 cool season. 

 

composite low in the non cold-air (Fig. 35b) both located in the Gulf of Maine with 

similar 2 m temperatures. 

 

Twenty-four hours later at t24 h, the jet streak at 300 hPa in the cold-air composite 

has moved southeast of the north sub-region (Fig. 36a).  At the same time the jet streak in 

the non cold-air composite (Fig. 36b) is positioned such that it is along the southeast 

periphery of the sub-region.  The magnitude of the winds within both jets is shown to be 

 

 
(a)      (b) 
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Figure 37. 500 hPa cold-air cyclone (a) and non cold-air cyclone (b) composites at t24 h for the north 

sub-region; heights (solid contours every 60 m) and temperatures (thin solid contours, shaded every 

5˚C). The cold-air composites contain 7 cyclones and the non cold-air composites have 11 cyclones 

from the 2000-2001 cool season. 

 

Figure 38. 850 hPa cold-air cyclone (a) and non cold-air cyclone (b) composites at t24 h for the north 

sub-region; heights (solid contours every 60 m) and temperatures (thin solid contours, shaded every 

5˚C). The cold-air composites contain 7 cyclones and the non cold-air composites have 11 cyclones 

from the 2000-2001 cool season. 

 

50-60 ms
-1

 at this time.  The 500 hPa temperatures indicate that there is a greater 

southward surge of colder air in the cold-air composite compared to the non cold-air 

composite.  The -30°C isotherm is shown to cover the entire Northeast and north sub-

region in the cold-air composite (Fig. 37a), while in the non cold-air (Fig. 37b) it is 5°C 

warmer in the north sub-region and the -30°C isotherm makes it only as far south as 

northern New England.  There is also a difference in 500 hPa heights between the two 

charts, as the cold-air composite is 120 m lower than the non cold-air at t24 h.  At t24 h, 

 

(a)      (b) 

 

(a)      (b) 
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Figure 39. Surface charts of cold-air cyclone (a) and non cold-air cyclone (b) composites at t24 h for 

the north sub-region; mean sea-level pressure (solid contours every 2 hPa), 2 m temperatures (thin solid 

contours, shaded every 5˚C), and 10 m wind speed and direction (barbs, ms
-1

). The cold-air composites 

contain 7 cyclones and the non cold-air composites have 11 cyclones from the 2000-2001 cool season. 

 

both composite charts show at 850 hPa that a ridge is building in from upstream allowing 

heights and temperatures to rebound.  The 850 hPa heights are 60 m lower in the cold-air 

(Fig. 38a) compared to the non cold-air (Fig. 38b), however temperatures are seen to be 

nearly identical between the two charts.  Analysis of the mean SLP at t24 h reveals that 

both the cold-air (Fig. 39a) and non cold-air (Fig. 39b) composite lows tracked northeast 

then north-northeast after t0 h.  The cold-air composite low deepened to a low pressure of 

998 hPa by t24 h compared to the 1006 hPa low in the non cold-air.  Below freezing 

temperatures at 2 m above the surface were shown to be only over the Northeast and 

Mid-Atlantic States, stopping short of the coastal waters.  Temperatures between the two 

composites continue to be relatively similar. 

 

 

d. Cold-air / Non Cold-air Comparison (East Sub-region) 

East sub-region cold-air composites from the 10 cold-air cyclones were compared to 

composites from 25 out of the 43 non cold-air cyclones identified in the 2000-2001 cool 

season. 

(a)      (b) 
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Figure 40. 300 hPa cold-air cyclone (a) and non cold-air cyclone (b) composites at t-24 h for the east 

sub-region; heights (solid contours every 90 m) and wind speed (thin solid contours, shaded every 10 

ms
-1

). The cold-air composites contain 10 cyclones and the non cold-air composites have 25 cyclones 

from the 2000-2001 cool season. 

 

Figure 41. 500 hPa cold-air cyclone (a) and non cold-air cyclone (b) composites at t-24 h for the east 

sub-region; heights (solid contours every 60 m) and temperatures (thin solid contours, shaded every 

5˚C). The cold-air composites contain 10 cyclones and the non cold-air composites have 25 cyclones 

from the 2000-2001 cool season. 

 

At 300 hPa, the cold-air composite (Fig. 40a) shows a jet streak south and east of the 

east sub-region at t-24h.  A very different position of the jet streak is observed in the non 

cold-air composite at t-24 h as the jet is stretched across the northern half of the east sub-

region (Fig. 40b).  The 300 hPa composite trough is stretched farther south in the cold-air 

than the non cold-air composite.  Wind speeds associated with both jets are 

found to be equal in magnitude near 40 ms
-1

.  The 500 hPa heights indicate the cold-air 

composite trough (Fig. 41a) to be located east relative to the position of the non cold-air 

(a)      (b) 

 

(a)      (b) 
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Figure 42. 850 hPa cold-air cyclone (a) and non cold-air cyclone (b) composites at t-24 h for the east 

sub-region; heights (solid contours every 60 m) and temperatures (thin solid contours, shaded every 

5˚C). The cold-air composites contain 10 cyclones and the non cold-air composites have 25 cyclones 

from the 2000-2001 cool season. 

 

composite trough (Fig. 41b) at t-24 h.  Temperatures at this level at this time are very 

similar across the east sub-region ranging from 20°C to -15°C.  At 850 hPa, multiple 

composite shortwave troughs exist in the cold-air composite at t-24 h (Fig. 42a). Three 

shortwaves detected at this time are highlighted by the dashed red lines: one along the 

East Coast by New Jersey; a second approaching the Ohio River Valley; and a third 

diving out from the Dakotas.  This is in contrast to two shortwave troughs; one over Nova 

Scotia, and a second near the western Great Lakes in the non cold-air composite (Fig. 

42b).  Temperatures associated with these atmospheric features are found to be about 5°C 

colder in the east sub-region for the 850 hPa composite chart.  Again, as expected the 850 

hPa heights are 30 m lower in the cold-air composite chart at t-24 h.  Figure 43a-b both 

indicate a weak surface trough along the eastern boundary of the ECWS region at t-24 h.  

The frontal system associated with this trough is providing northwesterly winds over the 

east sub-region and cold air 

(a)      (b) 

 



63 

 

Figure 43. Surface charts of cold-air cyclone (a) and non cold-air cyclone (b) composites at t-24 h for 

the east sub-region; mean sea-level pressure (solid contours every 2 hPa), 2 m temperatures (thin solid 

contours, shaded every 5˚C), and 10 m wind speed and direction (barbs, ms
-1

). The cold-air composites 

contain 10 cyclones and the non cold-air composites have 25 cyclones from the 2000-2001 cool season. 

 

Figure 44. 300 hPa cold-air cyclone (a) and non cold-air cyclone (b) composites at t0 h for the east 

sub-region; heights (solid contours every 90 m) and wind speed (thin solid contours, shaded every 10 

ms
-1

). The cold-air composites contain 10 cyclones and the non cold-air composites have 25 cyclones 

from the 2000-2001 cool season. 

 

advection.

  

At t0 h the magnitude of the 300 hPa jet streak in the east sub-region for the cold-air 

composite chart (Fig. 44a) has remained constant over the past 24 h, while an increase of 

(a)      (b) 
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Figure 45. 500 hPa cold-air cyclone (a) and non cold-air cyclone (b) composites at t0 h for the east 

sub-region; heights (solid contours every 60 m) and temperatures (thin solid contours, shaded every 

5˚C). The cold-air composites contain 10 cyclones and the non cold-air composites have 25 cyclones 

from the 2000-2001 cool season. 

 

10 ms
-1

 is shown in the non cold-air composite (Fig. 44b).  This is the reverse effect from 

the north sub-region comparison where in those composites the jet from the cold-air 

cyclones had higher wind speeds.  The 300 hPa cold-air composite trough axis is shown 

 

to be displaced farther to the east than in the non cold-air composite chart which again 

may be the reason why the position of the jet axis of the cold-air composite is oriented 

more north-south.  At 500 hPa, temperatures are found to be 5°C colder in the cold-air 

composite (Fig. 45a) along with 60 m lower heights than the non cold-air (Fig. 45b).  

The 850 hPa composites are nearly identical at t0 h as temperatures across the sub-region 

range from 0°C to 10°C for both the cold-air (Fig. 46a) and the non cold-air (Fig. 46b) 

(a)      (b) 
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Figure 46. 850 hPa cold-air cyclone (a) and non cold-air cyclone (b) composites at t0 h for the east sub-

region; heights (solid contours every 60 m) and temperatures (thin solid contours, shaded every 5˚C). 

The cold-air composites contain 10 cyclones and the non cold-air composites have 25 cyclones from the 

2000-2001 cool season. 

 

charts.  Temperatures throughout the boundary layer between 850 hPa and 2 m above the 

surface are above freezing for both composite charts revealing that the greatest 

temperature differences exist in the mid-to upper levels.  Surface composite comparison 

between the cold-air cyclones (Fig. 47a) and non cold-air cyclones (Fig. 47b) show that 

both low pressure systems developed on the warm side of the low-level synoptic-scale 

temperature gradient.  The weak composite trough feature identified earlier in the cold-air 

composite for the east sub-region is also visible in the non cold-air surface composite 

mean SLP. 

 

 

 

(a)      (b) 

 

(a)      (b) 
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Figure 47. Surface charts of cold-air cyclone (a) and non cold-air cyclone (b) composites at t0 h for the 

east sub-region; mean sea-level pressure (solid contours every 2 hPa), 2 m temperatures (thin solid 

contours, shaded every 5˚C), and 10 m wind speed and direction (barbs, ms
-1

). The cold-air composites 

contain 10 cyclones and the non cold-air composites have 25 cyclones from the 2000-2001 cool 

season. 

 

Figure 48. 300 hPa cold-air cyclone (a) and non cold-air cyclone (b) composites at t24 h for the east 

sub-region; heights (solid contours every 90 m) and wind speed (thin solid contours, shaded every 10 

ms
-1

). The cold-air composites contain 10 cyclones and the non cold-air composites have 25 cyclones 

from the 2000-2001 cool season. 

 

At t24 h, the 300 hPa trough axis is located in the ECWS region for both the cold-air 

cyclone composite (Fig. 48a) and the non cold-air cyclone composite (Fig. 48b).  The 

wind speeds within both jets are equal in magnitude at t24 h.  The 500 hPa cold-air 

composite trough continued to deepen between t0 h and t24 h allowing the -25°C 

isotherm to reach almost as far south as 35°N latitude in the east sub-region (Fig. 49a).  

This is in contrast to the less intense non cold-air composite trough at t24 h where 

temperatures were seen to be slowly rising as the upstream ridge began to build (Fig. 

49b).  The 850 hPa heights fell 30 m between t0 h and t24 h in the cold-air composite, 

with temperatures dropping to 0°C and 5°C across the east sub-region.  Analysis of the 

non cold-air composite at 850 hPa (Fig. 50b) at t24 h reveals that heights moderated 

(a)      (b) 
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Figure 49. 500 hPa cold-air cyclone (a) and non cold-air cyclone (b) composites at t24 h for the east 

sub-region; heights (solid contours every 60 m) and temperatures (thin solid contours, shaded every 

5˚C). The cold-air composites contain 10 cyclones and the non cold-air composites have 25 cyclones 

from the 2000-2001 cool season. 

 

Figure 50. 850 hPa cold-air cyclone (a) and non cold-air cyclone (b) composites at t24 h for the east 

sub-region; heights (solid contours every 60 m) and temperatures (thin solid contours, shaded every 

5˚C). The cold-air composites contain 10 cyclones and the non cold-air composites have 25 cyclones 

from the 2000-2001 cool season. 

 

only slightly from t0 h and temperatures were about 5°C warmer than in the cold-air 

composite.  Both composite low pressure systems are shown to track to the northeast 

after development as they follow along the synoptic-scale temperature gradient (Figs. 

51a-b).  Additionally, the two lows intensify at a rate of 2 hPa every 6 h between t0 h and 

t24 h with both ending with a 1008 hPa center of low pressure by t24 h. 

 

(a)      (b) 

 

(a)      (b) 
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Figure 51. Surface charts of cold-air cyclone (a) and non cold-air cyclone (b) composites at t24 h for 

the east sub-region; mean sea-level pressure (solid contours every 2 hPa), 2 m temperatures (thin solid 

contours, shaded every 5˚C), and 10 m wind speed and direction (barbs, ms
-1

). The cold-air composites 

contain 10 cyclones and the non cold-air composites have 25 cyclones from the 2000-2001 cool season. 

 

 

e. Summary of Composite Analysis 

The upper-air composite charts from the north sub-region showed the greatest 

differences between the cold-air and non-cold air cyclones.  The 500 hPa heights and 

temperatures were found to be 60-180 m lower and 5-10°C colder in the cold-air 

composites over the 48 h period.  At both 300 hPa and 500 hPa heights clearly showed a 

trough/ridge couplet in the non cold-air composites from t-24 to t0, while no ridging was 

present in the cold-air charts.  From t-24 h to t24 h the surface to 850 hPa temperatures 

and heights were noticeably similar between the cold-air and non cold-air in the north 

sub-region.  There were a few subtle differences from t0 h to t24 h where 850 hPa heights 

were found to be 30-60 m lower in the cold-air composites in addition to temperatures 

running about 5°C cooler than the non cold-air composites.  The composite surface low 

pressures in both charts at t0 h were located in the Gulf of Maine near the 0°C isotherm.  

A rather interesting finding was the lower pressure achieved in the cold-air composite 

surface low of 998 hPa compared to the 1008 hPa non cold-air composite low at t24 h.  

Conclusions to why this occurred will be addressed in Chapter 6. 

(a)      (b) 
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The east sub-region results were surprisingly different than those discussed in the 

north sub-region.  There is not much difference in the shape and pattern of the upper-

level heights between the two composites.  However, 500 hPa heights are about 0-60 m 

lower and 5°C colder in the cold-air composite charts.  There appears to be more 

shortwave troughs in the cold-air composites for both the north and east sub-regions.  An 

argument can be made that since the non cold-air composite for the east sub-region is 

using 25 events this may be smoothing out the 850 hPa heights making it more difficult 

to pick out shortwave troughs.  However, the cold-air cyclone composite of the east sub-

region indicates the presence of shortwave troughs and the non cold-air composite of the 

north sub-region shows none, while they both contain nearly the same number of events 

(10 and 11 respectably). Atmospheric conditions are different at 850 hPa as multiple 

shortwave troughs are visible in the composites for the cold-air charts.  This is rather 

impressive because one would think these smaller features would be washed out in the 

averaging.  Both surface composite low pressure systems developed along a stalled out 

frontal boundary at t0 h and intensified to the same central low pressure by t24 h. 
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CHAPTER 5  

 

5. Case Studies  

Two cold-air cyclone case studies were selected to gain additional information 

regarding the atmospheric conditions present before, during, and after the events that are 

not shown in the composites.  This information may help forecasters identify favorable 

conditions for cold-air cyclogenesis.  The two cases selected for further analysis both 

exhibited characteristics that were rare within the 20 cold-air cyclone sample.  These will 

be abbreviated case studies designed for the purpose of obtaining potentially critical 

synoptic-scale features previously washed out by the composites.  The first case looks at 

an event that formed off the southeast coast within the East sub-region.  This storm was 

most notable for being one of only two cold-air cyclones indentified as an extremely 

cold-air event since it contained 1000-500 hPa thickness values less than -1.0 standard 

deviations from the mean.  In the case of the second storm, 1000-500 hPa thicknesses 

were shown to be cold-enough for the entire 18-hrs it was in the ECWS region.  Forty 

percent of the cold-air cyclones were found to achieve the “cold enough” status for its 

entire duration in the ECWS region with the majority of these located in the north sub-

region.  This event is chosen to act as a representative of a typical cold-air cyclone event 

found to develop in the north sub-region. 

 

a. “Strong” cold-air cyclone event 

On 21 February 1999 at 1800 UTC, a cyclone located off the Southeast coast 

intensified as it entered the ECWS east sub-region.  Satellite analysis (Chapter 3) 

classified the type of cyclogenesis as “left exit” based on the Evans et al. (1994) scheme.  

Visible satellite imagery captured the event having a rotating baroclinic leaf merging with 
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Figure 52. Infrared satellite images at 0132 UTC on 22 February 1999 off Mid-

Atlantic coast. 

the polar-front cloud band (Fig. 52) during cyclogenesis.  The storm tracked northeast as 

it further intensified traveling along the strong thickness gradient.  Figure 53a-b shows 

the cold thickness anomaly (green/blue) progressing toward the east as the cyclone 

strengthens southeast of the anomaly’s center.  The center of low pressure was located at 

33.1°N latitude and 70°W longitude and took a track that was generally toward the north 

and east (Fig. 54). The cyclone remained in the ECWS region for 12-hrs during which 

time it underwent cyclogenesis while all five grid points surrounding the center of 

circulation were less than -1.0 standard deviations from the 32-year daily mean.  Average 

thickness values at onset of cyclogenesis were near 540 dam, nearly 150 m below the 32-

year daily mean. 

At 300 hPa twelve hours earlier (0600 UTC 21 Feb 1999), a strong jet streak with 

winds speeds greater than 80 m/s was located over much of the southeast U.S. (Fig. 55).   
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Figure 53. East sub-region case study thickness anomaly charts for 1800 UTC on 

21 February 1999 (a) and at 0600 UTC on 22
nd

; daily 1000-500 thickness 

anomalies (shaded every 60 m), daily 1000-500 thickness (dashed, contoured every 

60 m); and mean sea-level pressure (solid, contoured every 2 hPa). 

 

 

 

 

 

 

(a) 

(b) 
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Figure 54. Storm track of 21 February 1999 cold-air cyclone; mean sea-level pressure 

(solid contours every 2 hPa), center of storm (low pressure symbols every 12 hrs 

beginning at 1800 UTC on 21
st
, and ECWS region (red box). 

 

A prior jet streak is seen exiting the region moving poleward over Nova Scotia.  The 500 

hPa heights at this time (Fig. 56) indicate a shortwave trough southeast and offshore of 

Long Island lifting out of the longwave trough, while a more impressive shortwave 

trough is digging in to the base of the longwave trough on the western side of the 

Appalachian Mountains.  Absolute vorticity values are shown to exceed 25 x 10
-5

 s
-1

 in 

the base of the digging shortwave trough.  The same shortwaves identified at 500 hPa are 

visible at 700 hPa (Fig. 57) along with an additional third shortwave in Canada north of 

Minnesota and Michigan.  The 850 hPa heights reveal a low pressure system over Nova 

Scotia in Fig. 58.  This system is found to be collocated with the equatorward entrance 

region of the north-south oriented jet mentioned earlier at 300 hPa and downstream of the 

mid-level shortwave trough detected at 500 hPa and 700 hPa.  At 850 hPa upstream of 

this low the flow is out of the north providing strong cold-air advection over the East  
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Figure 55. 300 hPa 0600 UTC on 21 February 1999: Heights (solid 

contours every 90 m), wind barbs (ms
-1

), and wind speeds (shaded every 

10 ms
-1

). 

Figure 56. 500 hPa 0600 UTC on 21 February 1999: Heights (solid 

contours every 60 m), temperatures (shaded every 5˚C), and absolute 

vorticity values of 15 and 25 x 10
-5

 s
-1

 (shaded green). 
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Coast of the U.S.  A small amplitude shortwave trough can be seen located southwest of 

the low pressure center crossing over southern New England and the mid-Atlantic states 

at 0600 UTC on the 21
st
 .  Figure 59 shows 1000 hPa streamlines at this same time with a 

predominate flow out of the northwest along most of the East Coast and offshore coastal 

waters.  10 m winds within the ECWS region (Fig. 60) range between 15 to 20 ms
-1

 out 

of the northwest and the surface low, just south of Nova Scotia is seen lifting northward.  

The surface (2 m) 0°C isotherm is seen hugging the New England coastline and as far 

south as western North Carolina. 

 

 

 

At time of cyclogenesis (1800 UTC 21 Feb 1999), the 300 hPa trough has now 

intensified (Fig. 61).  Strong winds are now located both immediately upstream and 

downstream of the trough as it rotates into the base of the longwave trough.  Figure 62 

clearly shows the 500 hPa shortwave trough that was west of the Appalachian Mountains 

has deepened significantly and moved over the mountains.  Absolute vorticity values of  

Figure 57. 700 hPa 0600 UTC on 21 February 1999: Heights (solid 

contours every 60 m), temperatures (shaded every 5˚C), and wind barbs 

(ms
-1

). 
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Figure 58. 850 hPa 0600 UTC on 21 February 1999: Heights (solid 

contours every 60 m) and temperatures (shaded every 5˚C). 

Figure 59. 1000 hPa 0600 UTC on 21 February 1999: Streamlines (ms
-1

) 

and temperatures (thin contours, shaded every 5˚C). 
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25 x 10-5 s-1 are now clustered along the base of the trough signifying strong vorticity 

advection immediately downstream of the 500 trough axis.  The 700 hPa height gradient 

tightens over the previous 12 hours (Fig. 63) as the trough at 700 hPa deepens similarly 

to conditions at 500 hPa.  The passage of the first 700 hPa shortwave trough has allowed 

cold air to filter in behind it.  The -10°C isotherm extends over much of the intermediate 

coastal waters off the East Coast.  These multiple shortwave troughs, similarly detected 

in the east sub-region cold-air composites may prove to be good indicators of upper-air 

environment conditions conducive to produce cold-air cyclones.  The 850 hPa heights at 

this time (Fig. 64) indicate that a southwest-northeast oriented shortwave trough has 

intensified along the East Coast, southwest of the prior low pressure system.  

Temperatures immediately downstream of the trough are between 0°C and -5°C.  

Additionally the -10°C isotherm is located along the coastlines of New England and the 

Mid-Atlantic.  Streamline analysis at 1000 hPa (Fig. 65) show a cyclonic circulation  

Figure 60. Surface chart 0600 UTC on 21 February 1999: Mean sea-level 

pressure (solid contours every 2 hPa), temperatures (shaded every 5˚C), 

and wind barbs (ms
-1

). 
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Figure 61. 300 hPa 1800 UTC on 21 February 1999: Heights (solid 

contours every 90 m), wind barbs (ms
-1

), and wind speeds (shaded every 10 

ms
-1

). 

 

Figure 62. 500 hPa 1800 UTC on 21 February 1999: Heights (solid 

contours every 60 m), temperatures (shaded every 5˚C), and absolute 

vorticity values of 15 and 25 x 10
-5

 s
-1

 (shaded green). 
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southeast of North Carolina.  The center of circulation is forming in >20°C air 2 m above 

the surfaces.  Analysis at the surface shows the formation of the cold-air cyclone with 

central mean sea level pressure at 1012 hPa (Fig. 66).  Winds at 10 m above the surface 

are relatively weak at this time with reports of 5-15 ms
-1 

around the center of circulation. 

 

The 300 hPa jet streak downstream of the trough axis at twelve hours after initial 

cyclogenesis (0600 UTC 22 Feb 1999) is oriented nearly north-south with speeds in the 

core of the jet streak continuing to be near 80 ms
-1 

(Fig. 67).  The jet has shifted more 

toward the downstream side of the trough as it begins to become more negatively tilted.  

Absolute vorticity still remains strong in the base of the 500 hPa trough (Fig. 68) and is 

found to be consistent with the strengthening of the cold-air cyclone.  The 700 hPa 

heights shows two shortwave troughs moving east of the Appalachian Mountains, one 

along the immediate coastline of the Mid-Atlantic and the other slightly downstream of  

Figure 63. 700 hPa 1800 UTC on 21 February 1999: Heights (solid 

contours every 60 m), temperatures (shaded every 5˚C), and wind barbs 

(ms
-1

). 
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Figure 64. 850 hPa 1800 UTC on 21 February 1999: Heights (solid 

contours every 60 m) and temperatures (shaded every 5˚C). 

 

Figure 65. 1000 hPa 1800 UTC on 21 February 1999: Streamlines (ms
-1

) 

and temperatures (thin contours, shaded every 5˚C). 
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the first (Fig. 69).  The base of the 850 hPa trough axis (Fig. 70) extends into above 

freezing temperatures (5-10°C).  Temperatures upstream of the trough along the coastline 

are less than -10°C associated with the northwest flow.  The surface streamline analysis 

shows a well-defined cyclonic circulation east of Cape Hatteras (Fig. 71).  Temperatures 

at 2 m are still well above freezing with 20-25°C observed near the center of circulation 

(Fig. 72).  The surface map (Fig. 72) shows that the cold-air cyclone intensified to a 

central pressure of 1006 hPa.  The storm has tracked northeast and continued on this path 

throughout the next twenty-four hours.  

 

This event developed in the coldest 1000-500 hPa thickness anomalies identified in 

this study for an ECWS.  A precursor mid-level shortwave trough was detected twelve 

hours prior to cold-air cyclogenesis ushering in very cold-air aloft.  Meanwhile, above 

freezing temperatures continued to persist in the boundary layer setting up a less stable 

Figure 66. Surface chart 1800 UTC on 21 February 1999: Mean sea-level 

pressure (solid contours every 2 hPa), temperatures (shaded every 5˚C), 

and wind barbs (ms
-1

). 
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environment with steep lapse rates.  It appears that this event is very similar to “classic” 

East Coast cyclogenesis, with the only difference being very cold air aloft. 

 

 

 

 

 

Figure 67. 300 hPa 0600 UTC on 22 February 1999: Heights (solid 

contours every 90 m), wind barbs (ms
-1

), and wind speeds (shaded every 10 

ms
-1

). 

 

Figure 68. 500 hPa 0600 UTC on 22 February 1999: Heights (solid 

contours every 60 m), temperatures (shaded every 5˚C), and absolute 

vorticity values of 15 and 25 x 10
-5

 s
-1

 (shaded green). 
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Figure 69. 700 hPa 0600 UTC on 22 February 1999: Heights (solid 

contours every 60 m), temperatures (shaded every 5˚C), and wind barbs 

(ms
-1

). 

 

Figure 70. 850 hPa 0600 UTC on 22 February 1999: Heights (solid 

contours every 60 m) and temperatures (shaded every 5˚C). 
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Figure 71. 1000 hPa 0600 UTC on 22 February 1999: Streamlines (ms
-1

) 

and temperatures (thin contours, shaded every 5˚C). 

 

Figure 72. Surface chart 0600 UTC on 22 February 1999: Mean sea-level 

pressure (solid contours every 2 hPa), temperatures (shaded every 5˚C), 

and wind barbs (ms
-1

). 
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b. ECWS “cold enough” at all times 

 At 1800 UTC on 20 April 1999 a low pressure system developed in the north sub-

region of the ECWS region with an initial central pressure of 1012 hPa.  The storm 

moved southeast and strengthened south of Long Island before recurving to the northeast 

at 0600 UTC on the 21
st
 with an estimated central pressure of 1008 hPa.  This storm 

incorporates a number of characteristics seen in most of the north sub-region cold-air 

cyclones.  It remained in the ECWS for a short amount of time (12 hours) and stayed cold 

enough for that entire time period.  Eight other cold-air cyclones managed to maintain 

this “cold enough” status at all five grid points near the center of circulation while they 

remained in the ECWS region.  At the time of cyclone development, thickness values 

over the storm were about 535 dam and continued through twelve hours after 

development (Fig. 73a-b).  This is nearly 100 m below the climatological 32-year daily 

average. 

 

 
(a) 
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Figure 73. North sub-region case study thickness anomaly charts for 1800 UTC 

on 20 April 1999 (a) and at 0600 UTC on 21
st
; daily 1000-500 hPa thickness 

anomalies (shaded every 60 m), daily 1000-500 hPa thickness (dashed, contoured 

every 60 m); and mean sea-level pressure (solid, contoured every 2 hPa). 

 

 

 

 

 

 

 

Figure 74. 300 hPa 1800 UTC on 20 April 1999: Heights (solid contours 

every 90 m), wind barbs (ms
-1

), and wind speeds (shaded every 10 ms
-1

). 

 

(b) 
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Twelve hours prior to cyclogenesis (0600 UTC 20 April 1999) the location of the jet 

stream at 300 hPa is well offshore of the East Coast and south of the north sub-region 

(Fig. 74).  The maximum winds observed in this jet are greater than 50 ms-1.  Upstream 

of the major jet streak over Lake Michigan, a localized jet streak with wind speeds only 

reaching 40 ms
-1

can be identified.  This smaller feature will be shown later to be linked to 

the development of the cold-air cyclone in this case.  At 500 hPa, three shortwave troughs 

can be identified at this time (Fig. 75).  These include one located over New England, a  

 

second over the Great Lakes, and a third further upstream in Canada, north of North 

Dakota and Minnesota.  At this time the largest amount of absolute vorticity appears to be 

associated with the second shortwave trough.    Additionally, 500 hPa temperatures over 

the Northeast and western portions of the north sub-region are less than -30°C. At 700 

hPa, there are four shortwave troughs located between the ECWS region and the north-

central U.S. (Fig. 76).  A pocket of below freezing temperatures at 850 hPa is  

Figure 75. 500 hPa 0600 UTC on 20 April 1999: Heights (solid contours 

every 60 m), temperatures (shaded every 5˚C), and absolute vorticity 

values of 15 and 25 x 10
-5

 s
-1

 (shaded green). 
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associated with a trough centered over the Great Lakes (Fig. 77).  The 1000 hPa 

streamlines hints at an area of convergence along the coast of Maine and New Hampshire 

(Fig. 78).  Temperatures in the western Gulf of Maine at 1000 hPa are less than 0°C right 

Figure 76. 700 hPa 0600 UTC on 20 April 1999: Heights (solid contours 

every 60 m), temperatures (shaded every 5˚C), and wind barbs (ms
-1

). 

 

Figure 77. 850 hPa 0600 UTC on 20 April 1999: Heights (solid contours 

every 60 m) and temperatures (shaded every 5˚C). 
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along the convergent zone.  Temperatures on the surface chart (2 m, Fig. 79) are between 

0-10°C in the north sub-region. 

 

At the initial time of cyclogenesis (1800 UTC 20 April 1999) the location of the jet 

stream at 300 hPa (Fig. 80) has not changed as it remains offshore of the East Coast but 

the wind speeds in the core have weakened in the last twelve hours.  Further west, the 

small jet streak previously over Lake Michigan has now moved over Delaware, 

Maryland, and northern Virginia with wind speeds of 40 ms
-1

and is located in the base of 

the trough.  Two shortwaves were identified at 500 hPa (0600 UTC on the 20
th

).  The first 

is slightly positively tilted over southern New England and the second is further west 

over the western Great Lakes (Fig. 81).  This second shortwave, over the Great Lakes,  

Figure 78. 1000 hPa 0600 UTC on 20 April 1999: Streamlines (ms
-1

) and 

temperatures (thin contours, shaded every 5˚C). 
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later provides the upward vertical motion to intensify the cold-air cyclone progressed to 

the east across the eastern half of the continental U.S. between 1800 UTC on the 19
th

 to 

Figure 79. Surface chart 0600 UTC on 20 April 1999: Mean sea-level 

pressure (solid contours every 2 hPa), temperatures (shaded every 5˚C), 

and wind barbs (ms
-1

). 

 

Figure 80. 300 hPa 1800 UTC on 20 April 1999: Heights (solid contours 

every 90 m), wind barbs (ms
-1

), and wind speeds (shaded every 10 ms
-1

). 
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1800 UTC on the 21
st
.  A large area of vorticity values exceeding 25 x 10

-5
 s

-1 
were noted 

during the intensification of the shortwave.  The 700 hPa shortwave that was located over 

the Great Lakes 12 hours previously has now deepened over the Mid-Atlantic (Fig. 82).  

Tightening of the heights during the previous 12 hours along the base of the shortwave 

trough is producing a stronger gradient and faster wind speeds downstream.  A well-

defined ridge/trough couplet is seen on the 850 hPa chart (Fig. 83) over the eastern U.S.  

The trough is nearly closed at this time with 850 hPa temperatures in the north sub-region 

ranging from 0-5°C.  A closed circulation in the streamline field (Fig. 84) is located south 

of Long Island and tracks northeast over the next 24-hrs.  Temperatures at 2 m  

 

 

 

heights were well above freezing during the entire duration of this storm as it followed 

the15°C isotherm (Fig. 85).  The center of low pressure at this time is located over Maine 

and southeastern New Hampshire with a central pressure of 1012 hPa. 

Figure 81. 500 hPa 1800 UTC on 20 April 1999: Heights (solid contours 

every 60 m), temperatures (shaded every 5˚C), and absolute vorticity 

values of 15 and 25 x 10
-5

 s
-1

 (shaded green). 
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The 300 hPa jet streak at twelve hours after cyclogenesis (0600 UTC 21 April 1999, 

Fig. 86) is well offshore and northeast of the ECWS region.  The location of the poleward 

entrance region of this jet streak is collocated with the center of low pressure of the cold-

air cyclone.  However the poleward entrance region is not conducive to cyclogenesis as it 

is typically an area of sinking air.  Meanwhile at 500 hPa, the shortwave trough 

associated with the development of the cold-air cyclone is still displaced slightly 

upstream of the surface low pressure allowing for continued rising motion, fueling the 

continued intensification of the system (Fig. 87).  Absolute vorticity values of greater 

than 25 x 10
-5

 s
-1

 are still prevalent within the base of the shortwave trough.  The 700 hPa 

heights (Fig. 88) show a closed contour associated with a center of circulation in the Gulf 

of Maine.  Temperatures at this level are between -5°C and -10°C in the vicinity of the 

700 hPa circulation.  The 850 hPa shortwave trough observed at 1800 UTC on the 20
th

  

Figure 82. 700 hPa 1800 UTC on 20 April 1999: Heights (solid contours 

every 60 m), temperatures (shaded every 5˚C), and wind barbs (ms
-1

). 
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has now developed into a closed circulation denoted by the closed isoheight in Fig. 89.  

Temperatures are between 0°C and -5°C near the center of circulation in the Gulf of 

Maine.  A tightly wrapped cyclonic circulation is evident in the 1000 hPa streamline 

analysis at this time southeast of New England (Fig. 90).  Temperatures at 1000 hPa  

range from 10°C to 20°C.  The surface chart (Fig. 91) at t12 h shows a 1008 hPa mean 

SLP for the center of the cold-air cyclone.  The intensification of the cyclone occurred as 

it tracked initially southeastward then began to recurve northeast by t12 h. 

The cold-air cyclone on the 20
th

 of April managed to remain “cold enough” for its 

entire duration in the ECWS region.  Multiple shortwave troughs were identified to exist 

in the mid-levels, including one that acted as a “precursor” to the cold-air event.  The 

location of the jet streak relative to the surface low is not ideal for cyclogenesis, however 

it still occurs. 

Figure 83. 850 hPa 1800 UTC on 20 April 1999: Heights (solid contours 

every 60 m) and temperatures (shaded every 5˚C). 

 



 

94 

 

 

 

 

 

 

 

Figure 84. 1000 hPa 1800 UTC on 20 April 1999: Streamlines (ms
-1

) and 

temperatures (thin contours, shaded every 5˚C). 

 

Figure 85. Surface chart 1800 UTC on 20 April 1999: Mean sea-level 

pressure (solid contours every 2 hPa), temperatures (shaded every 5˚C), 

and wind barbs (ms
-1

). 
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Figure 86. 300 hPa 0600 UTC on 21 April 1999: Heights (solid contours 

every 90 m), wind barbs (ms
-1

), and wind speeds (shaded every 10 ms
-1

). 

 

Figure 87. 500 hPa 0600 UTC on 21 April 1999: Heights (solid contours 

every 60 m), temperatures (shaded every 5˚C), and absolute vorticity 

values of 15 and 25 x 10
-5

 s
-1

 (shaded green). 
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Figure 88. 700 hPa 0600 UTC on 21 April 1999: Heights (solid contours 

every 60 m), temperatures (shaded every 5˚C), and wind barbs (ms
-1

). 

 

Figure 89. 850 hPa 0600 UTC on 21 April 1999: Heights (solid contours 

every 60 m) and temperatures (shaded every 5˚C). 
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Figure 90. 1000 hPa 0600 UTC on 21 April 1999: Streamlines (ms
-1

) and 

temperatures (thin contours, shaded every 5˚C). 

 

Figure 91. Surface chart 0600 UTC on 21 April 1999: Mean sea-level 

pressure (solid contours every 2 hPa), temperatures (shaded every 5˚C), and 

wind barbs (ms
-1

). 
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Both case studies indicate that a precursor shortwave trough in the middle 

troposphere may be one of the key components in cold-air cyclogenesis.  They seem to 

provide an initial surge of cold-air aloft, decreasing the stability of the atmosphere over 

the warmer coastal waters.  Twelve hours later a second shortwave trough, with 

anomalously cold 1000-500 thicknesses, intensifies as it approaches the East Coast.  The 

effects from the 300 hPa jet do not seem to be a deciding factor in whether a cold-air 

cyclone will develop, but it still must be considered.  Both case studies showed similar 

features to those identified in the composites for their respectable sub-region.  The one 

significant difference was that the east sub-region cold-air composites were generally 

warmer aloft than the north sub-region, but the east sub-region case study (21
st
 February) 

had the coldest temperatures aloft. 
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CHAPTER 6  

 

5. Discussion and conclusions  

A climatology of East Coast cold-air cyclones was presented in this paper using a 

multi-variable approach.  Cold-air cyclones were identified when they were determined 

to undergo cyclogenesis off the East Coast of the U.S. and contained 1000-500 hPa 

thickness values in and immediately surrounding the center of the surface circulation that 

were “cold enough”.  This study identified 512 ECWS between 1997 and 2006 with 259 

of these events developing or intensifying off the East Coast.  From the 259 cyclogenesis 

events, 20 cold-air coastal cyclones were detected in the nine-years based on 1000-500 

thickness values less than the -0.5 standard deviations from the 32-year daily mean.  

These 20 cold-air cyclones formed more frequently during the late winter months of 

February and March and generally lasted for 12-18 hours inside the ECWS region.  The 

majority of cold-air events were concentrated in the Gulf of Maine and offshore of the 

Mid-Atlantic coast. 

 

a. Favorable conditions of East Coast cold-air cyclones 

Results from the composite analysis in Chapter 4 allude to the fact that these cold-air 

cyclones exhibit the same dynamical characteristics as other extratropical, cold core 

cyclones along the East Coast of the U.S.  Not all cold-air storms were found to develop 

in the wake of a cold front, however there were a few.  Anomalous cold-air aloft along 

with a shortwave trough appears to be the major catalysts in providing the necessary 

instability to spin-up or intensify these systems.  Boundary layer temperatures in the cold-

air composites were seen to mirror those in the non cold-air charts between t-24 h and t24 
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h.  With colder air aloft and similar to low-level temperatures, steeper lapse rates would 

be present in the cold-air events.  Lower static stability in their environments could have 

produced larger omega values, and enhanced cyclogenesis than those in non cold-air 

cyclone events.  This also has the potential to produce stronger and more intense 

cyclones, which is witnessed in the mean SLP composite comparison for the north-sub 

region (all else being equal).  However, this is not the case in the east sub-region cold-air 

composites and the difference might be attributed to the mid-level temperatures not being 

as cold as those experienced in the north sub-region. 

When cold-air cyclones were compared to non cold-air cyclones, the largest 

differences were found in the north sub-region cold-air composites.  This represents the 

best forecasting potential for cold-air cyclones.  The coldest mid and upper level air 

temperatures were observed in addition to the greatest height differences from the non 

cold-air composites.  Greatest difference lies in the 300 hPa and 500 hPa height pattern at 

t-24 h and t0 h where in the cold-air charts only a composite trough exists, in contrast to 

the trough/ridge couplet positioned over the eastern U.S.  The existence of the single, 

large amplitude trough (and lack of a downstream ridge) in the cold-air composites allow 

colder temperatures at mid-upper levels to remain in place over the warmer waters of the 

Gulf of Maine and coastal waters of Long Island.  A “classic” cyclogenesis pattern is 

observed in the non cold-air composite where the 300 hPa jet streak at t0 h is positioned 

just southwest of the north sub-region allowing for enhanced upper-level divergence.  On 

the other hand, the jet streak in the cold-air composite is not as “classic” as it is located 

too far south, but it can still produce a cyclone.  However, both cases feature a vigorous 

trough in mid-levels.  Therefore, forecasters should be aware of approaching mid-upper 
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level deepening troughs with anomalously cold 1000-500 thickness values over the 

Northeast coastlines.  The probability of cyclogenesis may also be increased if these 

deepening troughs interact with a low-level SBZ over the coastal waters.  SBZs or coastal 

fronts may develop along the coast in response to the cold air following a prior cold front 

or “precursor” shortwave trough flowing over the warmer coastal waters.  This scenario 

was shown to have occurred during the 24-25 February 1989 storm (Gurka et al. 1995 

and Businger et al. 2003) with a SBZ and a upper-level trough interacting. 

In both case studies (Chapter 5) and in the east sub-region cold-air composites 

(Chapter 4), shortwave troughs were identified as playing major roles in the cyclogenesis 

process.  In all three cases a precursor shortwave trough was shown to be located 

downstream of the cold-air cyclogenesis region at t-24 h or t-12 h in the mid-levels of 

atmosphere.  These precursor disturbances may act to bring in mid-level cold-air similar 

to the “precursor outbreaks” associated with eastern North American COA (Konrad and 

Colucci 1989).  At the time of cyclogenesis temperatures were shown to be 5-15°C colder 

above 850 hPa, while within the boundary layer air temperatures were above freezing, 

sometimes well above.   

 

b. Examination of February 1989 cold-air cyclogenesis event 

As we analyzed the composite and case study results we realized that the cold-air was 

primarily found in mid-levels.  This observation led us to perform a re-examination of the 

Gurka et al. (1995) cold-air cyclogenesis event.  Thickness values were selected for grid 

points nearest to the center of the storm from 1200 UTC (when cyclogenesis occurred) on 

the 24
th

 to 1800 UTC on the 25
th

 when it exited the ECWS region.  The results showed 



 

102 

 

that at 1800 UTC on 24
th

 when the most rapid pressure falls were recorded there were 

three out of five grid points that had thickness values less than -0.5 standard deviations 

from mean.  At no time during the history of this storm were 1000-500 hPa thicknesses 

cold enough to be considered cold-air cyclogenesis by our definition.  So what makes this 

a cold-cyclogenesis event? 

The 24-25 February 1989 East Coast storm developed along a shallow baroclinic 

zone in the wake of a polar front off the mid-Atlantic coastline.  Analysis of the vertical 

temperature profile from skew-T, log-p diagrams presented by Businger et al. (2000) 

from Hatteras (72304, HAT) show temperatures near the surface at 1000 hPa were above 

freezing during the development and intensification of this storm.  At 1500 UTC winds 

below 800 hPa had shifted to be out of the northwest and temperatures above 950 hPa 

finally fell below 0°C.  Temperatures actually warmed to near 0°C at the 900 to 800 hPa 

layer.  Closer to the surface temperatures remained above freezing.  This pocket of cold 

air was contained within this shallow layer between 950 hPa and 900 hPa.  The cold air 

was concentrated in the lowest levels and did not extend into the mid-troposphere. 

In the events classified as cold-air cyclones in the current study, the 1000-500 hPa 

layer was used to identify “cold-air.”  This represents a much deeper cold layer.  Early on 

in this work it was hypothesized that having a larger volume of air that is colder than 

normal it would provide a more accurate representation of cold-air cyclogenesis.  So 

perhaps our cold-air cases are different from those proposed by Gurka et al. (1995) and 

various forms of cold-air cyclogenesis along the East Coast of the U.S may exist. 

 

c. Summary of satellite East Coast cold-air climatology 
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The results from the Evans et al. (1994) satellite-based classification scheme for 

cyclogenesis provided intriguing results.  Three-quarters of the twenty cold-air cyclones 

were shown to be classified as comma cloud or left exit type.  Previous research has 

shown that generally speaking cold-air cyclogenesis will be most often associated with 

comma cloud and instant occlusion types.  This research found that only 65% of the cases 

fell into those two categories, less then the comma cloud and left exit combined.  A 

possible hypothesis on why there are so many left exit cases may be the 300 hPa jet 

location and orientation during the cool season.  In the composites, the jet appears to be 

zonal 24 hours prior to cyclogenesis then changes to a more north-south orientation by 

initial time of cyclogenesis and the following 12 hours.   

The single outlier case (19-20 November 1997) exhibited characteristics consistent 

with those seen in emerging cloud head types.  The satellite classification adds an 

element of distinguishable characteristics that forecasters can implement into their 

analysis of a developing ECWS.  If a cold-air cyclogenesis event can be identified early 

on, particularly in the north sub-region forecasters can take into consideration that these 

storms tend to produce stronger central pressure systems.  They may also be able to better 

handle the forecast track as these storms tended to travel along the strongest thickness 

gradient. 

 

d. East Coast cold-air cyclogenesis and polar low comparison 

The term “polar low” is defined to be a small synoptic or subsynoptic-scale cyclone 

that develops in a cold air mass poleward of major jet streams or upstream of a frontal 

zone.  The main cloud mass of these systems is generally from convective origin.  The 
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East Coast cold-air cyclones presented in this study demonstrate some of the 

characteristic seen in polar lows.  Both are associated with large cold pools of 

cyclonically rotating air in the 1000-500 hPa thickness, which have been outlined as a 

necessary ingredient for most polar lows (Businger 1985, Businger and Reed 1989).  

Unstable lapse rates extending from the boundary layer to the middle troposphere can be 

inferred from the temperature differential between the 1000-850 hPa and the 850-300 hPa 

in the cold-air composite charts and two case studies.  These characteristics are consistent 

with those found in research by Rasmussen (1977), Mullen (1979), and Businger (1987) 

on polar lows.  However, the size of polar lows can vary from 50-100 km in diameter 

(Reed 1979) and the methods used in this study may not capture all or any of these 

systems.  The first problem lies in the NARR dataset with grid spacing of 32 km, this 

may be too large to identify subsynoptic-scale cyclones.  Another issue may arise in the 

methods used to classify cyclogenesis events as being “cold enough”.  The 1000-500 hPa 

thickness values selected around the center of the low may be spread too far apart due to 

the grid spacing in the NCEP/NCAR reanalysis dataset.  It was also shown in this study 

that not all cold-air cyclones developed in the wake of a cold front.  Two out of the three 

west sub-region cold-air cyclones, four from the north, and three from the east sub-region 

were all “continuing” storms that entered the ECWS already as a cyclone and intensified 

under cold-air conditions.  It appears that a concrete comparison cannot be assessed 

between the East Coast cold-air cyclones identified in this study and polar lows.  Further 

investigation is suggested to produce a solid answer to this question. 

 

e. Conclusions 
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It should be expected that on average two cold-air cyclones will develop along the 

East Coast of the U.S. each year most likely during the months of February and March.   

Forecasters should be aware of the following conditions shown to promote cold-air 

cyclogenesis: an approaching mid-upper level deepening troughs with anomalously cold 

1000-500 thickness values from west; a “precursor” mid-level shortwave trough 

providing an initial surge of cold air over the East Coast; low-level baroclinicity 

associated with a coastal front; and unstable lapse rates produced by the extreme 

temperature differential between the boundary layer of the ocean and the middle 

troposphere.  The presence of a shallow baroclinic zone can help promote the low-level 

instability.  Series of middle tropospheric shortwave troughs can act as primers to 

destabilize the atmosphere and draw cold air over the warmer oceanic boundary layer and 

once the atmosphere is unstable enough to the point where the next shortwave trough 

approaches it provides enough vertical motion to spin up a cyclone.  Even if the scenario 

is “post frontal”, very cold air in the middle troposphere can still lead to cyclogenesis. 

Future research should focus on analyzing the mesoscale processes and air-sea 

interaction of these cold-air cyclones.  It would be helpful to analyze the surface heat flux 

and low-level streamlines for possible development of mesoscale vortices, which have 

been shown to be associate with some cases of cold-air cyclogenesis.  A comparison of 

the magnitude of the vertical motion between the cold-air and non cold-air composites 

may provide a more qualitative reasoning behind the intensity differences seen between 

the north sub-region composite surface lows. 
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APPENDIX A 

 

Summary of Cold-air Cyclogenesis Events 

The following table lists all 20 cold-air cyclones that were identified within the 

ECWS region from 1997 to 2006.  The identification number can be used to match the 

location of the center of circulation at initial time of cyclogenesis in Fig. 3.7.  The next 

column displays the time and date of initial cyclogenesis followed by the sub-region it 

formed in, the type of cloud classification it best matched with, and the number of center 

grid points found to be “cold enough”. 

Identification 

No. (used in 

Fig. 3.7) 

Time/Date of Initial 

Cyclogenesis 

Sub-

Region 

Cloud 

Classification 

“Cold enough” 

(4/5 or 5/5) grid 

points 

1 1200 UTC / 16 Nov 1997 North Comma Cloud 5/5 

2 0000 UTC / 20 Nov 1997 East Emerging Cloud 

Head 

5/5 

3 1200 UTC / 7 Feb 1998 East Comma Cloud 4/5 

4 1800 UTC / 28 Dec 1999 East Left Exit 4/5 

5 1800 UTC / 21 Feb 1999 East Comma Cloud 5/5 

6 1800 UTC / 24 Feb 1999 East Instant Occlusion 5/5 

7 1800 UTC / 20 April 1999 North Instant Occlusion 5/5 

8 0600 UTC / 25 Dec 2000 North Comma Cloud 5/5 

9 0600 UTC / 23 Jan 2001 East Comma Cloud 4/5 

10 0600 UTC 25 Jan 2001 East Comma Cloud 5/5 

11 1800 UTC / 9 Mar 2001 North Comma Cloud 5/5 

12 1200 UTC / 20 Mar 2001 West Comma Cloud 5/5 

13 0600 UTC / 17 April 2001 East Left Exit 5/5 

14 0600 UTC / 18 Oct 2003 East Instant Occlusion 5/5 

15 1800 UTC / 19 Dec 2003 East Left Exit 5/5 

16 1800 UTC / 12 Feb 2003 North Left Exit 5/5 

17 0000 UTC / 10 Mar 2004 West Instant Occlusion 5/5 

18 0600 UTC / 31 Mar 2004 West Left Exit 5/5 

19 0600 UTC / 12 Mar 2005 North Left Exit 4/5 

20 1200 UTC / 24 Feb 2006 North Comma Cloud 5/5 
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