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ABSTRACT 

 

A CLIMATOLOGY AND ASSESSMENT OF IMPACTFUL FREEZING RAIN 

EVENTS FROM 2010 TO 2019 IN THE BALTIMORE/WASHINGTON CWA 

by 

Courtney P. Maskell 

Plymouth State University, May, 2020 

 

Freezing rain events represent a challenge to the forecasters at the Balti-

more/Washington Weather Forecast Office (KLWX WFO). Even a trace or glaze 

of freezing rain can put the Northern Virginia traffic to a standstill. Cases ana-

lyzed for this research had a significant traffic impact, determined using cost 

analysis data. In order to improve understanding and forecasting, a climatology 

of these events in the County Warning Area (CWA) was created for the 10-year 

period 2010 to 2019. The number of freezing rain events per winter season (No-

vember to March) varied between 0 and 11 events, with no pattern or trend. 

Freezing rain events occurred most frequently during January, which does not 

match the monthly distribution of cold-air damming (CAD) occurrence. A subjec-

tive and composite analysis of the synoptic scale weather features showed that 

the events can be placed in three categories: Front to the South (FTTS) (19 out 

of 30 total events), Great Lakes Low (GLL) (6 out of 30 total events), and “other.” 

Both the composites and case studies of events from the FTTS events showed 

that shallow low-level cold air associated with CAD was entrenched east of the 
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Appalachians with lower tropospheric warm air advection. Dynamic forcing from 

the upper-level trough and jet streaks are further to the north and south (respec-

tively).  
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CHAPTER 1 

1. Introduction 

 It has been said that the most challenging winter weather forecast problem 

in the southeastern United States is forecasting the precipitation type (Keeter et. 

al., 1995). Unlike the northeastern states, there is not usually a direct rain/snow 

line. Southeastern states can see a mixture of winter precipitation, including 

freezing rain. Freezing rain is one of the most hazardous forms of winter weather 

to affect the Baltimore/Washington County Warning Area (CWA), possibly pro-

ducing extremely dangerous and costly travel conditions for all sectors (Hux et. 

al., 2001). Freezing rain occurs when there is an elevated warm layer (>0°C) 

coupled with surface temperatures below freezing (<0°C) and there is complete 

melting of the precipitation within the warm layer (Hux et. al., 2001). 

 Forecasting for winter weather in the southeastern United States is heavily 

influenced by the region’s diverse topography and geography (Keeter et. al., 

1995). The Baltimore/Washington CWA is no exception and possesses many 

unique terrain types. The CWA extends from the Chesapeake Bay and tidal Po-

tomac River westward into mountainous regions in western Maryland and por-

tions of West Virginia (Figure 1.1). The western counties in the CWA include the 

Appalachian Mountains, which have peaks of 3,000 ft to 4,000 ft. Moving east-

ward in the CWA is the Shenandoah Valley, followed by the Blue Ridge Moun-

tains, which are of similar height to the Appalachian Mountains. Continuing east-

ward is the Piedmont Region, and eventually the Chesapeake Bay. This unique 
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topography presents a challenge to forecasters because the forecast for the 

mountainous regions differ greatly from the Chesapeake Bay. 

 In addition to the unique topography, the population density varies greatly 

within the CWA, which includes Washington D.C. as well as rural areas in West 

Virginia, Virginia, and Maryland. The spatial distribution of winter precipitation 

types during winter storms can vary greatly. Due to this spatial distribution, a 

forecast that was off, even by just a mile, could have much larger traffic impacts 

over a populated region, such as Washington D.C. This wide distribution of popu-

lation adds to the unique challenges of the Baltimore/Washington CWA. This 

study will not only focus on the meteorology aspects of the freezing rain events, 

but also the traffic impacts that these events have on several different regions 

within this CWA.  

 Cold-air damming (CAD) is one of the main ingredients for freezing rain to 

occur within this CWA. The onset of CAD is caused by a strong parent anticy-

clone to the north of the damming region, which for the purpose of this study was 

the Baltimore/Washington CWA (Bell and Bosart, 1988). A strong parent anticy-

clone was defined as having a central pressure of greater than or equal to 1030-

hPa, as defined previously in Bailey et. al., 2003. Cold-air damming can be ex-

plained as a geostrophic adjustment process. According to Lackmann (2011) for 

CAD to form there should be an isolated, midlatitude, north-south oriented moun-

tain barrier (in this case the Appalachian and the Blue Ridge Mountains) in the 

presence of a southward-directed pressure gradient force. This southward-di-

rected pressure gradient force would be caused by an anticyclone located to the 
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northeast of the Baltimore/Washington CWA. In addition to the pressure gradient 

force, warm-air advection also plays a large role in producing, and prolonging 

CAD. Lackmann (2011) states that warm-air advection above the capping inver-

sion with cold-air advection beneath, would strengthen the inversion associated 

with the CAD and prolong the CAD event (Figure 1.2). According to Bell and 

Bosart (1988) the cold dome is almost always confined below 850-hPa.  

 Damming events are most prevalent in the cold months, with a peak in 

March and a secondary peak in December (Bell and Bosart, 1988). It was also 

discovered by Bell and Bosart (1988) that CAD events were most likely to be 

stronger than average in December, due to the differences in temperature be-

tween the land and the Atlantic Ocean in the Mid-Atlantic region. The CAD along 

the eastern side of the Appalachian Mountains provides the synoptic set-up nec-

essary for frontogenesis to occur over the Carolinas, due to topographic features 

as well as the convergence of different air masses (Figure 1.3) (Keeter et. al., 

1995). This frontogenesis creates the front along the Carolina coastlines, which 

was found in this study to be the most common set-up for freezing rain events in 

the Baltimore/Washington CWA. 

 Bailey et. al. (2003) classified CAD events into three categories: 1) classi-

cal CAD, 2) “in situ” CAD, and 3) “hybrid” CAD. Classical CAD events feature 

synoptic scale features necessary for CAD, such as the cold anticyclone to the 

north of the damming region with a central pressure of 1030-hPa or greater and 

possessed little to no diabatic influences. The second category of CAD, “in situ” 

CAD, differs from classical CAD because it involves diabatic influences, such as 
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evaporative cooling of the lower atmosphere with the onset of precipitation. This 

category also possesses all of the synoptic scale features of classical CAD (Bai-

ley et. al., 2003).  

 Cold-air damming can be eroded through several different processes such 

as differential thermal advection, solar heating, lower-tropospheric divergence, or 

several other synoptic scale features, making it difficult to forecast the end of an 

event (Lackmann and Stanton, 2004). Even though CAD forecasting has im-

proved in recent years with the improvement of mesoscale numerical models, the 

models still have a tendency to underestimate both the intensity and duration of 

CAD events (Rackley and Knox, 2016). The mesoscale models, specifically the 

High-Resolution Rapid Refresh (HRRR) tend to erode the cold dome too fast, 

and therefore, underestimate the duration of the CAD event (Grumm, 2015). 

Models have a particularly hard time accurately representing the interaction be-

tween solar heating and the shallow cloud layer that is present in most CAD 

events. Most models tend to over-estimate the amount of solar heating and 

erode the cold pool prematurely (Lackmann and Stanton, 2004). The eroding of 

the cold pool associated with CAD is an important feature to an operational fore-

caster. When the CAD is associated with a freezing rain event, the eroding of the 

cold pool would hint at the end of the freezing rain event, or possibly a change in 

the precipitation type. This research aims to gain a better understanding of the 

synoptic and mesoscale features associated with freezing rain events, with and 

without CAD.  
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 In order to better understand the synoptic scale features needed to pro-

duce freezing rain in the Baltimore/Washington CWA, and improve forecasting, a 

10-year climatology of freezing rain events is developed in Chapter 2. From the 

climatology, events were subjectively categorized, and composites developed for 

each category, which are presented in Chapter 3. Three case studies (1 Febru-

ary 2011, 17 December 2016, and 9 December 2014) are shown in Chapter 4 to 

provide more details than the composite analysis. Lastly, a concluding discussion 

is presented in Chapter 5. 
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a. Chapter 1 figures 

 

 

Figure 1.1: Map of the topography of the Baltimore/Washington CWA with the 
NWS forecast zones outlined in black.  
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Figure 1.2: Figure 22 of Bell and Bosart (1988) Schematic diagram of cold-air 
damming. 
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Figure 1.3: Figure 3 from Keeter et. al. (1995) Typical flow pattern associated 
with cold-air damming.  
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CHAPTER 2  

2. 10-year freezing rain climatology 

 In order to gain a better understanding of the synoptic features associated 

with freezing rain events in Baltimore/Washington’s CWA, a climatology was put 

together for freezing rain events between the years of 2010 and 2019. Data and 

graphics were gathered as well as traffic data, to have a well-rounded approach 

to understanding these events 

a. Data and methods - climatology 

 The Baltimore/Washington Weather Forecast Office (KLWX WFO) has 

unique terrain within their CWA, as previously mentioned in Chapter 1. To ac-

count for the different terrain types the CWA was divided into seven regions. The 

seven regions, along with their NWS Forecast Zone Identifier, are listed in Table 

2.1. Each region was focused on a major city, town, or metropolitan area in order 

to analyze the impact of the freezing rain. Regions 1-3 represent the urban corri-

dor between Baltimore and Washington in the coastal plain. Regions 4 and 7 rep-

resent the cities of Charlottesville and Fredericksburg, VA (respectively) along 

with their associated suburbs. Regions 5 and 6 represent the valley region be-

tween the Appalachian Mountains and the Blue Ridge Mountains. 

 Using local storm data from KLWX WFO, a climatology was created for 

freezing rain events. This climatology encompassed freezing rain events which 

occurred between the months of November to March and spanned from 2010 to 

2019. In order to be classified as a freezing rain event, the storm data needed to 

mention freezing rain as the main precipitation type and the event needed to 
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directly impact at least one of the NWS Forecast Zones from one of the seven re-

gions, as outlined in Table 2.1. Events which met both criteria were included in 

this climatology.  

 The start and end times of the freezing rain events were determined using 

METAR data from each region. Each region had one designated METAR station, 

which was used to help indicate when the freezing rain began and ended (Figure 

2.1). To avoid omitting events due to missing METAR data, substitute METAR 

stations were used for several events. These substitute METAR stations were 

still within the defined region. METAR data were also used for wind direction ana-

lyzed in this study. The METAR data were downloaded from the Iowa State Ar-

chive (Iowa State, 2020) and visualized and manipulated within Microsoft Excel. 

The start (end) time of the freezing rain events were determined from the first 

(last) observation of FZRA (of any intensity) as the precipitation type at the ME-

TAR station of the affected region(s). For the purpose of this study FZDZ was not 

used as a means of designating start or end time due to the inaccuracy of report-

ing winter precipitation type at automated METAR stations. For this same reason, 

Unknown Precipitation (UP) was also not used to designate start or end time.  

 After determining the start and end times for each of the events, maps and 

graphics were compiled for the start, middle, and end of the events. These maps 

and graphics included surface analysis maps from the WPC (NOAA: WPC, 

2019), upper air soundings from both the University of Wyoming (University of 

Wyoming, 2019) and Plymouth State University’s archives (Plymouth State Uni-

versity, 2019), upper air maps (850 hPa, 500 hPa, and 250 hPa) from the SPC 
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(NOAA: SPC, 2019) as well as HYSPLIT backwards air trajectory models, which 

were run through NOAA’s online HYSPLIT (NOAA: ARL, 2019). The HYSPLIT 

backwards air trajectories were run for 10 m AGL, 500 m AGL, and 1500 m AGL, 

which roughly corresponds to the surface, 925-hPa, and 850-hPa. Each of the 

backwards trajectories was run for 36 hours, at the location of KIAD (Lat 38.95; 

Lon -77.45) and used archived NAM analysis data at a 12 km resolution. Compo-

site analyses were created using NOAA’s Physical Science Laboratory (PSL) 

website (NOAA: PSL, 2020) which used NCEP–NCAR Reanalysis data to create 

the plots.  

b. Data and methods – traffic impact 

 The impact of freezing rain on the traffic within the Baltimore/Washington 

CWA was also analyzed in this study. To objectively determine impact, cost anal-

ysis data were obtained from the Metropolitan Area Transportation Operations 

Coordination (MATOC) (Hutchinson and Truong, 2019). This cost analysis data 

was an hourly chart of traffic delay costs to users on highways and interstates; 

small, rural backroads were not included (Figures 2.2a-g). This dataset did not in-

clude the state of West Virginia, so Region 5 did not have complete coverage 

(Figure 2.2e). The higher the cost, the more traffic was an issue during that time 

period. In order to understand the impact that freezing rain had on the region, 

control dates were chosen for each of the freezing rain events. For example, if a 

freezing rain event occurred on a Tuesday morning in January, a control date of 

another Tuesday morning in January was subjectively chosen. This allowed for 

the comparison to see how much “worse” the traffic was during the freezing rain 
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event, when compared to a “normal” day. This analysis was very subjective due 

to holidays and three-day weekends that occurred between November and 

March. 

c. Climatology  

 Between the years 2010 and 2019 there were 30 freezing rain events 

which affected at least one of the seven regions within Baltimore/Washington’s 

CWA. However, there was no consistency or pattern to the number of events per 

cold season. The winter of 2014–2015 saw 11 events, while the winters of 2011–

2012 and 2015–2016 saw no events (Table 2.2). The number of freezing rain 

events per month showed that January had the highest number of events, with 

11. December and February were tied for second with six events each (Table 

2.3). Most of the events (40%) lasted between zero and six hours, while 30% of 

events lasted between six and 12 hours. Very few of the events were long dura-

tion (>=12 hours), with only 16% lasting between 12 and 18 hours and 13% last-

ing greater than 18 hours (Table 2.4). 

 Using the surface analysis maps, the freezing rain events were subjec-

tively categorized into three different categories: 1) Front to the South (FTTS), 2) 

Great Lakes Low (GLL), and 3) Other. Front to the South events were catego-

rized based on the presence of a front (warm, cold, or stationary) analyzed by 

WPC along the North and/or South Carolina coastlines, as illustrated in Figure 

2.3. Out of the 30 freezing rain events included in this climatology, 19 were des-

ignated as FTTS. Great Lakes Low events required a low-pressure system to be 

analyzed over the Great Lakes, as depicted in Figure 2.4. Out of the 30 freezing 
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rain events, 6 were categorized as GLL. There were only 5 events which were 

categorized as other, and these events did not directly fit into either of the other 

categories.  

 A majority of the events in this climatology were FTTS. Common charac-

teristics among the FTTS events include veering winds in the lower-levels, an up-

per-level trough over the Midwestern states, a positively tilted upper-level trough, 

CAD east of the Appalachian Mountains, and easterly flow at the surface. Out of 

the 19 FTTS events, 18 had veering winds in the lower-levels (Figure 2.5). An 

upper-level trough at 500-hPa was common amongst the FTTS events, with 

12/19 featuring one (Figure 2.6). Most FTTS events (12/19) featured a positively 

tilted upper-level trough at 500-hPa (Figure 2.7). Another common feature of the 

FTTS events was a strong parent anticyclone (>1030-hPa) analyzed by WPC on 

the surface analysis map to the north of the Baltimore/Washington CWA, produc-

ing CAD in the Mid-Atlantic region (Figure 2.8). Out of the 19 FTTS events 13 

had a strong anticyclone associated with the CAD. While 13 of the events had a 

strong anticyclone to produce the CAD for the freezing rain event, 18 events had 

CAD present in some capacity. Most of the FTTS events, 15 out of the 19, had 

easterly flow at the surface (Figure 2.9). 

 Some characteristics that were not common amongst the FTTS events 

were a closed low-height on the 850-hPa analysis map, a low-level jet, and 

southerly flow at the surface. Only 8 of the 19 FTTS events had a closed low 

height on the 850-hPa upper air analysis map (Figure 2.10). Another feature that 

was not present in many of the events was a low-level jet. Only 5 of the 19 



 14 

events had a strong (>50 knots) low-level jet over the Mid-Atlantic region (Figure 

2.11). Very few (4/19) of the FTTS events experienced southerly flow at the sur-

face during the event (Figure 2.12). Only 6 of the 19 FTTS events were consid-

ered long duration (>=12 hours).  

 There were only 6 GLL events in this climatology, a much smaller sample 

size than the FTTS events. Upper air soundings from KLWX showed that 5 of the 

6 events had veering winds in the low-levels (Figure 2.13). Similar to the FTTS 

events, most (4/6) of the GLL events had an upper-level trough at 500-hPa over 

the Midwest (Figure 2.14). Even though these events involved a surface low-

pressure system, only 2 of the 6 events saw a closed low height on the 850-hPa 

upper air analysis (Figure 2.15). Half of these events had a low-level jet present 

over the Mid-Atlantic region (Figure 2.15). Differing from the FTTS events, most 

of these events (4/6) did not have an anticyclone to the north of the Balti-

more/Washington CWA to induce CAD in the region (Figure 2.16). A majority 

(5/6) of the GLL events saw southerly flow at the surface, due to the cyclonic ro-

tation around the low-pressure over the Great Lakes/Ohio River Valley region 

(Figure 2.16). 

 Within this climatology 30 freezing rain events affecting at least one of the 

seven regions within the Baltimore/Washington CWA occurred between the 

years of 2010 and 2019. Out of these 30 events 19 were categorized as FTTS 

and 6 were categorized as GLL. Composite imagery was created in order to bet-

ter understand the shared features amongst the two categories of events and is 

outlined in Chapter 3.   
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d. Chapter 2 tables  

Table 2.1: Table outlining the different regions within the Baltimore/Washington 
CWA, the region’s name, as well as the official NWS forecast zones which the re-
gion encompasses.  

Region Number Region Location Name NWS Forecast Zone 

Region 1 Washington DC 
MD013 
DC001 
VA054 

Region 2 Baltimore, MD 

MD505 
MD506 
MD006 
MD011 
MD014 

Region 3 Loudoun, VA 

VA505 
VA506 
VA053 
MD504 
MD503 

Region 4 Charlottesville, VA VA037 
VA038 

Region 5 Hagerstown, MD 

WV051 
WV052 
WV053 
MD003 
VA028 

Region 6 Staunton, VA VA025 
VA026 

Region 7 Fredericksburg, VA VA056 
VA055 
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Table 2.2: The number of freezing rain events impacting one of the defined 
seven regions within the Baltimore/Washington CWA per cold season from 2010 
to 2019. 

 

 
 
Table 2.3: As in Table 2.2 but the number of events per month. 
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Table 2.4: The number of freezing rain events affecting one of the seven regions 
within the Baltimore/Washington CWA per duration time from 2010 to 2019. 
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e. Chapter 2 figures 

 
Figure 2.1: Map of the location of each of the Regions within the Baltimore/Wash-
ington CWA. Map is color coded based on the region, with the official NWS fore-
cast zones plotted with black outline. METAR stations are plotted with a red dot 
and the substitute METAR stations are plotted with a black dot.  
  



 19 

 
 
Figure 2.2a: Region 1 (Washington DC) traffic outline. Blue lines are major high-
ways/interstates which provided cost analysis data on the traffic impact to the re-
gion. Washington DC is marked with a red circle, Andrews Air Force Base is 
marked with a yellow circle, and DCA is marked with a green star. Image pro-
vided by Taran Hutchinson and William Truong from MATOC. 
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Figure 2.2b: As in Figure 2.2a, but Region 2 (Baltimore, MD). Baltimore City is 
marked with a red circle, Annapolis is marked with a yellow circle, and BWI is 
marked with a green star.    
 
 

 
 
Figure 2.2c: As in Figure 2.2a, but Region 3 (Loudoun, VA). Falls Church, VA is 
marked with a yellow circle, Silver Spring, MD is marked with a green circle, and 
IAD is marked with a red star.  
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Figure 2.2d: As in Figure 2.2a, but Region 4 (Charlottesville, VA). The City of 
Charlottesville, VA is marked with a red circle, Ruckersville, VA is marked with a 
yellow circle, and CHO is marked with a green star.  
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Figure 2.2e: As in Figure 2.2a, but Region 5 (Hagerstown, MD). Hagerstown, MD 
is marked with a red circle, the City of Winchester, VA is marked with a yellow 
circle, MRB is marked with a green star, and HGR is marked with a blue star. 
This map is only partial coverage of the region due to MATOC not having access 
to West Virginia highway or interstate data.  
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Figure 2.2f: As in Figure 2.2a, but Region 6 (Staunton, VA). The City of Harrison-
burg, VA is marked with a red circle, Staunton, VA is marked with a yellow circle, 
and SHD is marked with a green star.  

 
 

Figure 2.2g: As in Figure 2.2a, but Region 7 (Fredericksburg, VA). Fredericks-
burg, VA is marked with a red circle and EZF is marked with a green star.  
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Figure 2.3: WPC surface analysis map analyzed at 0000 UTC 18 Jan 2011. Ex-
ample of a FTTS event – note the warm front analyzed along the North and 
South Carolina coastlines. 
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Figure 2.4: WPC surface analysis map analyzed at 0900 UTC 12 Dec 2016. Ex-
ample of a GLL event – note the low-pressure center over Lake Huron.   
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Figure 2.5: KLWX upper air sounding valid at 0000 UTC 1 Feb 2011. Example of 
veering winds in the lower-levels for a FTTS event – note the clockwise rotation 
of the winds as height increases to about 800-hPa. 
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Figure 2.6: 500-hPa SPC upper air analysis valid at 0000 UTC 16 Jan 2013. Ex-
ample of an upper-level trough over the Midwestern states for a FTTS event.  
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Figure 2.7: 500-hPa SPC upper air analysis valid at 1200 UTC 17 Dec 2016. Ex-
ample of a positively tilted upper-level trough in a FTTS event.  
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Figure 2.8: WPC surface analysis valid at 1500 UTC 1 March 2015. Example of a 
strong parent anticyclone to the north of the Baltimore/Washington CWA for a 
FTTS event.  
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Figure 2.9: WPC surface analysis valid at 0600 UTC 7 Feb 2018. Example of 
easterly flow at the surface in the Baltimore/Washington CWA for a FTTS event – 
note the wind barbs in the Mid-Atlantic are easterly.  
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Figure 2.10: 850-hPa SPC upper air analysis valid at 1200 UTC 15 Nov 2018. 
Example of a closed height on the 850-hPa map for a FTTS event – note the 
closed heights over southern Illinois.  
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Figure 2.11: 850-hPa SPC upper air analysis valid at 1200 UTC 7 Feb 2018. Ex-
ample of a low-level jet over the Mid-Atlantic region for a FTTS event – note the 
wind barb directly over Washington D.C. which is showing a wind speed of 50 
knots.  
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Figure 2.12: WPC surface analysis valid at 0900 UTC 17 Dec 2016. Example of 
southerly flow at the surface for a FTTS event – note the wind barbs in the Mid-
Atlantic region all have a southerly component to them. 
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Figure 2.13: KLWX upper air sounding valid at 0000 UTC 9 Dec 2014. Example 
of veering winds in the lower-levels for a GLL event – note the clockwise rotation 
of the winds from the surface to about 850-hPa.  
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Figure 2.14: 500-hPa SPC upper air analysis valid at 0000 UTC 30 Jan 2015. Ex-
ample of an upper-level trough over the Midwest for a GLL event.  
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Figure 2.15: 850-hPa SPC upper air analysis valid at 0000 UTC 11 Jan 2017. Ex-
ample of a closed low height for a GLL event – note the closed heights over Lake 
Superior. Also, example of a low-level jet over the Mid-Atlantic region – note the 
50-knot wind barb over the Mid-Atlantic. 
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Figure 2.16: WPC surface analysis valid at 0300 UTC 11 Jan 2017. Example of a 
GLL event with no CAD – note that there is no anticyclone to the north of the 
Mid-Atlantic region, and therefore no surface ridge associated with CAD. Also, an 
example of southerly flow in the Mid-Atlantic region due to the cyclonic rotation 
around the low-pressure center – note the southerly orientation of the wind barbs 
in the Mid-Atlantic region.  
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CHAPTER 3  

3. Composite analysis 

 In order to better understand the synoptic scale features that are shared 

between the two categories of events, composite analyses were created from the 

NCEP–NCAR  Reanalysis for Front to the South (FTTS) and Great Lakes Low 

(GLL) events for the start of the event (T – 0h). In order to examine the early evo-

lution of the events, composite analyses were also created for T – 6h and T – 

12h for FTTS events with CAD. Composite analyses were also created for freez-

ing rain events in the month of January. 

a. Categorical composites – front to the south 

 In this climatology 19 events were classified as FTTS and these 19 events 

were used to create composite analyses in order to better understand the synop-

tic scale features often present during these freezing rain events. Starting at the 

lowest level, the sea level pressure (mb) mean (Figure 3.1) created for these 

events showed a region of higher pressure over New England and extending 

southward to northern Virginia. In this analysis there was a noticeable region of 

higher pressure extending southward along the eastern side of the Appalachian 

Mountains, corresponding with the location of the surface ridge axis produced by 

CAD. It can be noted that along the North and South Carolina coastlines there is 

a region of lower pressures, corresponding with the location of the surface trough 

associated with the coastal front. This coastal front was the synoptic feature 

which classified these events as FTTS. In the sea level pressure (Pa) anomaly 

(Figure 3.2) a positive anomaly can be seen over New England, which 
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corresponds with the location of the strong surface anticyclone, a feature present 

in 13 of the 19 FTTS events. 

 Moving upwards to 850-hPa, the geopotential height (m) mean analysis 

(Figure 3.3) showed a trough with its axis through Minnesota and south through 

Oklahoma. This analysis showed southwesterly geostrophic flow into the Mid-At-

lantic region. This flow is necessary for bringing in the warm air aloft needed to 

prolong the CAD and allow for freezing rain to occur. The southwesterly flow was 

also confluent over the Mid-Atlantic region, as shown by the tight gradient, imply-

ing that the winds could be stronger than normal. This would be indicative of a 

low-level jet, a feature present in 5 of the 19 events. The 850-hPa temperature 

anomaly analysis (Figure 3.4)  showed a positive anomaly over the southeastern 

United States. This positive anomaly, coupled with the southwesterly geostrophic 

flow at 850-hPa, implied that the air arriving into the Mid-Atlantic region at 850-

hPa was anomalously warm. This would provide the warm air aloft needed for 

freezing rain events, as well as the warm air advection needed to prolong and 

strengthen the CAD. 

 A majority of the FTTS events had an upper-level trough with its axis 

through the Midwestern states. This is illustrated in the 500-hPa geopotential 

height (m) analysis (Figure 3.5). In addition to the trough axis location, there was 

also southwesterly flow into the Mid-Atlantic region, contributing to the warm air 

aloft. The 250-hPa vector wind (m/s) analysis (Figure 3.6) showed that there was 

a jet streak over New York, extending eastward into New England. The surface 

anticyclones in these events were located over New England, in the confluent 
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region of this jet streak. This could have helped to enhance the cold air in New 

England, strengthening the CAD or allowing for a longer duration CAD event. 

The Baltimore/Washington CWA was roughly in the equatorward entrance region 

of the composite jet (Figure 3.6). 

b. Categorical composites – great lakes low 

 Out of the 30 freezing rain events 6 were categorized as GLL, a small 

sample size for creating composite analyses. At sea level there was a region of 

higher pressure extending from off the coast of Maine southward to off the coast 

of South Carolina (Figure 3.7). In addition to this region of higher pressure, there 

was also a region of lower pressure over Lake Superior, which correlated with 

the surface low-pressure centers present in these events.  

 At 850-hPa the geopotential height analysis (Figure 3.8) showed that there 

was a trough over the Midwestern states, with its axis extending southward 

through Minnesota and Wisconsin through to Missouri and Kansas. This analysis 

showed that there was southwesterly flow into the Mid-Atlantic region. Similar to 

the FTTS events, this would allow for warm air aloft, a key ingredient in freezing 

rain events. Looking at the composite anomaly analysis for 850-hPa temperature 

(Figure 3.9) there was a positive temperature anomaly over northern Texas. The 

location of this positive anomaly corresponded with the southwesterly flow as 

shown in Figure 3.8, implying that the southwesterly flow was allowing for warm-

air advection into the Mid-Atlantic region.  

 The geopotential height composite created for 500-hPa (Figure 3.10) 

showed relatively zonal flow; however, a slight trough could be seen over the 
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Midwestern states, as found in 4 of the 6 GLL events. At 250-hPa the vector wind 

(m/s) analysis (Figure 3.11) showed two distinct jet streaks. One was located 

over Utah and Colorado, while the other was located over Lake Huron eastward 

into New York. The aforementioned jet streak over New York would place the 

surface low-pressure systems in the equatorward entrance region, providing the 

upper level divergence needed to strengthen the low. 

c. Categorical composites – comparison  

 The composite analyses created for both the FTTS events and the GLL 

events show several differences between the two categories. The first main dif-

ference was the region of higher pressures on the sea level pressure analysis. 

For the FTTS events the region covers New England, whereas on the GLL it is to 

the east of New England, off the coast. This region of higher pressure correlates 

with the location of the high pressure at the surface. Another difference between 

the composite analyses for the two categories of events is the location of the jet 

streak at 250-hPa. For the FTTS events the jet streak at 250-hPa was located 

over New England, whereas the GLL events had a jet streak on the upstream 

side of the 250-hPa trough over the Great Lakes.  

d. CAD composites (T – 6 and T – 12) 

 Composite imagery was created for the 18 FTTS events which involved 

CAD for T – 12h and T – 6h before the start time of the freezing rain event. The 

purpose of these composites was to see if the CAD was in place before the 

freezing rain event began in the Baltimore/Washington CWA. On the sea level 

pressure (Pa) analysis (Figure 3.12) for T – 12h there was a region of higher 
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pressures extending from the Great Lakes eastward into New England, and 

south into North Carolina. This region of higher pressure would be indicative of 

an anticyclone present at the surface. The T – 12h composite extended much 

further westward than the mean sea level pressure analysis at precipitation onset 

(Figure 3.1) because the anticyclone may have not moved eastward yet, where it 

would be in a position to induce CAD along the eastern Appalachian Mountains. 

While it is possible that the anticyclone may not have been in position to induce 

CAD 12 hours prior to the onset of precipitation, the region of higher pressures 

also includes New England, so it is also a possibility that CAD was in place. 

Cold-air damming in place 12 hours prior to the onset of precipitation would allow 

for the air at the surface to be freezing at the onset, helping all precipitation fall 

as freezing rain initially.   

At T – 6h the sea level pressure (Pa) mean (Figure 3.13) showed a region 

of higher pressure closer to the composite created for the onset of freezing rain 

(Figure 3.1) with the higher pressures over New England. This composite analy-

sis did not extend the region of higher pressure as far westward as the T – 12h 

composite. The higher pressures over New England is indicative of an anticy-

clone positioned over the region, which would mean that CAD could have been in 

place 6 hours prior to the onset of freezing rain. 

e. Monthly composite – January  

 Due to the low sample size of events in the months of November, Decem-

ber, February, and March, composite analyses were created for the month of 

January. January was the peak in freezing rain events between the years 2010 
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and 2019, with 11 events. Of those 11 events 6 were categorized as FTTS, 4 

GLL and 1 Other. The sea level pressure (Pa) analysis showed a region of higher 

pressure off the coast of New England extending southward to the Delmarva 

coast (Figure 3.14). This region was a hybrid of the FTTS sea level pressure 

analysis (Figure 3.1) and the GLL sea level analysis (Figure 3.7). This region of 

higher pressures extended from New England southward to the Delmarva coast, 

while also extending eastward to include off the coastlines of the region.  
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f. Chapter 3 figures 

 

 
 
Figure 3.1: Sea level pressure (Pa) composite mean created for the FTTS freez-
ing rain events. Colored contours of the sea level pressure (Pa) with an interval 
of 25 Pa. Analysis produced using NCEP/NCAR reanalysis data.  
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Figure 3.2: Sea level pressure (Pa) composite anomaly created for the FTTS 
freezing rain events. Colored contours of the sea level pressure (Pa) with an in-
terval of 150 Pa. Analysis produced using NCEP/NCAR reanalysis data.  
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Figure 3.3: 850-mb geopotential height (m) composite mean created for the 
FTTS freezing rain events. Colored contours of the geopotential heights (m) with 
an interval of 25 m. Analysis produced using NCEP/NCAR reanalysis data.  
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Figure 3.4: 850-mb temperature (K) composite anomaly created for the FTTS 
events. Colored contours of the air temperature (K) with an interval of 1 K. Analy-
sis produced using NCEP/NCAR reanalysis data.  
  



 48 

 
 
Figure 3.5: 500-mb geopotential height (m) composite mean created for the 
FTTS events. Colored contours of the geopotential heights (m) with an interval of 
50 m. Analysis produced using NCEP/NCAR reanalysis data. 
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Figure 3.6: 250-mb winds (m/s) composite mean created for the FTTS events. 
Colored contours of the vector wind (m/s) with an interval of 2.5 m/s. Analysis 
produced using NCEP/NCAR reanalysis data. 
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Figure 3.7: Sea level pressure (Pa) composite mean for the GLL events. Colored 
contours of the sea level pressure (Pa) with an interval of 25 Pa. Analysis pro-
duced using NCEP/NCAR reanalysis data. 
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Figure 3.8: 850-mb Geopotential Height (m) Composite Mean for GLL events. 
Colored contours of the geopotential height (m) with an interval of 25 m.  Analy-
sis produced using NCEP/NCAR reanalysis data.  
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Figure 3.9: 850-mb air temperature (K) composite anomaly for the GLL events. 
Colored contours of the air temperature (K) with an interval of 1 K. Analysis pro-
duced using NCEP/NCAR reanalysis data.  
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Figure 3.10: 500-mb geopotential height (m) composite mean for GLL events. 
Color contours of geopotential height (m) with an interval of 50 m. Analysis pro-
duced using NCEP/NCAR Reanalysis data.  
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Figure 3.11: 250-mb wind (m/s) composite mean for the GLL events. Colored 
contours of the vector wind (m/s) with an interval of 2.5 m/s. Analysis produced 
using NCEP/NCAR reanalysis data.  
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Figure 3.12: Sea level pressure (Pa) composite mean for the FTTS events with 
CAD T – 12 hours before the beginning of the event. Colored contours of the sea 
level pressure (Pa) with an interval of 25 Pa. Analysis produced using 
NCEP/NCAR reanalysis data.  
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Figure 3.13: As in Figure 3.12, but T – 6 hours.    
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Figure 3.14: Sea level pressure (Pa) composite mean for the events within the 
month of January. Plotted color contours of the sea level pressure (Pa) with an 
interval of 25 Pa. Analysis produced using NCEP/NCAR reanalysis data.  
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CHAPTER 4 

4. Case studies 

 In order to better understand the features of the different categories of the 

freezing rain events, three case studies were performed. These case studies rep-

resent a Front to the South (FTTS) event with easterly flow at the surface, a 

FTTS event with southerly flow at the surface, and a Great Lakes Low (GLL) 

event. Each of these events was found to have a significant traffic impact in the 

Baltimore/Washington CWA. 

a. 1 February 2011 – FTTS with easterly flow at the surface 

 The freezing rain event of 1 February 2011 occurred between 0100 and 

1600 UTC. With a duration time of 15 hours, this event was considered long du-

ration (>=12 hours). The basic synoptic set-up of a front along the North and 

South Carolina border made it classified as FTTS. Within the category of FTTS 

this event was analogous to most of the other FTTS events, with easterly flow at 

the surface. Out of the 19 FTTS events 15 had easterly flow at the surface. This 

event impacted Regions 1, 2, 3, and 5 (Washington D.C and Baltimore and their 

urban corridor as well as northern Maryland in the valley between the Appala-

chian Mountains and the Blue Ridge Mountains). A winter weather advisory, is-

sued by KLWX, for freezing rain was in affect for all affected regions for the dura-

tion of the event. In this climatology 6 of the 30 events occurred in February (cf. 

Table 2.3). This event was one of the 13 FTTS events with a strong anticyclone 

present to the north. 
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 Just one hour prior to the onset of precipitation in the Baltimore/Washing-

ton CWA, 0000 UTC 1 Feb 2011, WPC analyzed a cold front along the North 

Carolina Coast (Figure 4.1). To the western side of the Appalachian Mountains, a 

surface trough was analyzed, and on the eastern side a surface ridge axis. In 

connection with the surface ridge axis, there was also a strong anticyclone 

(>1030-hPa) positioned over the NY and VT border in New England. This anticy-

clone had a central pressure of 1035-hPa at 0000 UTC. The surface ridge axis 

associated with the CAD was located through the Delmarva peninsula, causing 

flow in the Baltimore/Washington CWA to be easterly at this hour, as well as 

throughout the duration of the event.  

 The 0000 UTC upper air sounding from KLWX (Figure 4.2) showed veer-

ing winds in the lower-levels as well as an elevated inversion between 950-hPa 

and 825-hPa. The inversion at 0000 UTC was all below the zero-degree iso-

therm. The freezing rain began one hour after this sounding, implying that the in-

version only strengthened with time, creating the conditions necessary to allow 

the freezing rain to continue for a longer duration. Easterly flow can be seen at 

the surface and southerly flow can be seen between 900-hPa and 800-hPa, in-

dicative of warm air advection in this layer. The warm air advection is necessary 

for strengthening the inversion. The winds in the rest of the sounding column 

were all westerly. The lower-levels (850-hPa to the surface) were extremely dry, 

leading to evaporative cooling of the atmosphere at the onset of precipitation. 

This evaporational cooling could have contributed to the duration of the freezing 

rain event as well as a mechanism to strengthen the inversion.  
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 The flow at 850-hPa was southerly over the Mid-Atlantic region at 0000 

UTC (Figure 4.3) right before the onset of precipitation and there was no low-

level jet present. There was a closed low height on the constant 850-hPa map 

over western Texas, contributing to the southerly flow over the Mid-Atlantic re-

gion and providing the warm air aloft needed for freezing rain. At 500-hPa there 

was a positively tilted trough at 0000 UTC (Figure 4.4) over the Rockies and flow 

over the Mid-Atlantic was westerly. There was a strong (120 knot) jet streak at 

250-hPa at 0000 UTC (Figure 4.5) on the downstream side of the positively tilted 

trough over the Rockies. There was also a slightly weaker (100 knot) jet streak 

over Main and southern Quebec. A region of confluence can be seen on the up-

stream side of this jet streak, collocated with the location of the surface high 

pressure. The ageostrophic circulation associated with this jet streak could have 

enhanced the cold air in New England, possibly strengthening the CAD or allow-

ing for a longer duration event.  

 The HYSPLIT backwards air parcel trajectories for the beginning of the 

freezing rain event, 0100 UTC 1 Feb 2011 (Figure 4.6), showed that the warm air 

aloft (1500 m AGL, approximately 850-hPa) originated from the South Carolina 

coast, while the cold air near the surface (10 m AGL and 500 m AGL, approxi-

mately the surface and 925-hPa, respectively) originated from the Great Lakes 

region and arrived in the northern Virginia region on an anticyclonic track. The 

anticyclonic route that the air parcels traveled correlated with the anticyclone po-

sitioned over New England. This HYSPLIT showed the warm air rising as it 
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arrived into the Baltimore/Washington CWA at roughly 850-hPa and the de-

scending of the cold air at roughly the surface and 925-hPa.   

 As the event progressed the cold front along the North Carolina coast was 

reanalyzed at 0300 UTC (Figure 4.7) as a stationary front, which extended to the 

South Carolina coast. The inverted trough on the western side of the Appala-

chian Mountains was still present, as well as the surface ridge axis and associ-

ated CAD along the eastern side of the Appalachian Mountains. The parent anti-

cyclone responsible for the CAD remained strong, with a central pressure of 

1036-hPa. In the middle of the freezing rain event, 0900 UTC 1 Feb 2011 (Figure 

4.8), the air parcel trajectory showed the warm air aloft (850-hPa) originating in 

southern North Carolina. The cold air near the surface still showed an anticy-

clonic track as it arrived into the northern Virginia region from the Great Lakes re-

gion.  

 Roughly halfway into the freezing rain event, at 1200 UTC, the stationary 

front was reanalyzed as a cold front (Figure 4.9) attached to a low-pressure cen-

ter off the Delmarva coast. A low-pressure also formed within the inverted trough 

on the western side of the Appalachian Mountains. By the 1200 UTC upper air 

sounding the inversion was still present, however, it was not elevated and existed 

only between the surface and roughly 850-hPa (Figure 4.10). Unlike the 0000 

UTC sounding, the 1200 UTC sounding showed that the lower levels were satu-

rated. This sounding also showed a temperature profile more conducive for 

freezing rain, with temperatures above the zero-degree isotherm around 850-

hPa. 
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 By 1200 UTC the flow over the Mid-Atlantic was southwesterly at 850-hPa 

(Figure 4.11) and the closed low-height previously over western Texas moved to 

eastern Texas. There was still no low-level jet present near the Mid-Atlantic at 

850-hPa. At 1200 UTC on the 500-hPa map (Figure 4.12) the positively tilted 

trough over the Rockies had moved eastward and became more neutrally tilted. 

By 1200 UTC the trough at 250-hPa (Figure 4.13) had become neutrally tilted as 

well, with a jet streak on the downstream side. The jet streak to the north of 

Maine was still present at 1200 UTC as well.  

 By 1500 UTC 1 Feb 2011, one hour prior to the end of the freezing rain 

event, the low-pressure system was still off the Delmarva peninsula on the sur-

face analysis and the inverted trough was still present to the west of the Appala-

chian Mountains (Figure 4.14). However, the CAD had eroded, as the parent an-

ticyclone moved too far eastward to influence the Mid-Atlantic region. At the end 

of the freezing rain event, 1600 UTC 1 Feb 2011, the HYSPLIT model showed 

that the air parcels were still veering as they descended into the northern Virginia 

region, with the warm air aloft originating in Georgia (Figure 4.15). The warm air 

aloft could be seen descending, hinting that the CAD was eroding.  

 This freezing rain event was consistent with the composite created for the 

Sea Level Pressure mean (cf. Figure 3.1) created using FTTS events. This event 

had a strong parent anticyclone, which matches with the region of higher sea 

level pressure over New England on the composite map. This event also had 

southerly flow at 850-hPa, which corresponds to the flow as seen in the 850-hPa 

geopotential height composite (cf. Figure 3.3).  At 250-hPa this event slightly 
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deviated from the composite mean of vector winds. While the mean showed a jet 

streak directly over New England (cf. Figure 3.6) which this event did possess, 

this event also had a strong jet streak over Texas, which was not depicted in the 

composite image.  

 There were several features within this case study that corresponded to 

the composite analysis for the FTTS events, such as the surface ridge along the 

eastern side of the Appalachian Mountains and the surface trough along the 

North and South Carolina coastlines on the surface analyses. In addition, this 

case saw a jet streak over New England at 250-hPa, in the same location as the 

composite. 

 To analyze the traffic impact this event had on the Baltimore/Washington 

CWA, a control date of 25 January 2011 was chosen. This date corresponds as 

closely as possible to the date of the freezing rain event: a Tuesday, just a week 

before the event. In order to determine the impact of the freezing rain event, the 

cost analysis data for every hour of the event was compiled, and the hour of 

maximum difference between the event and the control date was determined. 

The freezing rain event in Region 1 was found to be 1.5 times more expensive 

than the control date, 1.9 times greater in Region 2, 1.7 times greater in Region 

3, and 2 times greater in Region 5. Averaging this out, the event was 1.8 times 

greater than a “normal” day. Out of the 30 events in this climatology this event 

ranked 22nd most expensive.  
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b. 1 February 2011 figures 

 

 
 
Figure 4.1: WPC surface analysis valid at 0000 UTC 1 Feb 2011; SLP contours, 
fronts, and ground station plots.  
  



 65 

 
 
Figure 4.2: Upper air sounding from KLWX (Sterling, VA) valid at 0000 UTC 1 
Feb 2011.  
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Figure 4.3: 850-hPa SPC upper air analysis valid at 0000 UTC 1 Feb 2011. Geo-
potential height contours, wind barbs, and temperatures.  
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Figure 4.4: 500-hPa SPC upper air analysis valid at 0000 UTC 1 Feb 2011. Geo-
potential height contours, wind barbs, and temperatures.  
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Figure 4.5: 250-hPa SPC upper air analysis valid at 0000 UTC 1 Feb 2011. Geo-
potential height contours, isotach colored contours, wind barbs, and tempera-
tures.  
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Figure 4.6: NOAA HYSPLIT backwards trajectory. Source location was KIAD. 
Backwards trajectory for 1500 m AGL, 500 m AGL, and 10 m AGL ending at 
0100 UTC 1 Feb 2011. Duration of backwards trajectory was 36 hours.  
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Figure 4.7: WPC surface analysis valid at 0300 UTC 1 Feb 2011; SLP contours, 
fronts, and ground station plots.  
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Figure 4.8: NOAA HYSPLIT backwards trajectory. Source location was KIAD. 
Backwards trajectory for 1500 m AGL, 500 m AGL, and 10 m AGL ending at 
0900 UTC 1 Feb 2011. Duration of backwards trajectory was 36 hours.  
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Figure 4.9: WPC surface analysis valid at 1200 UTC 1 Feb 2011; SLP contours, 
fronts, and ground station plots.  
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Figure 4.10: Upper air sounding from KLWX (Sterling, VA) valid at 1200 UTC 1 
Feb 2011.   
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Figure 4.11: 850-hPa SPC upper air analysis valid at 1200 UTC 1 Feb 2011; Ge-
opotential height contours, wind barbs, temperatures.  
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Figure 4.12: As in Figure 4.11 but 500-hPa. 
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Figure 4.13: 250-hPa SPC upper air analysis valid at 1200 UTC 1 Feb 2011; Ge-
opotential height contours, isotach colored contours, wind barbs, and tempera-
tures.  
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Figure 4.14: WPC surface analysis valid at 1500 UTC 1 Feb 2011. SLP contours, 
fronts, and ground station plots. 
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Figure 4.15: NOAA HYSPLIT backwards trajectory. Source location was KIAD. 
Backwards trajectory for 1500 m AGL, 500 m AGL, and 10 m AGL ending at 
1600 UTC 1 Feb 2011. Duration of backwards trajectory was 36 hours.  
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c. 17 December 2016 – FTTS with southerly flow at the surface 

 The freezing rain event of 17 December 2016 occurred between 0900 

UTC and 1700 UTC, lasting eight hours. This climatology saw 30% of the events 

with a duration time of six to 12 hours (cf. Table 2.4) and 20% of the events oc-

curred in December (cf. Table 2.3). This event was categorized as FTTS, how-

ever, it differed from other FTTS events in that it had southerly flow at the sur-

face, not easterly. Only 4 out of the 19 FTTS events had southerly flow at the 

surface. This event affected all seven regions and there was a winter weather ad-

visory out for all the affected regions for the duration of the freezing rain event, 

with freezing rain listed as the main precipitation type. This event was also one of 

the 13 FTTS events with a strong parent anticyclone present.  

 At 0600 UTC, three hours before the onset of freezing rain, there was a 

strong surface parent anticyclone (central pressure of 1032-hPa) located off the 

coast of Massachusetts which induced CAD along the eastern side of the Appa-

lachian Mountains (Figure 4.16). The surface ridge axis was located through 

North and South Carolina. The location of the anticyclone and the southern orien-

tation of the surface ridge axis was an anomaly amongst the FTTS events. Both 

the positioning of the anticyclone and the orientation of the surface ridge axis led 

to southerly flow at the surface. In the CWA with high pressure to the southeast 

and lower pressure to the northwest, the pressure gradient force is directed from 

southeast to northwest in the low-level air. This is continuing to be blocked by the 

Appalachians and hence turning the wind more southerly. This unique set up pro-

vided cold air at the surface before the onset of precipitation, allowing all 
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precipitation to fall as freezing rain. At 0900 UTC 17 Dec 2016 (Figure 4.17), the 

strong parent anticyclone, central pressure of 1033-hPa, was still located off the 

coast of New England. Cold air damming was still present along the eastern side 

of the Appalachian Mountains. A stationary front was analyzed along the coasts 

of North and South Carolina. A HYSPLIT model backward trajectory for the be-

ginning of this event, 0900 UTC 17 Dec 2016 at Dulles Airport (KIAD), showed 

that the warm air aloft (1500 m AGL, approximately 850-hPa) originated from 

southern Texas and illustrated how it ascended into the northern Virginia region 

(Figure 4.18). The cold air at 10 m AGL and 500 m AGL (approximately the sur-

face and 925-hPa) originated in northern Virginia and northern Kentucky, respec-

tively. These air parcels traveled southward and into the northern Virginia region 

on an anticyclonic track.  

 By 1200 UTC 17 Dec 2016, a weak surface low (1017-hPa) developed 

east of the Delmarva peninsula as the stationary front extended northward (Fig-

ure 4.19). Extending eastward from this low-pressure center was a warm front, 

hinting at cyclogenesis. The parent anticyclone moved further east, however the 

cold air stayed in the Mid-Atlantic region, as shown by both the surface tempera-

ture readings and surface ridge axis. The 1200 UTC upper air sounding from 

KLWX (Figure 4.20) showed an inversion between 950-hPa and 800-hPa. The 

southerly flow at the surface with veering winds increasing to >50 knots between 

850-hPa and 700-hPa indicative of a low-level jet over the Mid-Atlantic region. 

The 1200 UTC 850-hPa upper air analysis from SPC showed a closed low height 

over New Mexico, creating southerly flow over the Mid-Atlantic region (Figure 
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4.21). There was also a low-level jet present over the Mid-Atlantic region, with 70 

knot winds over Washington D.C. at 850-hPa. At 1200 UTC the 500-hPa upper 

air analysis showed a positively tilted trough over the Rockies, with a broad area 

of west-southwesterly flow extending to the Mid-Atlantic region (Figure 4.22). The 

Baltimore/Washington CWA is located in the equatorward entrance region of the 

250-hPa jet streak to the north of Maine (Figure 4.23).  

 The southerly flow at the surface during this freezing rain event can be 

seen in the backwards air parcel trajectories in the HYSPLIT model run at 1300 

UTC (Figure 4.24). The warm air aloft (1500 m AGL, approximately 850-hPa) 

originated from the Gulf of Mexico, while the cold air near the surface (10 m AGL 

and 500 m AGL, approximately the surface and 925-hPa, respectfully) took an 

anticyclonic path from southern Pennsylvania, south to North Carolina, and then 

back north to Northern Virginia. As the event progressed, at 1500 UTC 17 Dec 

2016, the previously analyzed stationary front along the Virginia coast was rean-

alyzed as a cold front extending southward from the low-pressure center (Figure 

4.25). This low-pressure was analyzed at a central pressure of 1012-hPa, a de-

crease from the previous surface analysis.  

 At the event’s demise the low-pressure system moved further northward at 

1800 UTC and had decreased in pressure, now at 1010-hPa (Figure 4.26). The 

CAD had eroded, seen through the surface temperature readings, as the parent 

anticyclone moved eastward over the Atlantic Ocean and out of the region. The 

HYSPLIT model run for the end of the freezing rain event, 1700 UTC 17 Dec 

2016, illustrated the anticyclonic motion of the air parcels at 10, 500, and 1500 m 
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AGL arriving into the northern Virginia region (Figure 4.27). This location of the 

anticyclone and the surface ridge axis was an anomaly within the FTTS freezing 

rain events. Recall that the sea level pressure mean showed a region of higher 

pressure just off the coast of Maine and eastern New England (cf. Figure 3.1) 

The anticyclone present during the freezing rain event of 17 Dec 2016 was lo-

cated further to the east than in the composite map. This placement caused the 

surface ridge axis to be positioned further south than in the other FTTS cases, 

providing southerly flow at the surface. This southerly flow brought air from the 

cold dome created by the CAD into the region. As the event progressed the anti-

cyclone continued to move eastward, eventually moving far enough away to end 

the CAD and allow for the warmer air aloft to mix down to the surface.  

 This event did not directly correspond with the composite imagery created 

for the FTTS events. The surface ridge associated with this freezing rain event 

was oriented much further to the south than the surface ridge shown in the SLP 

mean. In addition, this event’s 250-hPa jet streak was oriented much further 

north and east than in the 250-hPa vector wind mean.  

 This freezing rain event had the highest travel cost out of the 30 events in-

cluded in this climatology. This event affected all seven regions as outlined in 

Chapter 1 and occurred on Saturday 17 December 2016. A control date of Satur-

day 10 December 2016 was chosen, a date just a week before the freezing rain 

event. Comparing the hour of maximum difference between the freezing rain 

event and the control date for each of the seven regions and calculating the 
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average produced a result that the freezing rain event was 12 times more expen-

sive than the control date.  

  



 84 

d. 17 December 2016 figures 
 

 
 
Figure 4.16: WPC surface analysis valid at 0600 UTC 17 Dec 2016. SLP con-
tours, fronts, and ground station plots.  
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Figure 4.17: WPC surface analysis valid at 0900 UTC 17 Dec 2016. SLP con-
tours, fronts, and ground station plots.  
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Figure 4.18: NOAA HYSPLIT backwards trajectory. Source location was KIAD. 
Backwards trajectory for 1500 m AGL, 500 m AGL, and 10 m AGL ending at 
0900 UTC 17 Dec 2016. Duration of backwards trajectory was 36 hours.  
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Figure 4.19: WPC surface analysis valid at 1200 UTC 17 Dec 2016. SLP con-
tours, fronts, and ground station plots. 
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Figure 4.20: Upper air sounding from KLWX (Sterling, VA) from 1200 UTC 17 
Dec 2016.   
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Figure 4.21: 850-hPa SPC upper air analysis valid at 1200 UTC 17 Dec 2016. 
Geopotential height contours, wind barbs, and temperatures.  
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Figure 4.22: As in Figure 4.21 but 500-hPa. 
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Figure 4.23: 250-hPa SPC upper air analysis valid at 1200 UTC 17 Dec 2016. 
Geopotential height contours, wind barbs, isotach colored contours, and temper-
atures.  
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Figure 4.24: NOAA HYSPLIT backwards trajectory. Source location was KIAD. 
Backwards trajectory for 1500 m AGL, 500 m AGL, and 10 m AGL ending at 
1300 UTC 17 Dec 2016. Duration of backwards trajectory was 36 hours.    
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Figure 4.25: WPC surface analysis valid at 1500 UTC 17 Dec 2016. SLP con-
tours, fronts, and ground station plots.  
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Figure 4.26: WPC surface analysis valid at 1800 UTC 17 Dec 2016. SLP con-
tours, fronts, and ground station plots. 
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Figure 4.27: NOAA HYSPLIT backwards trajectory. Source location was KIAD. 
Backwards trajectory for 1500 m AGL, 500 m AGL, and 10 m AGL ending at 
1700 UTC 17 Dec 2016. Duration of backwards trajectory was 36 hours.  
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e. 9 December 2014 – great lakes low 

 The freezing rain event of 9 Dec 2014 took place between 0300 UTC and 

2000 UTC, a duration of 17 hours. Due to its duration time this event was classi-

fied as long duration (>=12 hours). Within this climatology 7 events out of the 30 

lasted a duration of 12 to 18 hours (cf. Figure 1.2). A low-pressure system lo-

cated over the Great Lakes categorized this event as GLL. This event affected 

Regions 2-6; there was a winter weather advisory out for the duration of this 

event, however it did not specifically mention freezing rain as the precipitation 

type. Unlike most GLL events, this event had a strong (>1030-hPa) parent anticy-

clone present. Only 2 other GLL events had a strong parent anticyclone. This 

event was anomalous from other GLL events because of the strong secondary 

cyclogenesis this event showed.  

 At the beginning of the freezing rain event, 0300 UTC 8 Dec 2014, there 

was a low-pressure system with a minimum pressure of 1016-hPa located over 

Lake Michigan (Figure 4.28). There was also a strong parent anticyclone with a 

central pressure of 1044-hPa to the northeast of Maine, with induced CAD along 

the eastern side of the Appalachian Mountains. Three hours after the start of the 

freezing rain event, 0600 UTC, the low-pressure system had increased slightly in 

pressure, 1017-hPa, while the parent anticyclone decreased in pressure, 1043-

hPa (Figure 4.29). However, CAD was still in place along the Appalachians. At 

0000 UTC 9 Dec 2014, three hours before the onset of precipitation, the sound-

ing from KLWX showed an inversion between 950-hPa and 850-hPa, with dry air 

aloft (Figure 4.30). The winds were also veering in the lower-levels, with no low-
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level jet present. At 850-hPa there was a trough over the Great Lakes region, as-

sociated with the low-pressure at the surface (Figure 4.31).  The CAD was visible 

at 850-hPa, with the ridge present in the heights and southerly flow over KIAD 

and southeasterly in the rest of the Mid-Atlantic region. This southerly and south-

easterly flow would be associated with warm air advection into the region. At 

500-hPa there was a neutrally tilted trough over the Great Lakes region as well 

as a closed low height just to the west of Lake Michigan (Figure 4.32). The posi-

tion of this trough was very similar to the location of the trough at 850-hPa,  as 

well as the surface low pressure. This was indicative of the low pressure being 

vertically stacked and therefore unable to strengthen anymore. At 250-hPa the 

neutrally tilted trough was positioned over the Great Lakes region (Figure 4.33), 

confirming that the low-pressure system was vertically stacked three hours prior 

to the onset of precipitation. There were two smaller jet streaks associated with 

the trough, however neither had significant winds. Backwards air parcel trajecto-

ries were run for the beginning of this freezing rain event, 0300 UTC 9 Dec 2014, 

which showed that the warm air aloft (1500 m AGL, roughly 850-hPa) originated 

over the Atlantic Ocean (Figure 4.34), collocated with the secondary low pres-

sure as seen on the Figure 4.28. The cold air near the surface (10 m AGL and 

500 m AGL, roughly the surface and 925-hPa) originated over southern Quebec. 

The HYSPLIT Model showed the cold air descending into the northern Virginia 

region. There were some issues with the model run, however, and the air parcel 

at 1500 m AGL was not tracked backwards for the entire time period (36 hours). 
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 The 0900 UTC surface analysis showed the secondary cyclogenesis oc-

curring over the Virginia coast more clearly (Figure 4.35). The new low-pressure 

system had a central pressure of 1006-hPa, a significantly lower pressure than 

the parent low-pressure over the Great Lakes (1017-hPa). The parent anticy-

clone had moved further northeast of Maine; however, CAD was still in place at 

0900 UTC. Moving forward three hours into the event to 1200 UTC (Figure 4.36), 

the low pressure off the Virginia coast had not changed pressure but had devel-

oped more cyclone characteristics, a warm front and a cold front were analyzed 

at this time. The CAD had begun to erode, with the ridge axis moving northward 

into New England. By 1500 UTC the low-pressure continued to deepen off the 

Virginia coast (Figure 4.37) and the low-pressure over the Great Lakes had be-

come occluded. The KLWX sounding from 1200 UTC, the middle of the freezing 

rain event, showed that the winds were veering even in low levels (Figure 4.38). 

The inversion from the 0000 UTC sounding was still in place but most of the at-

mosphere was saturated in the 1200 UTC sounding and there was still no low-

level jet present. At 1200 UTC the Great Lakes low at 850-hPa weakens and a 

new 850-hPa low develops off the Delmarva coast with secondary cyclogenesis 

(Figure 4.39).  With the secondary cyclogenesis the winds over the Balti-

more/Washington CWA had turned easterly by 1200 UTC. The 500-hPa trough 

was neutrally tilted, with a subtle negatively tilted short wave trough over North 

Carolina and Virginia which is lifting out (Figure 4.40). The 250-hPa upper air 

analysis from 1200 UTC showed that the neutrally tilted trough moved slightly 

eastward from the previous analysis, with the new developing surface low in the 
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equatorward entrance region of the strengthening jet to the north (Figure 4.41). 

The 1100 UTC run of the HYSPLIT model was similar to the previous runs, with 

the warm air aloft originating from the Atlantic Ocean and the cold air at and near 

the surface originating from just north of Maine (Figure 4.42). The warm air could 

be seen rising as it came into the northern Virginia region. This model run had 

the same issue as the previous run, where the air parcel from 1500 m AGL did 

not track backwards for the entire period.  

 Towards the end of the freezing rain event (1800 UTC) the cyclone over 

the Great Lakes had dissipated and the cyclone off the coast of Virginia moved 

northward to off the New Jersey coast (Figure 4.43). This cyclone had also be-

come occluded.  Cold air damming was no longer in place along the Appalachian 

Mountains. One hour after the end of the freezing rain event (2100 UTC) the cy-

clone moved further northward to just off the coast of Long Island, NY (Figure 

4.44). The sounding from KLWX at 0000 UTC 10 Dec 2014, four hours after the 

end of the event, showed that the inversion was completely gone, and all of the 

winds were northerly or northwesterly (Figure 4.45). At 850-hPa the closed low 

height was located off the coast of Long Island, NY and flow over the Mid-Atlantic 

region was northerly to northwesterly, with no low-level jet (Figure 4.46). There 

was a neutrally tilted trough at 500-hPa directly over the Mid-Atlantic region at 

0000 UTC 10 Dec 2014 (Figure 4.47). In addition to the trough at 500-hPa, there 

was also a neutrally tilted trough at 250-hPa over the Mid-Atlantic region, how-

ever, there was no prominent jet streak associated with this trough (Figure 4.48). 

The final HYSPLIT model for the end of the event, 2000 UTC 9 Dec 2014, 
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showed the cyclonic rotation of the air parcels as they arrived in the northern Vir-

ginia region (Figure 4.49).  

 When comparing this GLL event to the composite analyses created for 

this category, it can be seen that this event corresponds to multiple composites. 

The sea level pressure (Pa) mean (cf. Figure 3.7) shows a region of higher pres-

sure off the New England coast and a high pressure is visible on the surface 

analysis map from 0300 UTC 9 Dec 2014 (Figure 4.28). Also analyzed on the 

250-hPa upper air analysis from 0000 UTC 9 Dec 2014 (Figure 4.33) was a jet 

streak on the upstream side of the neutrally tilted trough. This feature was pre-

sent on the composite analysis as well (cf. Figure 3.11).  

 The cost analysis data showed that this freezing rain event was the 3rd 

most impactful out of the 30 events in the climatology. This event occurred on 

Monday 8 December and a control date of Monday 15 December was chosen. 

After finding the hour of maximum cost difference between the event date and 

the control date for the affected Regions (2-6) and taking the average of the Re-

gions, it was found that the freezing rain event had a cost of 4.8 times greater 

than the control date cost. This event was found to be the 3rd most expensive 

event within this climatology.  
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f. 9 December 2014 figures 

 
Figure 4.28: WPC surface analysis valid at 0300 UTC 9 Dec 2014. SLP contours, 
fronts and ground station plots.  
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Figure 4.29: As in Figure 4.28 but 0600 UTC. 
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Figure 4.30: Upper air sounding from KLWX (Sterling, VA) from 0000 UTC 9 Dec 
2014.  
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Figure 4.31: 850-hPa SPC upper air analysis valid at 0000 UTC 9 Dec 2014. Ge-
opotential height contours, wind barbs, and temperatures.  
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Figure 4.32: As in Figure 4.31 but 500-hPa. 
  



 106 

 
 
Figure 4.33: 250-hPa SPC upper air analysis valid at 0000 UTC 9 Dec 2014. Ge-
opotential height contours, wind barbs, and temperatures.  
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Figure 4.34: NOAA HYSPLIT backwards trajectory. Source location was KIAD. 
Backwards trajectory for 1500 m AGL, 500 m AGL, and 10 m AGL ending at 
0300 UTC 9 Dec 2014. Duration of backwards trajectory was 36 hours.  
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Figure 4.35: WPC surface analysis valid at 0900 UTC 9 Dec 2014. SLP contours, 
fronts, and ground station plots.  
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Figure 4.36: As in Figure 4.35 but 1200 UTC. 
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Figure 4.37: As in Figure 4.35 but 1500 UTC.  
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Figure 4.38: Upper air sounding from KLWX (Sterling, VA) from 1200 UTC 9 Dec 
2014.  
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Figure 4.39: 850-hPa SPC upper air analysis valid at 1200 UTC 9 Dec 2014. Ge-
opotential height contours, wind barbs, and temperatures.  
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Figure 4.40: As in Figure 4.39 but 500-hPa.  
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Figure 4.41: 250-hPa SPC upper air analysis valid at 1200 UTC 9 Dec 2014. Ge-
opotential height contours, wind barbs, isotach colored contours, and tempera-
tures.   
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Figure 4.42: NOAA HYSPLIT backwards trajectory. Source location was KIAD. 
Backwards trajectory for 1500 m AGL, 500 m AGL, and 10 m AGL ending at 
1100 UTC 9 Dec 2014. Duration of backwards trajectory was 36 hours.  
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Figure 4.43: WPC surface analysis valid at 1800 UTC 9 Dec 2014. SLP contours, 
fronts, and ground station plots. 
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Figure 4.44: As in Figure 4.43 but 2100 UTC.  
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Figure 4.45: Upper air sounding from KLWX (Sterling, VA) from 0000 UTC 10 
Dec 2014.  
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Figure 4.46: 850-hPa SPC upper air analysis valid at 0000 UTC 10 Dec 2014. 
Geopotential height contours, wind barbs, and temperatures.  
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Figure 4.47: As in Figure 4.46 but 500-hPa. 
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Figure 4.48: 250-hPa SPC upper air analysis valid at 0000 UTC 10 Dec 2014. 
Geopotential height contours, isotach colored contours, wind barbs, and temper-
atures.  
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Figure 4.49: NOAA HYSPLIT backwards trajectory. Source location was KIAD. 
Backwards trajectory for 1500 m AGL, 500 m AGL, and 10 m AGL ending at 
2000 UTC 9 Dec 2014. Duration of backwards trajectory was 36 hours.  
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CHAPTER 5 

5. Concluding discussion  

 This research sought to improve the understanding and forecasting of 

freezing rain events in the Baltimore/Washington CWA. This was done through 

the creation of a 10-year climatology of freezing rain events to analyze the mete-

orology features as well as the traffic impacts of the events.  

a. Summary of results  

 This study created a climatology of freezing rain events affecting at least 

one of seven defined Regions within the Baltimore/Washington CWA between 

the years of 2010 and 2019. Within this 10-year span 30 freezing rain events 

were found. Most of the freezing rain events fell into the FTTS category. This cat-

egory encompassed events which had a front (cold, warm, or stationary) ana-

lyzed by WPC along the North and South Carolina coastline or westward across 

the southeastern United States at the onset of precipitation. Cold-air damming 

was in place for 18 of the 19 events designated as FTTS. Within the FTTS cate-

gory there were two subsets of events, those with southerly flow at the surface 

and those with easterly flow. The flow at the surface in the Baltimore/Washington 

CWA was dictated by the location of the surface ridge axis associated with CAD. 

When the surface anticyclone associated with CAD was located further eastward, 

such as in the 17 Dec 2016 event, the surface ridge axis was oriented much fur-

ther south in comparison to other events creating ageostrophic southerly flow to 

the north of the ridge. This southerly flow during the freezing rain events is im-

portant for an operational forecaster to see, because initially one might think that 
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southerly flow would mean warm-air advection into the region, ending the freez-

ing rain event. However, in cases such as the 17 Dec 2016, southerly flow led to 

a prolonged period of cold air hanging on across the region. When forecasting for 

freezing rain events it is important to look at the location of the surface anticy-

clone and where the surface ridge axis is located with respect to the CWA.  

One of the other discoveries through this study was that the peak in freez-

ing rain events in the Baltimore/Washington CWA does not correlate with the 

peak in CAD events, as found by Bell and Bosart (1988), who found that the 

peak in CAD in the Mid-Atlantic region was in March, with a secondary peak in 

December. This is quite different than this study, which showed a peak in freez-

ing rain events in January. This result implies that CAD occurs more often with-

out freezing rain than it does with freezing rain. This could be due to the fact that 

for freezing rain to occur in the Baltimore/Washington CWA it needs to be true 

winter (i.e. January) for the temperatures to be cold enough at the surface to pro-

duce freezing rain.  

 Another discovery through this research was the importance of the posi-

tioning of the surface anticyclone in relation to the Baltimore/Washington CWA. 

The FTTS events which saw easterly flow at the surface had an anticyclone ana-

lyzed by WPC to the north/northeast of the Baltimore/Washington CWA. The 

events which saw southerly flow at the surface had the anticyclone analyzed to 

the northeast/east of the Baltimore/Washington CWA. The positioning of the anti-

cyclone determines where the surface ridge axis was located, which would in-

duce either the southerly or easterly flow in the CWA. The composite analyses 
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created for the FTTS events identified a region of higher pressures at sea level 

which extended across New England, as well as extending eastward into the At-

lantic Ocean. This region of higher sea level pressure encompasses the FTTS 

events which saw the high pressure to the north as well as the events which had 

the high pressure to the east of the CWA.      

 Unfortunately, the sample size of the GLL events was very small, with only 

6 events in the 10-year climatology. However, there were still several features 

which were present in many of the cases as well as the composite analyses. One 

of those features is the placement of the anticyclone at the surface. As shown in 

the case study in Chapter 4, the high pressure analyzed at the surface was to the 

northeast of Maine, which is also visible in the composite analysis, with the re-

gion of higher pressure at sea level to the northeast of New England and off the 

coast. This anticyclone would have been the source for the initial cold air at the 

surface. In addition to the placement of the surface anticyclone, most GLL events 

also saw a jet streak at 250-hPa on the upstream side of the 250-hPa trough.  

 These Great Lake Low events do not seem to have a favorable set up for 

freezing rain. The lower pressures over the central United States would support 

warmer air while the Canadian/Arctic air moves off the U.S. east coast. The air 

mass present in the Baltimore/Washington CWA prior to the onset of precipitation 

seems to be the key to creating freezing rain.  

 The case study performed in this research was different from the other 

GLL events, due to the fact that it had significant secondary cyclogenesis off the 

Delmarva peninsula. It is also important to note that out of the six GLL events, 
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three of them were extremely short in duration, only lasting one hour. The short 

duration time would suggest that there was not enough cold air at the surface to 

let the freezing rain continue for multiple hours, which corresponds with the loca-

tion of the anticyclone at the surface.  

b. Future work 

 This study could be expanded in the future to include more years in the cli-

matology. The 10 years which this study encompasses provides a relatively small 

sample size for a climatology; adding more years would allow for more certainty 

in some of the features associated with the events. It would also be helpful for 

operational forecasters if watches, warnings, and advisories (WWAs) were 

looked into more. This research only looked at whether or not a WWA was is-

sued for the freezing rain event. For future research a lead time verification study 

could be performed, to determine how far in advance a product was issued along 

with the verification of the WWA. This study focused on the seven defined re-

gions within the Baltimore/Washington CWA. In expanding this research further, 

it would be useful to include more counties in the CWA to get a better under-

standing of the region as a whole. In addition, it would be useful to the opera-

tional forecaster to perform a model verification for the freezing rain events. Veri-

fying the effectiveness of the different models, particularly the mesoscale models, 

would help in learning the model biases which is helpful to a forecaster.  
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