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ABSTRACT 

 The predictability of the stratospheric circulations and the connection between the 

stratospheric branch and cold air branch allow us to predict large continental-scale cold 

air outbreaks with ample lead-time. Based on this, we have made experimental sub-

seasonal forecasts for cold air outbreaks across the mid-latitude regions of North 

America, Europe, and Eastern Asia. The forecasts made in this winter have provided the 

public with a lead-time of 20-45 days for individual cold air outbreak events. This thesis 

also made a case study of a strong stratospheric circulation event called “STRAT_E”, 

which had the longest duration and was the most intense cold air outbreak episode. The 

case study helps to further explain the processes behind cold air outbreaks.
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1. INTRODUCTION/ BACKGROUND 

 Short-term forecast accuracy has improved drastically over the recent decades due 

to improvements and contributions of numerous computer models. Short-term forecasts 

now provide the public with a lead-time of approximately 7-10 days, allowing for some 

precautions to be made in preparation for severe weather and cold air outbreaks.  

Short-range forecasts rely heavily on model data to sculpt the basis of prediction. 

A more popular short-range model, the Global Forecast System (GFS), has improved 

short range forecasting by increasing the accuracy of prediction tremendously over the 

most recent decades (NCEP). The GFS has undergone yearly upgrades in order to factor 

in new data while also eliminating extraneous errors.  Other improvements that have been 

made to the GFS model specifically were the upgrades made to increase the horizontal 

resolution of the model and the addition of the 0.25 degree gridded output (NOAA). An 

example of GFS model output produced by NOAA can be seen in Figure 1, which 

displays the three-day outlook for a forecasted cold air outbreak. Many other resources, 

such as taking into account more data, climatological variables, and previous experiences 

have also contributed to the development and advancement of the short-term forecast 

resulting in a more accurate representation of future events. Because there has been an 

increase in skill for these types of short-range forecasts, they have been implemented 

more as tools to determine upcoming weather events (AMS Council).    

 It has been known that cold air outbreaks occur when cold air masses move over 

warmer regions, which can lead to serious consequences such as property damage and 

even human fatalities (Mercer, 2003; Barnett et al., Pinto et al, 2007). Improvements to 

short-term forecasting have allowed society to better prepare for these events, reducing 
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the negative effects on society. Billions of dollars, however, have still been lost as a 

repercussion of cleaning up the impacts from cold air outbreaks across the mid latitudes 

of North America, Europe, and Eastern Asia. Businesses and schools have been 

interrupted and closed down. All modes of transportation have been affected, delaying 

many people traveling, canceling thousands of flights, and even terminating the shipment 

of cargo for various companies. Roadways have piled up with snow, and have had to be 

shut down due to this continuous problem every winter season. Insufficient preparations 

have occurred as well, resulting in lack of salt and snow plows and causing the already 

tragic problem to last even longer.  An illustration of the impacts on society as a result of 

cold air outbreaks is shown in Figure 2. Costs have continued to travel upward, in an 

effort to clean up such problems caused by these cold air outbreaks after they have 

occurred. The agriculture industry alone has suffered enormously, and has frozen to a halt 

due to acclimate cold weather spells that destroy much of their produce and vegetation. 

Therefore, these short-range forecasts that provide two weeks of lead-time have become 

insufficient, and an understanding of long-range forecasts has become necessary. 

Providing the public with a forecast that could enhance the lead-time to approximately a 

month would allow these financial losses to be reduced or even avoided. Long-range 

forecasting has been needed for quite some time now, and with such forecast, less time 

and money could be wasted on cleaning up the problem and instead be spent on preparing 

for such severe weather events. With a forecast that could predict these cold air outbreaks 

approximately one month in advance, these devastating repercussions could be 

minimized. 
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 Unfortunately long range forecasting has been an ongoing struggle with 

inconvenient results and plenty of unanswered questions. Previously studied and proven 

useful towards long-range forecasts, was the association between the weak stratospheric 

polar vortex and cold air outbreaks in the Northern Hemisphere (Kolstad et al., 2009). 

The North Atlantic Oscillation (NAO) contributed to this study tremendously, by 

providing an understanding of the pressure patterns in the polar region. The NAO is a 

circulation that occurs around the North Pole, and consists of a couplet of low and high 

pressure systems that intensify and dissipate over time.  These low and high pressure 

systems do not always remain steady at their given location, but rather can move out of 

position. The NAO can be in a positive or negative phase depending on the strength of 

the low and high pressure associated with the circulation (NCEP/NCAR). If the NAO is 

in a positive phase then both the Icelandic low and Azores high are strengthening, which 

would increase the pressure gradient located over much of the North Atlantic Ocean, and 

also strengthen the westerlies. This oscillation impacts the strength and alignment of the 

jet stream, specifically over North America, which modifies the synoptic scale systems. 

The modification of the synoptic scale weather results in temperature, pressure, and 

precipitation changes. The positive phase of the NAO would lead to above average 

temperatures to occur over North America and Eastern China. If the NAO is in a negative 

phase, the opposite would occur, as areas of North America, Western Europe, and 

Eastern China would experience a surge of Arctic air, dropping their temperatures well 

below normal. Thus the NAO can serve as an important indicator of cold air outbreaks 

for use in long-range forecasting. Unfortunately the NAO itself is difficult to predict well 

in advance, making its use in long-range forecasting unsuccessful.  
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 The Climate Prediction Center (CPC) has worked to prepare short-term and long-

range forecasts determined by observing various climate adaptations and changes to 

forecast predictions. The CPC provides real-time products and notifications on an order 

of weeks in advance to prepare society for the risks that the weather may create.  The 

CPC has been a large source of background information for this research. Their source of 

prediction for these forecasts relies heavily on the use of persistence forecasting and also 

on linear regression based forecast tools (O’Lenic et al.).  

 It is known that approximately 428 billion tons of mass drift into the polar 

stratosphere every twenty-four hours (Cai 2014). This large amount of mass is believed to 

impact weather phenomena that are occurring within the mid-latitudes on the surface of 

the Earth. Taking into consideration specifically the transport occurring across the 

latitude of 60 degrees N, there are two circulations that primarily influence this 

movement. The two circulations are: 1) the mass is transferred typically from the upper 

troposphere and into the polar stratosphere, known as the warm air branch, and 2) the 

transport of mass from the poles to the equator in the troposphere, the cold air branch 

(Cai 2014).  The cold air branch circulates from the polar region down towards the 

equator and drops mass down from the stratosphere into the troposphere (Cai 2014). Cai 

(2014) demonstrated that there was long-range skill in the prediction of the stratospheric 

circulation. Thus this study takes advantage of this long-range skill to determine 

correlations between both a warm air branch and cold air branch, and cold air outbreaks 

that occur within the mid-latitudes in the northern hemisphere. I have concentrated on 

understanding the circulations that occur within the stratosphere and the connections 

these have with the occurrence of large-scale cold air outbreaks on the surface of the 
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earth. I also focused on distinguishing between what impacts occur on the synoptic level 

due to tropospheric versus stratospheric events. My goal while completing my Honor 

Thesis through Florida State University was to learn about the circulations in the 

atmosphere, specifically through the interactions of the stratospheric mass circulation and 

the cold air branch.  

 Forecasting these long-range cold air outbreaks has been a team effort. Through 

out my research, I have participated with Dr. Ming Cai’s research lab, where the 

concentration has been long-range forecasting of synoptic scale weather patterns. This 

study focused on extending the forecast lead-time to approximately 30-40 days in 

advance. Through numerical weather prediction models and the outputs produced by the 

US NOAA NCEP's operational CFSv2 model, we are able to examine the transport of 

stratospheric mass into and out of the polar region. These observations focused on the 

manipulation of various indices, which will be described in detail later.  These indices 

allowed us to develop a long-range forecast for cold air outbreak duration and intensity 

over North America and Eurasia. Our forecast is backed by both dynamical and statistical 

components, which are used to calculate this new innovative way to develop long-range 

forecasts (Cai 2014).  

 Over the course of this winter, our forecasts have been provided to the public, and 

have been archived through our newly developed website called www.amccao.com. This 

website has allowed us to keep track of our forecasted events, and has also allowed our 

team to connect with other meteorologist and the public by displaying our predictions. 

Not only have I been a participant on this forecast team while performing my research for 

the Honors in the Major Program at FSU, but I have also taken the position of lead 
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forecaster. I have also led the charge in the creation of this website and have managed our 

weekly forecast updates and highlights.  

 The weekly procedure that takes place in preparing this forecast can be an 

extensive process. Once our latest models have been run, covering the dynamical and 

statistical components, the results are analyzed to produce a long-range forecast. As lead 

forecaster, I analyze the forecasted output produced by our model, and make the first 

educated forecast that I then present to the rest of our team in our weekly meetings. 

Through manipulation and interpretation amongst the forecast team as a whole, an overall 

forecast for that week is determined. This includes the updating of the previous weeks 

events, which have already been named, along with the continuation of upcoming events 

that will then be named in this latest forecast. These events have all been named 

STRAT_A, STRAT_B, STRAT_C, etc. in order to keep each event organized. These 

naming conventions also make the forecast more user friendly, and a lot easier to 

understand for the public. These events get their name STRAT, as the forecast is heavily 

dependent upon the stratospheric mass circulations. The completed forecast includes both 

weekly highlights and the extended forecast describing the severity, intensity, and 

duration of each event. 

 The website www.amccao.com allows the viewer to quickly receive an update on 

the homepage which shows the highlights, a quick blurb about this weeks forecast, while 

a more defined forecast page was also designed to give the viewer a more in depth 

explanation behind the updated forecast. Also under the forecast tab, are all of the 

archives dating back to the beginning of this 2014-2015 winter, that show the progression 

of all forecasts indicating the cold air outbreaks that have occurred. These archives 
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include each weekly update that has been posted specifically for the most recent winter 

season. A verification tab is also maintained in order to show the accuracy of our 

forecasts compared to observations, which we deemed important in order to build 

confidence in our forecast. The science behind our forecast method is also included on 

the website to give the viewer a more in depth discussion of how our forecasts are made, 

and the underlying meteorology involved in our seasonal study. 
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2. METHODOLOGY & DATA 

 The data included within this study ranged from 1979 to 2011 and included all 32 

winters where each winter was defined specifically from November 1 to February 28, or 

a total of 120 days. Daily climatological variables were specifically taken into 

consideration throughout this study, which were pulled from the NOAA’s National 

Centers for Environmental Protection (NCEP). The variables used came from the daily 

ERA_Interim reanalysis dataset, which include surface pressure, meridional wind and 

also the 1000hPa geopotential height fields (Simmons et al., 2006; Dee et al., 2011). The 

daily surface air temperatures and three-dimensional air temperature were also used in 

order to cover the array of temperatures along both the surface of the Earth and also the 

vertical profile.  The reanalysis data is then used to define mass circulation indices 

representing the warm air (WB60N) and cold air branch (CB60N) circulations. The 

CB60N index depicts the total mass in trillion tons brought out of the Polar Circle across 

60°N, standardized by the 32-winter standard deviation. On the other hand, the WB60N 

index describes the total mass measured in trillion tons brought into the polar region 

across 60°N, standardized by the 32-winter standard deviation. We also define another 

mass circulation index describing the total air mass in trillion tons brought into the polar 

stratosphere above the 400K isentropic surface. This stratospheric index ST60N is just a 

subset of the WB60N index, representative of the mass circulation strictly in the 

stratosphere. 

 Other indices were defined to concentrate on the cold temperature anomalies 

across continental scale regions. The areas of focus for these temperature indices are 

North America, Europe, and Eastern Asia. There were a total of three mass indices that 
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were taken into consideration, with respect to location. The first large-scale mass index 

involved the entire mid-latitude region within the northern hemisphere abbreviated as 

CM. This index was denoted by the percentage area that contained surface air 

temperature anomalies that surpassed the local standard deviation by 0.5, specifically for 

the region between 25-60°N. The other two indices are two cold area indices, referred to 

as CNA and CEA specifically abbreviated for North America and Eurasia. The CNA 

region ranges from 60-120°W and 25-60°N, and for the CEA index its bounds are 0-

120°N and 25-60°N. These two indices were calculated by using the average 

climatological annual cycle of the daily surface air temperature fields and subtracting out 

these values from the overall total surface air temperature fields, which leaves only the 

anomaly field that would occur over the daily winter season. 

 These indices were heavily used throughout this study in order to predict and 

determine both the duration and intensity of cold air outbreaks (CAOs). These mass 

circulation indices representing the meridional mass transport in and out of the sector 

north of 60°N, allow for an understanding of when the next cold air surge will impact the 

mid-latitudes of North America and Eurasia. The CNA and CEA indices both were 

calculated as a way to verify the cold air outbreak forecast.   
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3. RESULTS 

 The skill of this method through out this 2014-2015 winter has been extremely 

high.  The color bars are representative of all our stratospheric events (e.g., STRAT A) 

indicative of the cold air outbreaks that were forecasted, along with their lead-time and 

peak surges (Figs. 3 and 4). There are two line graphs on each image representing 

different things. On the upper graph, the blue line is indicative of the cold air mass being 

transported in and out of the Arctic each day in the amount of trillion tons. This same line 

can be better understood to represent the CB60N index. The red line is representative of 

stratospheric mass, or the ST60N, and is also is in units of trillion tons per day. The graph 

on the bottom of the figure represents the amount of area covered by cold air, or the 

region that is dealing with below normal climatological temperatures, denoted by 

percentage. The blue line in this diagram represents continental Eurasia, where the red 

line, continental North America.  

 There were 13 episodes of cold air outbreaks that each had multiple cold air 

events within the range depending on how long the episodes were supposed to last.  Each 

of these cold air episodes has been categorized by different colors (Figs. 3 and 4). All of 

the forecasted events made were verified and confirmed. Lead time for all events ranged 

from our shortest time period of 9 days to a max of 45 days prior to the occurrence of the 

actual cold air outbreak. Overall, this left each event with an average lead-time of 

approximately 28 days in advance. Throughout the entire winter season, ranging from the 

month of October till March, there have only been a few cold air outbreak events that 

were missed by our analysis. The events that were not forecasted for are marked by X 
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markings (Figs. 3 and 4), resulting in an overall total of seven episodes that went 

unnoticed this past winter.  

 Figures 3 and 4 clearly indicate that the North American continent was impacted 

much more by these cold air outbreaks than the continent of Eurasia. The percent area 

that is covered in below normal temperatures most of the time is double the area for 

North America in comparison to Eurasia. This is because the Pacific Ocean is often 

guided by a large-scale high pressure system, consisting of warmer air. This high 

pressure system is usually the dominant control factor that intrudes on the polar vortex 

centered on the North Pole Axis. This pattern has been noticed throughout this winter 

season specifically and has been the main culprit behind the start of many cold air 

outbreaks. The strongest and longest lasting cold air event this winter, STRAT_E, 

particularly was a result of similar conditions. 
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4. CASE STUDY: STRAT_E 

 Out of all of the cold air outbreaks that occurred this last winter, STRAT_E was 

by far the event that had the longest duration and brought with it the strongest impacts.  

STRAT_E was first forecasted on November 6
th

, but was not officially named until 

November 13
th

. This provided the public with a lead-time of approximately 45 days, 

which was our longest provided lead-time for any event this winter.   STRAT_E caused 

catastrophic damage due to mass amounts of wintery precipitation specifically across the 

Northeastern region of the United States. This cold air outbreak event in comparison to 

the other cold air events seen this winter was by far the longest lasting, along with the 

strongest intensity. Therefore this event not only brought tons of wintery precipitation, 

but also deeply affected holiday travel, delaying many flights and halting automobile 

transportation on the roadways. As reported by the Weather Channel on January 8
th

, 

2015, “More than 2,500 flights had been canceled by late afternoon Tuesday, an 

improvement from Monday's 4,100 cancelations, according to tracking service 

FlightAware.com.” This event was the first event to break down the strong polar vortex 

this previous winter season.  

 This event began to impact the mid-latitudes specifically on the North American 

continent on December 25, 2014, one of the busiest travel days of the year. On this day, 

the large-amplitude Pacific high pressure system that normally remains more towards the 

south, began to navigate northward. This northward movement resulted in an intrusion of 

warm air into the polar region.  The black arrow in Figure 5 indicates the warmer region 

of high pressure being forced into the side of the polar vortex.  On December 28, the 

Pacific High has moved even further to the North continuously forcing the warm air to 
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intrude into the polar vortex’s side, causing the polar vortex to wobble and become 

unstable (Figure 6). As a few days goes by this wobbling continues. On December 30, 

(Figure 7) the Atlantic high pressure system started to strengthen, bringing warm air into 

the other side of the polar vortex. This combination of the Pacific high pressure system 

and the Atlantic high pressure system works to squeeze out the polar vortex together with 

its cold air into the mid-latitudes. On the December 31
st
, the polar vortex begins to 

elongate because of the impacts from both the Pacific and Atlantic high pressure systems 

(Figure 8). This allows the cold air to escape from the Polar Circle region and rush down 

along the surface of North America. As this polar cold air escapes out of its normal 

regime and into North America, a cold air outbreak ensues across the North American 

continent.  This is occurring due to the warm air, which is filling in the polar vortex aloft 

at higher levels as we described earlier, namely, the WB60N bringing in this warm air 

from both high pressure systems. It is the cold air branch CB60N that is then able to 

release all of this cold Arctic air along the surface and across the mid-latitudes. Due to 

the influences of these two synoptic scale high pressure systems, on January 2, 2015 

(Figure 9) the polar vortex has now split into two individual vertices, allowing for both 

low pressure systems to weaken, as high pressure tries to invade the polar region. This 

allows the remainder of the cold air that has been kept inside the polar vortex to escape as 

the vortex disperses into synoptic-scale waves circulating along the mid-latitudes. The 

dispersion of these synoptic scale waves, delivered below-normal temperatures and heavy 

forms of wintery precipitation across the mid-latitudes. On January 4th, the two 

components of the once whole polar vortex continues to loose strength as the cold air 

dispersion finishes it’s cycle within the mid-latitudes (Figure 10). The energy from these 
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synoptic waves, continued to propagate the globe as the polar vortex slowly beings to 

reinitialize via radiative cooling of the warm air. Two days later on January 6th the polar 

vortex is at its weakest point, both low pressure systems and components of the original 

polar vortex are the weakest throughout this entire event, and from here the process of 

rebuilding will begin (Figure 11). Finally on January 10
th

, the polar vortex has begun its 

rebuilding process, and the vortex has again restored itself into one whole low pressure 

system, and no longer two individual subdivisions (Figure 12). It will take weeks for the 

polar vortex to fully regain its strength in order to once again deliver as strong of a cold 

air outbreak to the mid-latitudes. 
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FIGURES

 

Figure 1:  Represents NOAA’s Day 3 outlook of forecasted max temperatures for January 

7
th

, 2015. 
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Figure 2: Reflects the impacts that the cold air outbreak episode STRAT_E delivered on 

January 7
th

 & 8
th

 2015. 
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Figure 3: Shows the first half of the summary of this winter’s cold air outbreak events. 

Includes STRAT_A through STRAT_D.  
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Figure 4:  Completes the summary for the second half of this winter’s cold air outbreak 

events. Includes STRAT_D1 through STRAT_G2. STRAT_E specifically, is shown to 

have the longest given lead-time for a forecasted event. This is the event that was 

described in the Case Study: STRAT_E. 
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Figure 5: The beginning of the STRAT_E event, showing the indentation of the Pacific 

High pressure intruding on the polar vortex, on December 25, 2014. 
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Figure 6: Indicates the wobbling of the polar vortex off of its regular axis as a result of 

the warm air intrusion, on December 28, 2014. 
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Figure 7: The stretching of the polar vortex and release of the cold air from the Polar 

Circle is seen to have occurred on December 30, 2014. 
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Figure 8: Atlantic High pressure battles the Eastern half of the polar vortex resulting in an 

elongation of the polar vortex now by both forms of high pressure on  

December 31, 2014. 
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Figure 9: The once whole polar vortex has now weakened tremendously resulting in the 

break down into two individual vortices, due to the reinforcing warm air from the Pacific 

and Atlantic. 
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Figure 10: On January 4, 2015, the process of releasing the cold air from the pole and 

dispersing it amongst the mid-latitudes is finishing up. The polar vortex is approaching 

it’s weakest point. 
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Figure 11: On January 6, 2015, the polar vortex is at its weakest point. The process of 

rebuilding and strengthening will now occur. 
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Figure 12: The rebuild of the polar vortex has begun, and the vortex is once again whole 

and no longer in two subdivisions on January 10, 2015. 
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