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ABSTRACT 

 

The onset and demise of non-convective high wind events (NCWEs) remains a challenge 

for the operational forecasting community. In an attempt to gain a better understanding of 

such events, a period of record climatology of NCWEs for the northern plains region of 

the United States was constructed using archived METAR and SAO data from 29 first-

order weather stations for the cool season (September through March). The data were 

analyzed using the National Weather Service (NWS) criteria for high-wind watches and 

warnings: sustained winds of at least 18 m s
-1

 for at least 1 h or a wind gust of at least 26 

m s
-1

 for any duration.  Initial analysis shows that NCWEs are relatively rare and that 

sites across Nebraska, Kansas, South Dakota, southern Minnesota, Iowa, and northwest 

Missouri indicate a preference towards having strong winds from the northwest quadrant 

for NCWEs.  Composite charts for NCWEs were constructed for 6 sites using data from 

the North American Regional Reanalysis (NARR) dataset. These composite charts should 

improve the forecasters’ ability to identify large scale synoptic patterns in which NCWEs 

are more likely to occur. 
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ILLUSTRATIONS 

 

Fig. 1: Extracted from Browning’s (2004) revision of a figure that initially 

appeared in Bader et al. (1995).  Browning described the diagram as a 

“[c]onceptual model of the principal airflows in an extratropical cyclone 

undergoing transition from stage III to stage IV…  The two main cloud 

features are shown stippled: (i) the polar-front cloud band, which is 

associated with the ascent of the primary warm conveyor belt (broad 

arrow labeled W1) as it travels parallel to the primary cold front (CF1; and 

(ii) the cloud head (to the left of the bent-back front WF2), which is 

associated with the ascent of the secondary warm conveyor belt (broad 

dashed arrow labeled CCB representing a flow beneath W1 and W2).” 

 

Fig. 2: The POR of the 29 first-order weather stations used to create a 

climatology of NCWEs in the north Central Plains region during the cold 

season (September-March). 

 

Fig. 3: The 29 first order station network used to create a climatology of NCWEs 

in the north Central Plains region during the cold season (September-

March) 

 

Fig. 4: Wind rose for Norfolk, NE (OFK), indicating the frequency of wind 

observations along the inner line (%) and the wind direction in degrees on 

the outside of the circle for (a) the POR, (b) those satisfying criterion A, 

and (c) those satisfying criterion B 

 

Fig. 5: Wind rose for Lincoln, NE (LNK), indicating the frequency of wind 

observations along the inner line (%) and the wind direction in degrees on 

the outside of the circle for (a) the POR, (b) those satisfying criterion A, 

and (c) those satisfying criterion B. 

 

Fig. 6: Wind rose for Grand Island, NE (GRI), indicating the frequency of wind 

observations along the inner line (%) and the wind direction in degrees on 

the outside of the circle for (a) the POR, (b) those satisfying criterion A, 

and (c) those satisfying criterion B. 

 

Fig. 7: Wind rose for North Platte, NE (LBF), indicating the frequency of wind 

observations along the inner line (%) and the wind direction in degrees on 

the outside of the circle for (a) the POR, (b) those satisfying criterion A, 

and (c) those satisfying criterion B. 

 

Fig. 8: Wind rose for Sioux City, IA (SUX), indicating the frequency of wind 

observations along the inner line (%) and the wind direction in degrees on 

the outside of the circle for (a) the POR, (b) those satisfying criterion A, 

and (c) those satisfying criterion B. 
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Fig. 9: Wind rose for Des Moines, IA (DSM), indicating the frequency of wind 

observations along the inner line (%) and the wind direction in degrees on 

the outside of the circle for (a) the POR, (b) those satisfying criterion A, 

and (c) those satisfying criterion B. 

 

Fig. 10:  Wind rose for Mason City, IA (MCW), indicating the frequency of wind 

observations along the inner line (%) and the wind direction in degrees on 

the outside of the circle for (a) the POR, (b) those satisfying criterion A, 

and (c) those satisfying criterion B. 

 

Fig. 11: Wind rose for Atlantic, IA (ALO), indicating the frequency of wind 

observations along the inner line (%) and the wind direction in degrees on 

the outside of the circle for (a) the POR, (b) those satisfying criterion A, 

and (c) those satisfying criterion B. 

 

Fig. 12:  Wind rose for Rochester, MN (RST), indicating the frequency of wind 

observations along the inner line (%) and the wind direction in degrees on 

the outside of the circle for (a) the POR, (b) those satisfying criterion A, 

and (c) those satisfying criterion B. 

 

Fig. 13: Wind rose for Worthington, MN (OTG), indicating the frequency of wind 

observations along the inner line (%) and the wind direction in degrees on 

the outside of the circle for (a) the POR, (b) those satisfying criterion A, 

and (c) those satisfying criterion B. 

 

Fig. 14: Wind rose for Sioux Falls, SD (FSD), indicating the frequency of wind 

observations along the inner line (%) and the wind direction in degrees on 

the outside of the circle for (a) the POR, (b) those satisfying criterion A, 

and (c) those satisfying criterion B. 

 

Fig. 15: Wind rose for Huron, SD (HUR), indicating the frequency of wind 

observations along the inner line (%) and the wind direction in degrees on 

the outside of the circle for (a) the POR, (b) those satisfying criterion A, 

and (c) those satisfying criterion B. 

 

Fig. 16: Wind rose for Pierre, SD, (PIR), indicating the frequency of wind 

observations along the inner line (%) and the wind direction in degrees on 

the outside of the circle for (a) the POR, (b) those satisfying criterion A, 

and (c) those satisfying criterion B. 

 

Fig. 17: Wind rose for Topeka, KS (TOP), indicating the frequency of wind 

observations along the inner line (%) and the wind direction in degrees on 

the outside of the circle for (a) the POR, (b) those satisfying criterion A, 

and (c) those satisfying criterion B. 
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Fig. 18: Wind rose for Fort Riley, KS (FRI), indicating the frequency of wind 

observations along the inner line (%) and the wind direction in degrees on 

the outside of the circle for (a) the POR, (b) those satisfying criterion A, 

and (c) those satisfying criterion B. 

 

Fig. 19: Wind rose for Goodland, KS (GLD), indicating the frequency of wind 

observations along the inner line (%) and the wind direction in degrees on 

the outside of the circle for (a) the POR, (b) those satisfying criterion A, 

and (c) those satisfying criterion B. 

 

Fig. 20: Wind rose for Kirksville, MO (IRK), indicating the frequency of wind 

observations along the inner line (%) and the wind direction in degrees on 

the outside of the circle for (a) the POR, (b) those satisfying criterion A, 

and (c) those satisfying criterion B. 

 

Fig. 21: Sea level pressure distributions with 5 hPa pressure ranges along the 

horizontal axis and the number of observations along the vertical axis for 

(a) the POR, (b) those satisfying criterion A, and (c) those satisfying 

criterion B. 

 

Fig. 22: Criterion A composite charts of 500 hPa heights (dam) and absolute 

vorticity (x10
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-1

) for the six locations chosen for analysis (GLD, LBF, 

PIR, OFK, DSM, and RST). 

 

Fig. 23: Criterion B composite charts of 500 hPa heights (dam) and absolute 

vorticity (x10
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) for the six locations chosen for analysis (GLD, LBF, 

PIR, OFK, DSM, and RST). 
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) and 
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) and 
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and 1000-500 hPa thickness (dam) for all six sites analyzed. 

 

Fig. 27: Criterion B composite charts of 850 hPa temperature advection (K/12hr) 

and 1000-500 hPa thickness (dam) for all six sites analyzed. 

 

Fig. 28: Criterion A composite charts of 1000-700 hPa lapse rate (K km
-1

) sea level 

pressure (hPa), and surface wind (m s
-1

). 
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Fig. 29: Criterion B composite charts of 1000-700 hPa lapse rate (K km
-1
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-1

). 
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-1

). 
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-1
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-1
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TABLES 

 

Table 1: List of 29 first-order weather stations, their period of record, total criteria 

A and B events, and percentage of criteria A and B events within their 

period of record.  Sites in bolded red type represent those sites explained 

in detail within the study. 

 

Table 2: Calculated Z value by state for POR vs. criterion A, POR vs. criterion B, 

and criterion A vs. B.  Sample size used in each calculation.  Z values for 

confidence at the 90% level = 1.65, 95% level = 1.96, and 99% level = 

2.58. 
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1. Introduction 

 Nonconvective winds continue to be a challenge for forecasters across the United 

States, typically occurring as post cold frontal winds during the cold season.  In 2007 

researchers set out to establish a climatology of cold season nonconvective wind events 

across the Great Lakes region.  Lacke et al. 2007 (hereinafter L07) chose to define a 

nonconvective wind event (NCWE) as any non-thunderstorm wind that meets the 

National Weather Service (NWS) criteria for a high wind watch and warning, namely any 

sustained wind of 18 m s
-1

 or 40 mph for at least 1 h; or a gust of 26 m s
-1

 or 58 mph for 

any duration.  It should be noted that both of these criteria exceed the minimum wind 

speed for tropical storms (17 m s
-1

), and match the criteria for severe storms associated 

with thunderstorms, which is also a gust greater than or equal to 26 m s
-1

 (L07).   

 NWS meteorologists desire to gain a greater knowledge of NCWEs, as forecasters 

(particularly in the plains states) continue to find NCWEs a challenge to predict.  A study 

by Kapela et al. (1995) (hereinafter K95) was the first to address NCWEs from the 

perspective of the forecaster developing a checklist of parameters associated with 

NCWEs.  Hart and Forbes (1998) approached NCWE forecasting using model generated 

soundings, finding moderate reliability in forecasting strong and damaging NCWEs using 

forecast probabilities of surface wind gust potential derived from forecast boundary layer 

wind speeds.  The best observed forecast skill came from events associated with frontal 

passages, explosive cyclogenesis, or low-level jets (Hart and Forbes, 1998).  Hart and 

Forbes (1998) found the highest false alarm rates were usually associated with poor 

prediction of the static stability in the lowest model levels.   
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 NCWEs are capable of causing significant socioeconomic impacts.  NCWEs have 

resulted in downed trees and power lines, property and crop damage, travel delays, 

injuries, and casualties (L07).  In conversations with forecasters, they have noted that 

NCWEs pose a significant hazard to the public.  Citing the main reason they pose such a 

hazard lies with the fact that most NCWEs are not associated with obvious radar features, 

whereas convective winds, by definition, occur only near readily observable 

thunderstorms (Nietfeld and Boustead, personal communication, 2010).  NCWEs are 

virtually undetectable on WSR-88D radar, identified primarily through spotter networks 

and public reports, or from interpreted automated surface observations. 

   A review of the NWS National Hazard Statistics (http://www.weather.gov/os/ha 

zstats.shtml) revealed that between the years of 2000 and 2004 there were 118 fatalities 

due to high wind (which is reported separately from tropical storms and convective high 

winds).  The same time period had only slightly higher numbers (i.e., 123) of fatalities 

from tropical cyclones which receive considerably more media coverage in the US; it is 

interesting to find that NCWEs claim nearly as many lives in the same time frame.  For 

the period between 2004 and 2008, there were over 1,000 fatalities due to tropical storms 

and only 117 fatalities from high winds; however, the number of fatalities associated by 

tropical cyclones was higher due to the extremely active 2005 hurricane season.  

Hurricane Katrina alone accounted for 1,353 direct fatalities, according to the NWS 

assessment (http://www.weather.gov/os/assessments/pdfs/Katrina.pdf).  Omitting the 

year 2005 from the 2004-2008 period, there were only 47 deaths due to tropical cyclones 

but 110 deaths due to NCWEs. 
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 High winds are capable of causing over a billion dollars a year in property 

damage.  According to the NWS Hazard Statistics (http://www.weather.gov/os/hazstats.s

html), in 2008 alone there were $1.2 billion in property damage, including structural 

damage to buildings, power poles, trees, and damage to city, state, and federal 

infrastructure.  In contrast, tropical cyclones caused nearly $7 billion in damage in 2008.  

In terms of annual losses, NCWEs create nearly as much damage as severe thunderstorms 

and tornadoes.  According to the NWS Hazard Statistics, in 2008, NCWEs caused $172 

million in crop damage.  In fact, only hail storms, flooding and tropical cyclones caused 

more crop damage than NCWEs in 2008. 

 a. Previous NCWE Studies 

 L07 noted several studies that addressed the synoptic and dynamic aspects of 

NCWEs, typically focusing on specific case studies or individual observing sites, but that 

a comprehensive climatology of NCWEs had never been attempted.  Those authors noted 

a study by Niziol and Paone (2000) (hereinafter NP00) that established a climatology for 

Buffalo, NY from 1977 to 1997 for events with gusts over 26 m s
-1

.  NCWEs were 

responsible for 21% of weather-related deaths and property damage exceeding $0.5 

million from 1960 to 1985 in the Great Lakes region during the fall season (NP00).  As 

for the winter NCWEs were responsible for 28% of those events during the winter season 

(NP00). 

 In the course of their study, NP00 made three general observations about NCWEs 

for Buffalo, NY. 

1) Occur predominantly between the months of October through April. 

2) Prevailing wind directions are from southwest to west. 
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3) Occur primarily in the southwest quadrant of the associated midlatitude 

cyclone, normally in the wake of a cold-frontal passage and in a region of 

synoptic-scale subsidence. 

 

 NP00’s study of NCWEs at Buffalo, NY was based on the work of K95, who 

focused on wintertime post cold frontal high winds on the northern plains.  K95 identified 

several meteorological factors that contributed to high winds.  From their findings, K95 

formulated an operational checklist of 10 factors to assist forecasters with the issuance of 

high wind warnings.  Their checklist included the following factors: 

1) 500 hPa vorticity maximum 

2) Subsidence 

3) Pressure changes 

4) Cold air advection (at multiple levels) 

5) Lapse rates 

6) Jet speed (multiple levels) 

7) Directional wind shear 

8) Surface geostrophic wind 

9) Satellite comma and dry slot 

10) Loose snow cover 

 

 For NP00’s study, high wind events were defined as a day in which a non-

convective thunderstorm wind gust of 26 m s
-1

 or greater was recorded.  Between 1977 

and 1997, NP00 found 52 events in Buffalo which satisfied these requirements.  NP00 

noted that most NCWEs occurred primarily in the late fall and early spring, which 

corresponded closely to a study which examined the frequency of Great Lakes cyclones 

(Angel and Isard, 1998).  NP00 also documented that the majority of NCWEs occurred 

with wind directions from the southwest or west.  Plotting surface lows that produced 

high winds on a monthly basis, storms were shown to generally track from southwest to 

northeast, passing to the north and west of the eastern Great Lakes region during the cold 

months.  NP00 focused on the synoptic scale patterns that led to NCWEs at Buffalo by 

creating a composite of atmospheric charts, averaging each parameter over their 52 cases. 
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 NP00 utilized composites of sea level pressure, 850 hPa height and temperature, 

and 500 hPa heights, temperatures and vorticity for times approximately 12 hours before 

the event, during the event, and approximately 12 hours after.  In general, at 12 hours 

before the NCWE, 500 hPa maps revealed a meridional trough over the central US.  The 

axis of this trough continued to move through the eastern Great Lakes during and after 

the event.  During NCWEs, NP00 demonstrated that the associated vorticity maximum 

associated with NCWEs tracked from the southwest to the northeast across the Great 

Lakes.  NP00 noted that the southwest to northwest track contrasted the findings of K95, 

who showed for the Northern Plains that vorticity centers move in a southeasterly 

direction.  However, even though the tracks found in NP00 and K95 differ, the site of the 

NCWE event is still located under an area of strong negative vorticity advection (NVA) 

in both studies.  Analyzing the 850 hPa charts, a strong height gradient is observed to the 

south of the center of the 850 hPa, which would suggest a strong southwesterly to 

westerly wind field across the eastern Great Lakes (NP00).  Temperature advection 

across the region indicated a well-defined temperature rise/fall couplet crossing the 

eastern portion of the region and during the NCWE cold air advection continued to take 

place over the area.  This area of strong cold air advection through the lower levels 

ensured steep lapse rates (i.e. 8 to 10 K km
-1

), which is helpful in the transport of higher 

momentum air to the surface (NP00).  The higher lapse rates are essential as descending 

air warms as it approaches the surface.  This will cause a stabilization of the boundary 

layer creating a temperature inversion.  The steep lapse rates ensures that a temperature 

inversion will not develop near the surface, allowing the boundary layer to remain 

unstable.  Keeping the boundary layer unstable ensures the continued transport of high 
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momentum air from the upper levels to the surface, thus supporting increased wind 

speeds.   Composites, correspondingly, of surface pressure revealed a strong closed low 

that deepened as it moved in a northeastward direction across the Great Lakes.   

 To support their findings from the composite charts, NP00 used K95’s operational 

checklist and applied it to ETA model output for two separate NCWE cases for Buffalo, 

NY. Results from their study were similar to the general trends revealed in the composite 

charts.  NP00 found that storm tracks usually align from southwest to northeast and the 

cyclones nearly always cross to the north and west of Buffalo, NY.  The composites 

revealed the surface low usually tracks across the Great Lakes region with tightly packed 

isobars oriented in a west-east direction, allowing for strong southwest surface winds to 

develop across western New York in both case studies.  The accompanying temperature 

rise/fall couplet of cold air advection noted in the composites was also found in each case 

study.  At 500 hPa, a trough paired with a strong cyclonic vorticity center crosses the 

Great Lakes region northeast of Buffalo, NY at the time of high winds.  NP00 noted that 

the combination of NVA coupled with the strong cold air advection, matched well with 

K95 and was present in both of their selected case studies.  Composite soundings 

revealed lapse rates between the surface and the 850 hPa level near 8
 
K km

-1
, with little 

change in wind direction with height.  The case studies completed by those authors 

revealed that cold air advection led to strong subsidence, and downward transport of 

higher momentum air across western New York was reflected in the advection of the 

1000-500 mb thickness field (NP00).  Both case studies exhibited significant surface 

pressure rise/fall couplets that tracked along the direction of the prevailing wind in 

roughly a southwest to northeast direction. 
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 Building on the results of NP00, L07 expanded NP00’s climatology of Buffalo, 

NY to the entire Great Lakes region.  L07 examined the cold-season (defined by the 

authors as November through April) events across the entire Great Lakes between 1951 

and 1995 at 38 NWS first-order weather stations across the upper Midwest and Great 

Lakes region.  Using hourly wind and sea level pressure data collected from the National 

Climatic Data Center (NCDC), L07 selected their stations to align closely to the domain 

Angel and Isard (1998) used to study the frequency and intensity of Great Lakes 

cyclones.  

 Unlike NP00, who focuses solely on wind gust events, L07 analyzed both 

sustained high winds and gusts.  Sustained high winds and gusts were separated into two 

criteria, namely criterion A for sustained winds and criterion B for gusts.  For criterion A 

to be satisfied, there needed to be at least 1 h of winds at or above 18 m s
-1

, with criteria 

B events specified by a gust 26 m s
-1

 for any duration.  For criteria B events L07 used 

wind gust data archived by the NCDC since 1974.  Of the 38 first-order stations 

collected, L07 focused on six stations (Buffalo, NY; Dayton, OH; Lansing, MI; Moline, 

IL; Rochester, MN; and Springfield, IL).  These stations had the highest occurrence of 

NCWEs in both categories (L07).  Sea level pressure, wind speed, and wind directions 

for each NCWE were collected for each site and wind roses for each NCWE type at each 

location were tabulated.   

 L07 found that within the 38 first-order stations around the Great Lakes, there 

were 2336 observations that satisfied the sustained-high-wind criterion A between 1951 

and 1995.  From the same data, a total of 239 observations satisfied the high wind-gust 

criterion B.  The authors noticed that approximately one-half of all criterion A events 
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occurred between March and April with 27% occurring in March.  For criterion B, 35% 

of the events occurred in January and 32% occurred in April, with occurrences being less 

frequent in the other months.  Events that satisfied both criteria most commonly occurred 

at stations along Lake Erie, Lake Ontario, and locations west of Lake Michigan.  Like 

NP00, L07 found a significant bias in the directional preference of NCWEs.  L07 found 

that of the events satisfying criterion A (B), 70% (76%) occurred with winds originating 

out of the southwest, which was in good agreement with NP00.   

 The results from L07 expanded upon the initial study by NP00 by both increasing 

the spatial and temporal domain of the study.  NP00 had speculated that the cause for the 

south-southwest bias was due to the geographical location of Buffalo, NY along Lake 

Erie, whereas L07’s results found that the south-southwest orientation of the winds is not 

just confined to its eastern shore.  L07 found from their analysis of sea level pressure, that 

NCWEs are usually associated with low pressure and that the highest nonconvective 

wind gusts are linked to the lowest of pressures.  L07 stated that this implies the vast 

majority of NCWEs are most likely associated with midlatitude cyclones, leading to their 

hypothesis that the southwest wind preference of NCWEs is related to midlatitude 

cyclone synoptic and dynamics.  They attempted to prove this hypothesis by the preferred 

wind direction (i.e. west-northwest) indicated at Rochester, MN.  They noted Rochester’s 

location is close to the north and west persistent “Panhandle Hook” storm track from 

Whittaker and Horn (1982),   

 The studies by L07 and NP00 were the first to compile NCWEs in order to 

produce a climatology of these events; however, other studies of NCWEs and wind 

variability have also been completed.  For example, a study by Klink (2002) attempted to 
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investigate the interannual variability and trends of wind speed distributions at seven 

stations in and around Minnesota using data from the seven sites covering time periods of 

22 to 35 years.  Klink (2002) described the expected annual distribution of mean daily 

wind speeds, evaluated the interannual variability of wind speed distributions, and 

identified any long-term trends.  She chose not to include ASOS-measured winds, instead 

focusing on data from the Minnesota State Climatology Office, the National Renewable 

Energy Laboratory, and NOAA (National Oceanic and Atmospheric Administration).  

Klink (2002) found that the distributions from the seven sites in and around Minnesota 

showed common characteristics.  In the observed distribution of wind speeds, Klink 

(2002) found that mean annual wind speeds had decreased over the course of the period 

of record (roughly the 1960s to mid 1990s).  On an annual basis, there was a much more 

complex pattern to the mean daily wind speeds.  For example, at Fargo, ND and Huron, 

SD, the distribution of wind speeds (over time) became wider, shifting to greater periods 

of lower wind speeds.  In contrast Klink (2002) shows that Duluth and Minneapolis, MN 

had a narrower distribution of speeds with a decrease in the mean annual speed.  Klink 

(2002) concluded that trends and variability of the winds on an annual basis was most 

likely due to forcing from both large systems (e.g. cyclones and anticyclones) and small 

scale factors (e.g. urbanization, land cover, topography). 

 b. Midlatitude cyclones 

 As mentioned above, NP00 suggested that, for Buffalo, NY, the wind directions 

during NCWEs were influenced by that stations geographical location on the shore of 

Lake Erie.  This interpretation was countered by L07’s climatology of NCWEs in the 

Great Lakes, where they concluded that geography was not the primary forcing process, 
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rather suggesting that midlatitude cyclone intensity and track were the main components 

to the strength and directional preference of NCWEs.   

 K95’s study of wintertime post cold frontal winds focused on the track and 

intensity of midlatitude or extratropical cyclones and created a checklist of ingredients 

that they found associated with NCWE development.  This checklist was based on the 

analysis of NCWE events using archived Nested Grid Model (NGM) data.  Using their 

checklist, K95 found that a strong 500 hPa vorticity maximum passing north of the 

forecast area and moving southeastward created the best scenario for NCWE 

development, with stronger vorticity maxima associated with stronger NVA, which 

supports subsidence and the transport of greater momentum into the lower atmosphere.  

K95 noted that subsidence normally associated with NVA and important in the formation 

of NCWEs is not a measurable feature.  Following the technique of Sutcliffe and 

Forsdyke (1950), K95 analyzed 1000-500 hPa thickness for areas of decreasing thickness 

values, which is indicative of cold air advection and subsiding air.  K95 noted that 

decreasing thickness values in an area of increasing thickness gradient, combined with an 

area of tightly packed vorticity lines along the upstream side of an upper level trough, 

will correspond to the area of greatest subsidence.  K95 found that the strongest winds 

were located within the dry slot region of the satellite imagery, which is associated with 

the strongest subsidence.   

 Carlson (1980) noted that air flow through midlatitude cyclones is dominated by 

three main airstreams, two moist and one dry.  The warm and cold conveyor belts, which 

both originate from the easterly direction, are met by the dry conveyor belt originating 

from the northwest and the upper troposphere.  The confluence of these three air streams 
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is what causes the sharp edge of the comma cloud pattern typically seen in midlatitude 

cyclones.  The dry conveyor belt will split with a section flowing parallel to the warm 

conveyor belt and southwesterly jet along the cold front.  This dry air flows in over the 

cloud cover, descending along the cloud free region of the cyclone.  The dry slot is found 

below the jet streak of the southwesterly jet with the stronger the jet the stronger the PVA 

along the jet streak.  K95 states that strong PVA would imply strong subsidence in the 

NVA region of the upper-tropospheric trough, revealing that the closer the upper-level jet 

to the area of interest, the greater the wind speed potential at the surface. 

  Angel and Isard (1998) conducted a study of the intensity and frequency of Great 

Lakes cyclones.  For their study, Angel and Isard (1998) produced a climatology of 

cyclones traversing the Great Lakes region from 1900 to 1990.  The authors were looking 

for temporal trends in intensity and frequency, utilizing cyclone tracks published in 

Monthly Weather Review, Climatological Data National Summary, and the Mariners 

Weather Log.  Information on damaging cyclones was compiled from the NOAA Storm 

Data publication, which only includes data on Great Lakes shoreline damage since 1959.  

Angel and Isard (1998) found the median pressure for damaging cyclones to be 992 hPa, 

which was only 8 hPa lower than the average pressure for all cyclones analyzed.  

Therefore, for that study a strong cyclone was considered to be one with a central 

pressure lower than 992 hPa in the Great Lakes region.  Angel and Isard (1998) also 

found that when cyclones were compared to midtropospheric circulation patterns, lower 

cyclone frequency was normally associated with zonal flow, and increasing cyclone 

frequency was associated with more meridional flow.  Angel and Isard (1998) found that 

the number of strong cyclones during the cold season months of November and 
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December has increased significantly, nearly doubling over the time period of 1900-

1990.  The authors concluded that there was an increase in the frequency of cyclones over 

the Great Lakes during the 20th century.  L07 noted that although they were unable to 

correlate the increase in cyclone frequency to the number of NCWEs, they acknowledged 

that Angel and Isard’s (1998) finding could lead to increased occurrences of NCWEs. 

 Browning (2004) researched both NCWEs and midlatitude cyclones by 

investigating the creation of damaging winds associated with extratropical cyclones over 

northern Europe and Great Britain. He acknowledged that strong surface winds often 

accompany the low-level jets that occur along the cold fronts of extratropical cyclones, 

however, he noted that evidence exists which demonstrates that the strongest surface 

winds occur in a distinctly different part of a certain class of cyclone.  Browning (2004) 

notes that the most damaging extratropical cyclones go through an evolution which 

involves the formation of a bent-back front and cloud head separated from the main 

polar-front cloud band by a dry slot.  As the cyclone intensifies, the trailing tip of the 

cloud head bounding the bent-back front forms a hook which goes on to encircle a region 

of warm air, and this is where the most damaging winds occur, near the tip of this hook. 

 The study by Browning (2004) revealed that as the cloud band wraps around the 

cyclone, it enters Shapiro and Keyser’s (1990) defined stage III, becoming more 

organized and developed, and extending west to northwest of the bent back front.  Also 

occurring in stage III, the cold front and polar front have advanced ahead of the cyclone 

center creating a mostly cloud free region known as the dry slot, which K95, L07 and 

NP00 all mentioned and viewed as important in the development of NCWEs.  Once the 

cyclone has reached stage IV (Shapiro and Keyser, 1990), cold air in the dry slot 



13 

 

 

encircles a center of warm air surrounded by the tail of the bent back front and the 

associated tip of the cloud head.  Browning (2004) mentions that the strongest winds ever 

recorded in Norway were associated with a bent back front.   

 Once the cyclone has reached stage IV, the cold conveyor belt, which now 

occupies the lower portion of the cloud head, will begin to hook around the cyclone 

center as the cyclone continues to intensify.  Dry air will begin to intrude ahead of the 

cold conveyer belt as it descends from the upper levels and overruns the secondary warm 

conveyor belt air (Fig. 1).  Browning (2004) concluded that the most damaging winds 

associated with cyclones are associated with this dry slot and are separate from the belt of 

strong low level winds that are associated with the warm conveyor belt along the primary 

cold front.  The development of strong winds is associated with the most intense cyclones 

(i.e. ones which usually go through Shapiro and Keysers’ (1990) four stages of frontal 

fracture process).  Browning (2004) observed that the cyclones with the most damaging 

winds underwent a period of explosive development, visible on satellite imagery by the 

pronounced cloud head which develops a distinct hooked tip which is the tail end of the 

bent back front (Fig. 1).  Browning (2004) attributed the explosive development to the 

creation of potential instability within the dry slot from the excessive rotation found 

within the cyclone vortex.  However, damaging winds are not the result of the low level 

jet created by the cold conveyor belt wrapping around the cyclone vortex.  Instead, when 

the bent back front and associated cloud head begin to hook around towards the dry slot, 

descending air exiting the tip of the cloud head into the dry slot creates even stronger 

winds at the surface.  As in K95, Browning (2004) confirmed that subsidence within the 
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dry slot ahead of the hook around the circulation center keeps locations at the surface 

below this region the most susceptible to damaging NCWEs. 

 c. Structure 

 The following chapters will present a climatology of NCWEs across the northern 

plains.  It will build upon the studies of L07 and NP00 in order to present a representation 

of NCWEs across the plains.  Chapter 2 will present the data and methodology used in 

this study.  Chapter 3 will present, in detail, the findings made during this study.  

Including the wind directions observed with both criteria A and B events, the sea level 

pressures associated with these events and the composite charts generated of various 

synoptic scale parameters.  Chapter 4 will summarize and interpret the results found in 

Chapter 3, and Chapter 5 will offer a short conclusion of the study as a whole. 

 

2. Data and methodology 

 a. Data   

 The goal of the present study is to expand upon the work of L07, focusing on the 

NCWEs that occur during the cool season of the Central Plains of the US.  For this study, 

the cool season was defined as the months of September through March.  Twenty-nine 

first order weather stations were utilized and hourly and SPECI (off-hourly) METAR and 

SAO data were drawn from the NCDC Climate Data Online hourly dataset 

(http://cdo.ncdc.noaa.gov/CDO/cdo) for each of the stations.  The selected stations were 

in Nebraska, South Dakota, Iowa, northern Kansas, northern Missouri, and southern 

Minnesota.  Figure 2 shows each station’s period of record (POR) as collected from 

NCDC, while Fig. 3 shows the location of each station.  The hourly METAR and SAO 
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data from the NCDC contain various parameters which are collected by surface 

observation sites around the country.  For this project, the following parameters were 

collected (although not all were utilized): wind direction, speed, max wind, gust, current 

temperature, sea level pressure, present weather, vicinity weather, precipitation duration 

and character, precipitation amount, and remarks.    

 In order to gain a greater understanding of the synoptic conditions associated with 

NCWEs, North American Regional Reanalysis (NARR, Mesinger et al. 2006) data from 

NCDC were obtained.  The NCEP (National Centers for Environmental Prediction) 

NARR was developed to be a long term, consistent high resolution, high frequency, 

atmospheric and land surface hydrology dataset for North America.  The archive starts in 

1979 and is continually updated in near real time in 3 hour increments.  The NARR 

dataset was developed as an alternative to the NCEP NCAR (National Center for 

Atmospheric Research) Global Reanalysis 1 (GR1) (Kalnay et al. 1996) and NCEP DOE 

(Department of Energy) Global Reanalysis 2 (GR2) (Kanamitsu et al. 2002) datasets, 

providing higher resolution and accuracy for the North American domain.  The NARR 

uses the GR2 for boundary conditions and uses the NCEP regional Eta model data 

assimilation system (Mesinger et al. 2006).  The NARR uses all observational data 

ingested in the GR2, including: 

 rawinsondes 

 dropsondes 

 pibals  

 aircraft  

 surface and geostationary satellites 



16 

 

 

 Television Infrared Observational Satellite Operational Vertical Sounder 

radiances  

 NCEP surface data 

 Meteorological Development Lab surface data 

  Comprehensive Ocean-Atmosphere Dataset  

 Air Force snow analysis 

 sea surface temperatures 

 sea and lake ice 

 tropical cyclone data   

At each site, a list of the dates and times of all NCWEs was compiled, rounding, if 

necessary, to the nearest 3 h increment at which NARR data was available.  The data 

were used to compute composites for select sites in the data set.  A complete list of the 

variables available in each NARR archive can be found at 

http://www.emc.ncep.noaa.gov/mmb/rreanl/narr_archive_contents.pdf. 

 b. Methodology 

 Unlike L07, who’s POR was 1951-95, in this study data were gathered from each 

site’s first available year to 2009, allowing for the maximum available data to be used 

within the study.   L07 listed two reasons for using a POR of 1951-95, the first being that 

1995 was the year weather observations were transitioned from being taken by humans to 

the Automated Surface Observing Systems (ASOS).  The second reason for the 1950-95 

POR favored by L07 was this permitted them the maximum possible number sites 

available for analysis.  This project ignores the transition from human observing systems 

to ASOS because ASOS sites are still quality-controlled by NCDC and many sites within 
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the domain have human observers on site monitoring ASOS output.  While there are 

some gaps in the ASOS observations, the tradeoff is that any issues with missing ASOS 

data would be insignificant compared to omitting the most recent 14 years of data.  For 

this study it was decided that including the full POR was beneficial in building a longer 

climatology, as some sites used in this paper had complete data records dating back to 

1929. 

 It was mentioned previously that for this study the cool season was defined as 

September through March.  These months were chosen because they would limit the 

possibility of contaminating the sample data with convective wind events erroneously 

identified as NCWEs.  L07 used similar logic to define their cold season as November 

through April, arguing there would be a small chance of convective contamination during 

these months for the Great Lakes.   

 It should be noted that concerns had been raised by L07 about wind anemometer 

heights before 1967, as not all of the sites were standardized at 10 m or less until this 

time.  With this knowledge, they re-analyzed the period from 1967-95, which included 

981 occurrences satisfying criterion A, and represented 42% of the total period of record.  

Comparing the two periods of record (1951-95 and 1967-95), L07 found the results to be 

nearly identical with no biases created by the inconsistent anemometer heights.  

Therefore, there is great confidence in using wind data records prior to 1967. 

 Given the use of hourly data, missing observations were inevitable, but with such 

a large dataset (i.e., nearly 7,500,000 observations), the loss of months or even years of 

data was not considered problematic.  However, some sites did have substantial periods 

of missing data.  For example, there were no records from Ottumwa, IA between 1955 
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and 1972 in the archive.  Even with the 18 year gap of missing data, Analysis of the 

Ottumwa dataset was conducted using the available data between 1945 and 2009.  The 

POR for St. Joseph, MO also had a large gap of missing data between 1955 and 1964; 

however, the full dataset of 1948 to 2009 was kept intact.  Sioux Falls, SD and 

Lincoln, NE also had large periods of missing data.  Lincoln, NE was missing data from 

1942 and the period of 1965 through 1972 whereas Sioux Falls, SD had a gap of 2 years, 

namely 1946 and 1947.  As with Ottumwa, IA and St. Joseph, MO, all available data 

were included in both the analysis of Sioux Falls, SD and Lincoln, NE.  The lack of sites 

with long data records across northern Kansas should be noted.  Some sites only had 

records dating to the 1980s and 1990s, such as Hays, KS, whose POR begins in 1980. 

  1) WIND CATEGORIES 

 The wind data were stratified into groups based on the two NWS high-wind 

warning criteria as well as a third group containing the full POR.  The two aspects of the 

NWS high-wind criteria were divided thresholds, labeled criterion A and criterion B, 

under the guidelines set forth by L07.  The NWS official definition for criterion A events 

states that winds must meet or exceed 18 m s
-1

 for at least 1 hour.  Unfortunately, 

sustained winds are only recorded using a 2 minute average, as described within Chapter 

5 of the Federal Meteorology Handbook No. 1 (http://www.ofcm.gov/fmh-1/fmh1.htm).  

Therefore, currently there is no hourly averaged wind data archive available from NCDC 

strictly conforming to the criterion A definition.  It should be mentioned that the official 

NWS definition is not always followed; some NWS offices have lower local criteria.  For 

this reason, as done by L07,  and by advice collected from NWS personnel (Nietfeld and 

Boustead, personal communication, 2010), criterion A was defined as a 1 hourly 
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occurrence of sustained winds meeting or exceeding 18 m s
-1

.  For criterion B events, 

L07 used wind-gust data archived by the NCDC CDO.  The disadvantage to using the 

NCDC CDO gust data is that this parameter has only been collected and archived by the 

NCDC since 1974.  This decision by L07 was based on the fact that the NCDC CDO 

contains little to no so called “peak wind” information; L07 also noted that NP00 used 

wind-gust data for their analysis of Buffalo, NY.  Those authors acknowledged that by 

using the wind-gust data, they likely underestimated the occurrences of criterion B 

NCWEs (L07).  To maintain consistency, and due to the absence of “peak wind” speed 

data in the archives, this paper will follow the criterion B definition established by L07 

and NP00.  Observations will be defined as meeting criterion B if they mention a gust of 

any duration greater than or equal to 26 m s
-1

.  As was the case in the L07 study, this 

compromise probably results in an underestimation of criterion B occurrences, but given 

there is no peak wind information archived by NCDC, this is the best alternative. 

  2) WIND ROSES AND SEA LEVEL PRESSURE 

 Once the data for all 29 sites were downloaded from the NCDC CDO archive, 

they were analyzed and divided into the two high wind categories.  Wind direction, 

speed, and sea level pressure for each site’s NCWEs were catalogued by the date and 

time, and wind roses for both criteria and for the total POR generated for each location.  

The wind roses presented the percentage of events occurring from the various directions 

(The directional component of the winds in METAR and SAO data is recorded in 

increments of 10
o
).  Wind roses from each site were compared against those of other 

stations for similarities in direction and occurrence.  Additionally, the wind roses were 

divided into four quadrants, namely northwest, northeast, southwest and southeast.  L07 
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reported a strong preference for NCWEs, across the Great Lakes region, to originate from 

the southwest quadrant of the wind rose.  The number of NCWE occurrences for each 

quadrant was calculated along with the percentage of events occurring in each quadrant 

for comparison to L07’s results.   

 L07 found that for events satisfying criterion A (B), in the Great Lakes region, 

there were 2018 (185) observations that also reported sea level pressure and from this 

sample a median pressure of 1000.8 (993.5) hPa was calculated.  From the analysis, the 

median pressure for criterion B events was 7 hPa lower than criterion A.   The authors 

then conducted a statistical t-test to quantify the significance of this difference.  L07 

found a t value of 9.9, exceeding the 99% confidence level, revealing a significant 

difference between the mean sea level pressures of the two criteria.  Following along the 

lines of L07, in the present study a statistical analysis was conducted between the two 

criteria and between the criteria and the total POR.  Unlike L07, the statistical Z-test was 

chosen as it is best suited for testing the significance between two means with differing 

sample sizes (Moore, 1995).  Analysis was completed on the total dataset, by state, and 

by site.  The goal of the statistical analysis was to find if differences observed in the sea 

level pressures for each criterion were significant to at least a 99% confidence level.  

  3) COMPOSITES 

 Several studies suggest that midlatitude cyclone dynamics are the main factor in 

determining the directional preference of NCWEs and their intensity (e. g. L07, 

Browning 2004, Knox 2004, and Crupi 2004).  Angel and Isard (1998), Browning (2004), 

and Carlson (1980) have discussed the air flow through midlatitude cyclones, along with 

cyclone frequency and intensity.  K95 mentions the importance of strong midlatitude 
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cyclones for the development of NCWEs, along with other ingredients which they found 

to aid in the formation of NCWEs and were included in their operational checklist.  In 

order to further investigate midlatitude cyclone strength and along with the other 

important factors discussed by K95, station-relative composites were created in the 

present study for select sites across the region.  Composites for both criteria A and B 

events were created based on the NARR data described in the data and methodology 

section a.  The data for each site were read into compositing software which output a 

single GEMPAK (GEneral Meterology PAcKage) file.  The file contains all available 

fields from the composited NARR data and can be displayed using the GEMPAK 

software.  Sites selected for compositing were based on their location and the frequency 

of criterion A and B events.  Geographically, sites were distributed across the domain in 

an attempt to find regional variations in the synoptic patterns associated with NCWEs at 

different stations. 

 

3. Results 

 a. NCWE frequency and climatology 

 Of the 29 first order weather stations analyzed, there were a total of 7,416,297 

wind observations.  Within these observations there were a total of 7,378 observations 

which satisfied NWS high wind warning criteria, with 6,576 total criterion A and 802 

criterion B events. High wind observations only account for 0.099% of the total wind 

observations collected across all sites.  NCWEs occurred at all 29 sites and across all 

months of the cold season as defined in the present study. 
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 Analyzing NCWEs on a monthly basis revealed that the majority of high wind 

events occur during the months of March and November for the central Plains.  This is 

somewhat different from the results of L07, who found the highest number of events in 

the Great Lakes region in January, March, and April, with fewer events in November, 

December and February.  In the present study, 27.7% of criteria A events occurred in the 

month of March, with 22.0% having occurred in the month of November.  The 

climatological winter months of December through February combine for a total of 

40.7% of criteria A events.  The results for criteria B events were similar to those of 

criterion A: the month of March had the highest percentage of events, with 26.4%, and 

November had 24.7%.  Only 34.8% of criteria B events occur in the period of December 

through February, which was lower than criterion A. 

 b. Wind direction 

 One of the major goals of this study was to determine if there was a preference in 

the wind direction during NCWEs across the central Plains.  L07 had found a distinct 

preference for NCWEs in the Great Lakes region to have winds from the southwest 

quadrant.  Initial findings from the generated wind roses revealed that NCWE directions 

across the central Plains differed from that of the Great Lakes region.  Subjective analysis 

revealed a significant bias for NCWEs having winds from the northwest quadrant.  After 

wind roses for all 29 locations were completed, it was found in total that approximately 

75.0% of all criterion A NCWEs across the domain had winds within the northwest 

quadrant.  With regards to criterion B events, approximately 81.0% occurred from the 

northwest.   
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  1) WIND ROSES 

 Three wind roses were created for each of the 29 sites, the first being the complete 

POR, the second rose showing criterion A events, and the third representing criterion B 

events.  Table 1 lists each of the 29 sites, along with their total number of wind 

observations, total number of A and B observations and the percentage of criterion A and 

B events from each location’s POR.  Although wind roses were created for each of the 29 

first order stations, this work will focus on a subset of 17 sites, chosen based on their 

location within the domain, their extensive periods of record, and their relative abundance 

of criterion A and B occurrences. 

   (i)  Nebraska 

 Wind roses were prepared for four locations across Nebraska: Norfolk (OFK), 

Lincoln (LNK), North Platte (LBF), and Grand Island (GRI).  The results for Omaha, NE 

(OMA) were omitted from this discussion because a low number of criterion A and B 

events were observed, with 115 criterion A and 12 criterion B events.  These sites were 

chosen for their placement across the state, their extensive periods of record, and their 

large number of criteria A and B events.  Beginning with OFK, there were a total of 

263,714 wind observations with a total of 584 criterion A and 57 criterion B events.  

Criterion A events at OFK accounted for 0.22% of all wind observations, while criterion 

B events accounted for only 0.02% of the total observations.  Figure 4a represents the 

wind rose for the entire OFK POR and reveals no prevailing wind direction exists within 

the POR for OFK, although there were relatively few wind observations from the 

northeast and southwest during the cold season.  Figure 4b represents the wind rose for 

criterion A events.  This wind rose reveals a concentration of criterion A directions 
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within the northwest quadrant.  Figure 4c shows the results for criterion B winds, and it 

also revealed a directional preference from the northwest quadrant.  The total number of 

criterion A events originating from the northwest quadrant was 82, or 90.6% of the total 

number of criterion A events at OFK.  Similarly, a total of 49 criterion B events were 

found to originate from the northwest, which was found to represent approximately 

86.0% of the total.  From the analysis of the wind roses, a dominant northwest quadrant 

bias is clear for both criteria. 

 A total of 309,064 wind observations were collected at LNK.  From the POR, a 

total of 219 criterion A events were recorded along with 13 criterion B events.  Unlike 

OFK, criterion A events only represent 0.07% of the total POR while criterion B events 

only represent 0.004%.  Figure 5a reveals no dominant prevailing wind direction at LNK 

during the cold season.  Subjectively there appears to be a bias for winds out of the north-

northwest and the south-southeast.  Figure 5b shows that most criterion A winds at LNK 

are out of the northwest, as was the case with OFK.  Figure 5c reveals less of a dominant 

trend in criterion B directions.  From the wind rose it is possible to see that over 20% of 

criterion B events are out of the south-southwest.  Unlike OFK and other sites across the 

northern Plains, only 38.5% of criterion B events at LNK were found out of the northwest 

quadrant.  In regards to criterion A events, 84.0% were located within the northwest 

quadrant.   

 In central Nebraska, GRI had a POR which included 389,200 observations.  Out 

of those, 441 satisfied criterion A, along with 35 criterion B events.  Criterion A events 

accounted for 0.11% of the total wind observations collected at GRI, while B events 

accounted for only 0.009% of the observations.  The wind rose in Fig. 6a shows no 
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prevailing pattern to the wind observations at GRI during the cold season, which is 

comparable to LNK and OFK.  In both Figs. 6b and 6c, the bias for a northwest direction 

for both criteria A and B winds becomes apparent.  In total, 82.5% of all criteria A events 

and 91.4% of criteria B events had winds from the northwest quadrant. 

 North Platte (LBF) had the second longest POR (after GRI) and the second 

highest total criteria A and B events, after OFK.  LBF’s dataset had 370,794 

observations, with 555 criterion A and 46 criterion B events.  Criterion A events 

represented 0.15% of the total observations, while criterion B events represented 0.01%.  

Figure 7a represents the wind rose for the total period of record, while the wind directions 

presented in Figs. 7b and7c point towards NCWEs occurring from the northwest.  In 

total, 88.3% of criterion A events originate within the northwest quadrant, along with 

84.8% of criterion B events. 

   (ii) Iowa 

 As was the case for Nebraska, four locations were selected for closer analysis in 

Iowa.  These sites included Des Moines (DSM), Waterloo (ALO), Mason City (MCW), 

and Sioux City (SUX).  These sites were chosen based on their geographic distribution, 

their long POR, and their moderate to high frequency of NCWEs.  The POR for SUX 

included 348,072 wind observations, 354 of which met criterion A and 36 met criterion 

B.  The POR wind rose for SUX (Fig. 8a) no predominant wind direction is evident; 

however, a slight bias for northwest and southeast winds is noted.  Figures 8b and 8c 

continue to support the pattern of NCWEs with northwesterly winds.  For SUX, 90.1% of 

all criterion A events occur within the northwest quadrant, while 94.4% of criterion B 

events reside from the northwest quadrant. 
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 Farther east across Iowa, the trend for NCWEs primarily out of the northwest 

begins to diminish as the geography of the Plains begins to transition into the Great Lakes 

region defined by L07.  DSM’s POR contained 389,310 wind observations, and of these 

observations, 256 satisfied criterion A and 17 satisfied criterion B, with criterion A (B) 

events accounting for 0.07% (0.004%) of all wind observations during the POR.   Figure 

9a represents the total POR wind rose for DSM.  Once again, the bias for northwesterly 

winds during criterion A NCWEs is apparent (Fig. 9b).  The same can be said for 

criterion B events (Fig. 9c); however, both show a number of NCWEs originating from 

the southwest quadrant.  Proportionally, 75.0% of criterion A events occur within the 

northwest quadrant, with 70.6 % of criteria B events occurring from the northwest, i.e., 

lower than many of the locations farther west of DSM.  The trend of decreasing 

northwest winds continues north of DSM in MCW.  The POR for MCW contains 

303,672 observations.  Criterion A events make up 321 of the total wind observations, 

with criterion B events accounting for only 16.  Winds normally trend at MCW from the 

northwest through the southeast quadrants primarily (Fig. 10a).  With regards to criterion 

A events for MCW, a northwest to southwest bias is visible (Fig. 10b), with 67.0% of A 

events exhibiting surface winds from within the northwest quadrant.   Criterion B events 

reveal the same pattern as A events (Fig. 10c), but with more events occurring within the 

southwest quadrant.  In total, only half of the criteria B events occurred within the 

northwest quadrant, with the other 50.0% occurring out of the southwest, consistent with 

the findings by L07 and NP00. 

 Waterloo (ALO) is one of only three sites (the others being Rochester, MN 

(RST)) and DSM that were included in the present study and in L07.  The analysis of 
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ALO was discussed extensively by Knox (2004), who analyzed November 12Z winds 

from 1949-1995 for this station.  His findings revealed that within the POR, winds 

observed at ALO were primarily from within the northwest quadrant, but winds greater 

than 14 m s
-1

 were largely from the south.  Knox (2004) found that from the 30 stations 

he analyzed across the Great Lakes region, all showed a southwest direction bias for 

NCWEs.  In the present study, the POR wind rose for ALO (Fig. 11a) once again shows 

no preferred wind direction. Unlike the other locations across the northern Plains, the 

wind rose for criterion A wind events (Fig. 11b) shows a significant bias to winds from 

the southwest, as do the results for criterion B events (Fig. 11c).  Compared to the other 

sites analyzed, the percentages of criterion A and B events from the northwest are 

considerably lower, as was expected after viewing the wind roses.  Of the total criterion 

A events, only 26.6% are from the northwest quadrant, with criterion B events being 

slightly lower at 18.2%.  The remainder of the criteria A and B events had winds 

primarily from the southwest, with 10% of criterion B events out of the southeast. 

   (iii) Minnesota 

 The present study focused on two locations in southern Minnesota, namely RST, 

which was included in L07, and Worthington (OTG).  RST’s POR (Fig. 12a) included 

327,619 observations, with a total of 130 criteria A and 41 criteria B events.  Criteria A 

(B) events were found to only represent 0.04% (0.01%) of the total POR.  RST’s POR 

wind rose was quite similar to that of ALO.  Both locations show a preference for winds 

to originate from the northwest and southeast.  Wind roses for both criteria A and B 

winds (Figs. 12b and 12c) revealed no dominant directional preferences, with 

observations almost evenly divided between the northwest and southwest quadrants.  As 
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with previous locations, the percentages were calculated for criteria A and B events 

originating within the northwest quadrant, with 56.2% for criterion A and 43.9% for 

criterion B, suggesting that more NCWEs had winds out of the northwest than from 

another single quadrant.   However, for both criteria A and B, the majority of events had 

winds from the two southern quadrants.  This southerly bias for NCWEs at RST aligns 

well with the findings of Knox’s (2004) and L07’s studies of NCWEs in the Great Lakes 

region. 

 Major changes in the observed wind directions were evident when shifting west of 

RST, to southwest Minnesota.  The POR for OTG had a total of 184,086 observations, of 

these observations 312 (72) or 0.17% (0.04%) satisfied criterion A (B).  Figure 13a 

shows wind directions were concentrated primarily between the northwest and southeast 

quadrants.  However, when analyzing high wind criteria, the trend for northwest 

dominance, as found in the Plains, is again evident.  Of criterion A events, 86.2% were 

located within the northwest quadrant (Fig. 13b).  As for criterion B events, the 

percentage was higher, with 91.6% of occurrences having winds from the northwest (Fig. 

13c). 

   (iv) South Dakota 

 Returning to the northern Plains, three sites in South Dakota were examined in 

detail: Sioux Falls (FSD), Huron (HUR), and Pierre (PIR).  All three sites revealed 

distributions of wind directions similar to Nebraska and western Iowa, with high wind 

events favoring a northwest direction.  Analysis of FSD’s 318,255 observations found 

213 criterion A events along with 62 criterion B events, revealing that only .0009% of the 

318,255 total observations reached high wind criteria (either criteria A or B).  Figure 14a 
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shows that for the total POR of FSD, winds were common from all directions, with no 

discernable preference.  Wind roses created for criteria A and B (Figs. 14b and 14c) show 

that high wind events typically have wind directions primarily from the northwestern 

quadrant, as was the case for stations in Nebraska and western Iowa in the present study.  

For criterion A events, 87.3% of the observations had winds from the northwestern 

quadrant, and for criterion B, only 2 of the 62 total B observations had winds from 

another quadrant other than the northwest. 

 HUR and PIR show the same northwest bias already established across the 

northern Plains.  HUR’s POR included 363,457 observations with 312 (26) criterion A 

(B) events.  The POR wind rose (Fig. 15a) for HUR compared well to other sites across 

the Plains, specifically those in Nebraska.  The tendency for wind directions to be 

primarily from the northwest and the southeast quadrants was evident.  Analyzing the 

wind roses for criteria A and B events (Figs. 15b and 15c), both supported the northwest 

bias previously established by the other sites.  For HUR, 86.2% of criterion A and 84.6% 

of criterion B events had winds within the northwest quadrant.  PIR had similar results to 

HUR; its period of record included 287,225 observations, with 530 criterion A and 61 B 

events.  Figures 16a, 16b, and 16c represent the three wind roses for PIR, and compared 

to HUR, the POR shows a bias towards winds from the northwest and southeast.  During 

criteria A and B events, there is a distinct bias for winds from the northwest quadrant 

once again.  Of the 530 criterion A events, 94.2% had winds from the northwest, while all 

61 of the B events were found to have winds from the northwest. 
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   (v) Kansas  

 Three sites in northern Kansas were examined, namely Topeka (TOP), Fort Riley 

(FRI), and Goodland (GLD).  TOP had a POR that included 294,406 observations; the 

TOP POR wind rose (Fig. 17a) showed no clear prevailing wind direction.  TOP’s record 

only included 65 criterion A events, and from these, only 13 had winds within the 

northwest quadrant (Fig. 17b).  TOP only had 1 criteria B event within its POR and it 

occurred from the southwest direction (Fig. 17c).  The distribution of wind directions at 

TOP during NCWEs shared more in common with the sites of eastern Iowa and 

Minnesota than our other locations across the northern Plains.  As with ALO and RST, 

high wind events were more prevalent from the south than the northwest.  Based on work 

by K95 and Carlson (1980), the track of mid-latitude cyclones through the Plains is most 

likely the cause for TOP’s southerly bias.  The location of cyclones as they advance 

through northern Kansas would place surface winds primarily out of the southwest during 

cyclone passage, details of which are discussed extensively by Browning (2004) and 

Carlson (1980) and mentioned in Chapter 2.  West of TOP near Manhattan, KS is FRI, its 

POR had a total of 231,633 observations (Fig. 18a).  Only 141 criterion A and 8 criterion 

B events were recorded.  Like TOP, FRI’s criterion A events were concentrated mainly in 

the southern quadrants (Fig. 18b), with only 7 found to have winds from the northwest 

quadrant.  In regards to the 8 criterion B events (Fig. 18c), 4 of them were located in the 

northwest quadrant while the other 4 were located in the southwestern quadrant. 

 GLD is located on the high Plains of western Kansas and was the location of the 

most criteria A and B events of any of the sites investigated in the present study.  In total, 

GLD’s POR had 313,456 observations, with 754 (.002%) criterion A and 135 (.0004%) 
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criterion B events.  GLD’s POR wind rose is shown in Fig. 19a and reveals no clear 

preference of the winds for the cold season, which continues to be the case with regards 

to the majority of the locations in this study.  Unlike eastern Kansas, wind roses for A 

and B events at GLD (Figs. 19b and 19c) were comparable to the other locations in 

across the Plains, showing the majority of NCWEs have winds from the northwest 

quadrant.  Of the events satisfying criterion A, 94.4% are located within the northwest 

quadrant, with 130 of 135 (96.3%) criterion B events also having winds from the 

northwest. 

   (v) Missouri 

 To complete the north central Plains domain, there was an attempt to identify 

NCWEs across northwest and northern Missouri.  Data for three sites were analyzed, 

which included namely, Kirksville (IRK), Kansas City (MKC) and St. Joseph (STJ).  

Locating sufficient sites in northern Missouri presented a challenge.  There were a limited 

number of sites and incomplete or short datasets made it difficult to find locations that 

were well suited for representing NCWEs across northern Missouri.  Even the locations 

selected had smaller datasets than those in neighboring states, with long periods of 

missing data.  An incomplete record for MKC resulted in only 135,564 observations with 

only 32 criterion A and 3 criterion B events.  STJ had a record of only 164,204 

observations with 52 criterion A events and 0 criterion B events.  Presented in Fig. 20a is 

the wind rose for IRK, which had a POR of 147,699.  Figures 20b and 20c revealed that 

the majority of NCWEs reported are found with winds from the southern quadrants.  

Based on the location of IRK (central northern Missouri), the preference for southerly 

directions was expected based on the results of TOP and from the results found in central 
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and western Iowa.  In total, of 44 criterion A events only 25.0% are from the northwest, 

while of the 6 criterion B events, 5 had winds from the southwest.  It should be noted that 

the wind roses for STJ and MKC (not shown) also had a southerly bias in the NCWE 

directions.  

 c. Sea level pressure 

 An extensive analysis of sea level pressure was undertaken for each category of 

NCWE.  The sea level pressures associated with each criterion A and B event are not 

correspondent to the center of a high or low pressure center, but to the sea level pressure 

experienced at the site the event occurred.  The first main goal of the sea level pressure 

analysis was to identify which pressure regimes NCWEs primarily occur with, high or 

low?  The second goal of this section was to find any differences in the sea level 

pressures observed between the two categories and if there was any statistical 

significance in those differences.   

 Previously mentioned, of 7,416,297 wind observations collected, in total, from the 

29 first-order weather stations, 4,263,887 had accompanying sea level pressure data.  

There were a total of 3,508 events satisfying criterion A, and 329 satisfying criterion B 

which included sea level pressure data.  The distributions of sea level pressure for the 

POR and criteria A and B can be found in Fig. 21.  The mean sea level pressure found for 

the period of record across all stations was 1018.0 hPa with a standard deviation of 8.8 

hPa, and the calculated mean sea level pressure for criterion A was 1008.5 hPa with a 

standard deviation of 10.4 hPa.  Of the criterion A sea level pressures, a maximum 

pressure of 1047.8 hPa was observed, while a minimum pressure of 971.2 hPa was found.  

As described by L07, this suggested that NCWEs can be associated with high and low 
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pressure values, however, the majority of criterion A events prefer lower pressure, as 

shown by the median pressure found above.  In regards to criterion B events, a mean sea 

level pressure of 1004.1 hPa was calculated, which is 4.4 hPa lower than that of criterion 

A, and criterion B events had a standard deviation of 9.9 hPa.  The maximum pressure 

found for criterion B events was 1036.2 hPa, with a minimum pressure observed of 978.6 

hPa.  The minimum pressure for criterion B events was more than for criterion A events 

by 7.4 hPa.  However, the maximum pressure for criterion B events was 11.6 hPa less 

than that of criterion A.  Even though the maximum for criterion A was less than that of 

B, it is still apparent that criterion B events are found to occur more often with lower 

observed sea level pressures than those of criterion A, and especially lower than the POR 

as a whole, where the mean sea level pressure for criteria B events is 14 hPa lower.   

 The previous results have established an apparent difference in the means of the 

sea level pressures associated with the two criteria and the period of record as a whole.  

In an attempt to find if this difference is significant or not, it was necessary to perform a 

statistical analysis on the mean sea level pressures.  In order to test for significance the 

statistical Z-test (Eq. 1) was chosen.  The Z-test was chosen because it allows for 

determining a significant difference between two datasets means in which both datasets 

have differing sample sizes (Moore, 1995). 

             (1) 

 

For this test, the hypothesis would be formulated as follows. 

 

Ho: (µ1 - µ2) = 0 

Ha: (µ1 - µ2) ≠ 0 
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Ho is the null hypothesis, where the difference between the two means is zero.  The 

alternative hypothesis (Ha) states there is a difference between the two means.  For this 

test, (µ1 - µ2) = 0 in equation one.  The Z-test is a two-tailed statistical test, however, for 

this application, the only concern is that the sea level pressures are different, meaning the 

calculated Z value only needs to be less than the Z value associated with a specific 

confidence interval for the alternative hypothesis to be true.  Tests were conducted at five 

confidence intervals, 80%, 85%, 90%, 95%, and 99%.  In order to reject the null 

hypothesis at a 99% confidence interval, the found value of Z must exceed 2.58.  When 

comparing the POR and criterion A means, a Z value of 57.69 was found, which is well 

above the value of 2.58 for a 99% confidence level.  Therefore, it can be said with great 

confidence that there is a significant difference between the two means.  A 99% 

confidence interval can also be established when comparing the POR and criterion B 

mean sea level pressures, which had a calculated Z value of 28.40.  A major goal in the 

present study of the mean sea level pressures was to find a significant difference between 

the criteria A and B means.  A Z value of 8.69 was calculated when the Z-test was 

performed comparing criteria A and B.  From this result, it was possible to show, with 

99% confidence, that there is a significant difference between the mean sea level 

pressures of each criterion, further supporting the hypothesis that criterion B events occur 

with significantly lower sea level pressures than criterion A events. 

 In accordance with the preceding analysis of the total dataset, statistical testing 

was also conducted by state and by site.  Some sites were found to have lower confidence 

between the mean sea level pressures of criteria A and B.  The sites that had low 

confidence in the difference between the A and B pressures correlated well to those sites 



35 

 

 

that had low sample sizes.  The low sample sizes are most likely the primary contributor 

to the low confidence found between some location’s A and B pressures.  On a state-wide 

basis (Table 2), a Z value of 4.98 was calculated when testing the mean sea level 

pressures of criteria A and B events in Nebraska.  A value of 4.98 satisfies a significant 

difference between the means to a 99% confidence interval.  For Kansas, a Z value of 

0.46 signified low confidence of a significant difference between the mean sea level 

pressures of criteria A and B.  It should be noted that Kansas only had three sites with 

viable sea level pressure data compared to Nebraska’s seven; additionally, two of these 

three sites in KS together had only 6 criterion B events.  The small sample size of 

pressure data in Kansas is most likely the cause of the resulting Z value.  GLD was the 

only location in Kansas which had a substantial dataset of pressure data for criteria A and 

B events, with 623 (88) criterion A (B) observations.  Performing the Z-test statistical 

analysis on GLD returned a Z value of 1.72, which allows one to say there is 90% 

confidence of a significant difference between the means at GLD for the criteria A and B 

events. 

 The data records for sites in Minnesota were similar to Kansas; they generally 

lacked observations of pressure data.  The only site in Minnesota which had observations 

of pressure data was RST.  When comparing criteria A and B events, a Z value of 1.81 

was calculated, providing 90% confidence in a significant difference between the two 

pressures.  Similarly, the data records for stations in Missouri also lacked observations of 

pressure data.  Only IRK and STJ had available pressure data.  As was the case for 

stations in Kansas, low confidence was found when comparing the two NCWE criteria 

means.  Subjectively, the criterion A and B means were similar, with criterion A events 
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having a mean of 996.2 hPa compared to a mean of 999.9 hPa for criterion B.  The 3.7 

hPa difference between the means was supported by the small Z value found, leading to 

low statistical significance for the difference between the two means.  It is noted that 

there were only 4 criterion B sea level pressure observations found for Missouri, and 

there was only a 4.2 hPa difference between the criterion B maxima (1015.5 hPa) and 

that of criterion A, which had a maxima of 1019.7 hPa.  The lowest pressure found for 

criterion A events was 979.7 hPa, which was 14.2 hPa lower than the minimum pressure 

found for criterion B (993.9 hPa). 

 Besides Nebraska, Iowa and South Dakota were the only other states that 

produced significant difference between the criteria A and B mean sea level pressures.  In 

Iowa, the mean pressure for criterion A events was 1007.9 hPa and for B events it was 

1000.5 hPa.  Completing the Z-test for the two criterions resulted in a Z value of 4.95, 

which indicated a significant difference that exceeded the 99% confidence interval 

between the two means.  For South Dakota, there was only a 4.2 hPa difference between 

the criteria A and B mean sea level pressures, with 1010.5 hPa for A and 1006.3 for B.  

However, a Z value of 5.40 was calculated, which also implies 99% confidence.  From 

the statistical analysis of the dataset as a whole and when broken down by states, it can be 

said with confidence that most high winds occur with lower pressures, and with regards 

to NCWEs criterion B events most occur associated with sea level pressures statistically 

and significantly lower than criterion A events when one includes all sites investigated 

within this project. 
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 d. NARR Composites. 

 Six of the 17 sites above were selected for further analysis of the synoptic 

conditions associated with criteria A and B events.  Station-relative composites were 

generated of selected meteorological parameters.  Parameters chosen for compositing 

were inspired by the forecaster checklist developed by K95.  The following six sites were 

chosen because of their geographic distribution, as well as their number of criteria A and 

B events: GLD, LBF, OFK, PIR, DSM, and RST.  RST was included due to its location 

within both the central Plains domain outlined in this paper and the Great Lakes domain 

of L07.  The composite charts generated are robust and represent the synoptic and 

dynamic conditions of NCWEs fairly well, primarily due to the number of NARR files 

used in their generation.  GLD had the most NARR files ingested in its composite, with 

140 criterion A and 52 criterion B events.  LBF included 46 and 18 NARR files for 

criterions A and B respectively, with 99 criterion A and 22 criterion B events for PIR.  

Composites for OFK were generated with 44 A and 11 criterion B events, with DSM 

utilizing 20 criterion A and 10 B events, and RST with 56 A and 15 B events.  Parameters 

composited included 300 hPa heights and winds, 500 hPa heights, winds and absolute 

vorticity, 700 hPa heights and winds, 1000-500 hPa thickness, 850 hPa heights and 

winds, 850 hPa temperature advection, and the 1000-700 hPa lapse rates with sea level 

pressure. 

   1) 500 hPa VORTICITY AND 1000-500 hPa THICKNESS 

 In K95’s operational checklist, point values are assigned based on the magnitude 

of ten meteorological parameters.  The first parameter in the checklist is the magnitude 

and the location of the 500 hPa absolute vorticity maximum, while the second focuses on 
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both the 500 hPa vorticity and the 1000-500 hPa thickness in relation to subsidence.  It 

should be noted that K95 did not separate NCWEs into criteria A and B.  However, the 

analysis which follows compares both criteria A and B composites to K95’s checklist.  

Analysis of the 500 hPa heights and the 500 hPa absolute vorticity for criteria A and B in 

Figs. 22 and 23 respectively was performed for each of the six sites analyzed.  According 

to K95, 500 hPa vorticity maxima with magnitudes of approximately 16 to 22x10
-5

 s
-1

 

was best suited for NCWE development, with a preference for the maximum to be 

located northwest of the forecast area, with more points given for a greater vorticity 

maximum and shorter distance from the forecast area.  All six of the locations show 

composite 500 hPa vorticity maximums of approximately 14 x 10
-5

 s
-1

 situated mainly 

east and north of the NCWE location.  DSM showed the greatest composite 500 hPa 

vorticity maximum for criterion A events, with a value of 19 x 10
-5

 s
-1

.  Analysis of the 

charts revealed a noticeable difference between the magnitudes of the vorticity maximum 

between the criteria.  In the plots composited with respect to OFK and DSM, there 

appears to be an increase of 1 to 4x10
-5

 s
-1

 from criterion A to criterion B.  Another 

noticeable difference in the maps was the less uniform distribution of absolute vorticity 

for criterion B at LBF and RST compared to their criterion A maps.   It is hypothesized 

that the difference found is related to the tilt and location of the 500 hPa trough.  In the 

plot composited with respect to events at LBF, the criterion A 500 hPa trough axis is 

located from northern Minnesota through Missouri, while the criterion B trough is 

broader and located from Montana through Utah.  This reveals that the categories of 

NCWEs at some locations could be related to the position of the upper level troughs.  The 

composites of the 500 hPa heights and absolute vorticity were found closely comparable 
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to the findings of K95.  The location of the 500 hPa vorticity maxima is generally located 

northwest of the NCWE site, approximately 38 to 187 km away (K95).  

  Subsidence is the second parameter on K95’s checklist and has been discussed 

above in detail in the context of the results of L07, NP00, Browning (2004), and Carlson 

(1980).  K95 used the 500 hPa absolute vorticity gradient per 2
o 
latitude.  K95 also took 

into consideration the 1000-500 hPa thickness gradient.  Recall, K95 cited the work of 

Sutcliffe and Forsdyke (1950) addressing subsidence and the 1000-500 hPa thickness, 

finding that decreasing 1000-500 hPa thickness values indicated cold air advection and 

subsiding air.  K95 concluded that three or more 1000-500 hPa isopleths (using a 

standard 60 m contour interval) per 5
o
 latitude would favor NCWEs.   

 Using composites it is hard to quantify exactly how intense the vorticity gradient 

and the thickness gradient is, due to the fact that the compositing process inherently 

averages out extremely high and low values.  However, looking at the composites for 

criterion A events (Fig. 24), a large vorticity gradient is apparent, with stronger gradients 

for criterion B events (Fig. 25), which was expected given stronger vorticity maximums 

described above.  K95 also emphasized the angle between the vorticity and the thickness 

isopleths, showing that the greater the angle, the better the chance for NCWE 

development.  The highest point totals were given for times when the angle was greater 

than 60
o
 near the NCWE forecast location.  In Figs. 24 and 25 for criteria A and B events, 

the angle between the thickness isopleths and the absolute vorticity were primarily found 

to be 60
o
 or greater in all of the composite plots.  In K95’s operational checklist, more 

weight is placed on the intensity of the 500 hPa vorticity maximum than the angle 
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between the isopleths, but demonstrated the angle was still important in the forecasting of 

NCWEs. 

  2) COLD AIR ADVECTION 

 K95’s forecast checklist for NCWEs emphasized low level cold air advection, as 

during strong post-cold frontal wind episodes or NCWEs, cold air advection (CAA) 

typically occurs throughout the entire depth of the troposphere, as cited by K95 and 

shown in the study by Weiland (1985) of the 4-5 February 1984 blizzard in North Dakota 

and Minnesota.  Weiland (1985) observed that regions of maximum CAA become deeper 

and stronger when the 850 and 500 hPa thermal troughs become geographically 

superimposed.  Composites were generated of the 850 hPa temperature advection with 

the 1000-500 hPa heights because K95 realized that areas of strong low level CAA 

crossing the 1000-500 hPa thickness isopleths were areas which would experience the 

strongest downward motion, favoring NCWE development. 

 Figure 26 depicts the 850 hPa temperature advection (K/12hr) and 1000-500 hPa 

thickness for all six sites for criterion A with Fig. 27 representing criterion B.  Initial 

analysis revealed intense CAA west of the NCWE location, especially along the Front 

Range of the Rocky Mountains.  The results with respect to DSM and PIR differed from 

those with respect to the other sites, as widespread CAA was found over the NCWE 

location, with values at DSM of -10
o
 to -14

o
 K/12hr for criterion A and -16

o
 to -

28
o
 K/12hr for criterion B.  The results at DSM for criterion B demonstrated the highest 

values of temperature advection observed in the composites.  The results with respect to 

GLD were the only ones that showed considerable similarities between criteria A and B 

when it came to the CAA pattern, but the CAA for the criterion B composite was nearly 
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4
o
 K/12hr higher than the highest for criterion A.  Also notable is the definite narrow 

band of strong CAA west of GLD; looking at the other sites (e.g., LBF), the same narrow 

band develops along the Front Range of the Rocky Mountains.  It is hypothesized that 

GLD’s close proximity to the Front Range, and the CAA advection experienced there 

might be enhancing NCWE development, which helps explain why GLD had the highest 

number of criteria A and B events in this study.  

 With regard to the angle of the thickness isopleths to the vorticity isopleths 

mentioned above, K95 concluded that the higher the angle between the low level CAA 

and the 1000-500 hPa thickness isopleths was also important.  In Figs. 26 and 27 the 

1000-500 hPa isopleths were superimposed on the 850 hPa temperature advection.  In 

general, for all sites the isopleths of temperature advection are oriented at angles of at 

least 60
o
 in relation to the thickness isopleths.  Most of the composites show a 

perpendicular orientation between the advection isopleths and the thickness.  This 

typically occurs west of the NCWE location, and near the largest values of temperature 

advection.  The composites with respect to DSM and PIR are the only exception, as for 

both criteria A and B events, the largest values of CAA are over the location of interest.  

It should be noted that the same could also be said for OFK, where -8
o
 K/12hr of 

temperature advection is located over the site, but the strongest CAA was east of the 

Front Range.  The differences in the composites with respect to events at DSM, PIR, and 

OFK are hypothesized to be the result of the trough location across the region.  For 

events at the three sites in question, the trough axis (for both criteria A and B) was 

located nearer the NCWE site.  Note that the trough over PIR and DSM was deeper than 

those of the other sites analyzed.  With regards to RST, it was the only site with no 
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significant CAA near its location.  As stated previously, the strongest CAA was found 

along the Rocky Mountain Front Range.   

  3) 1000-700 hPa LAPSE RATES 

 K95 expressed that CAA alone will not sustain a strong wind near the surface for 

a prolonged period without help from a continuous transport of higher-momentum air 

into the boundary layer.  Behind cold fronts, CAA and NVA act to supply downward 

motion, as described above and shown by Holton (1992) with analysis of the 

quasigeostrophic omega equation (Eq. 2). 

      (2) 

    |______________|     |________________________|    |_________________| 

                 A                                         B                                             C 

 

Term A in the equation is proportional to –ω (vertical velocity) and ω < 0 implies upward 

vertical motion.  Term B is called the differential vorticity advection and is proportional 

to the rate of increase with height of the advection of absolute vorticity.  Term B is 

associated with rising motion above surface lows and subsidence above surface high 

pressure, which makes it responsible for the thickness tendencies between 500-1000 hPa 

(Holton, 1992).  Term C is the negative of the horizontal Laplacian of the thickness 

advection, and if there is warm (cold) advection, term C will be positive (negative).  

Since Term A is proportional to the vertical velocity, there will be upward (downward) 

motion where the sum of terms B and C is positive (negative) (Holton, 1992).  

Decreasing static stability will enhance the downward transport of momentum and the 

adiabatic warming of the subsiding air will also continue to support the downward 

transfer of momentum (K95).  However, if there is weak mixing or the diabatic processes 
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(such as radiational cooling) offset warming near the surface, a temperature inversion 

will form, increasing static stability and reducing the downward transfer of momentum 

(K95).  Therefore, K95 stated that forecasters need to look for steepening adiabatic lapse 

rates near the forecast area.  In K95’s checklist, the steeper the 1000-700 hPa lapse rate 

(i.e. closer the lapse rate approaches the dry adiabatic lapse rate) the larger in the point 

value given. 

 Figure 28 shows 1000-700 hPa lapse rates (K km
-1

) composited for criterion A 

events at each of the six sites along with sea level pressure (hPa) and surface 

winds (m s
-1

), Fig. 29 represents the composites for criterion B events.  Lapse rates of 5 

to 6 K km
-1

 were observed in the composites west of the NCWE location for the majority 

of the six sites analyzed.  The composites with respect to events at RST had the lowest 

lapse rate values of the six sites.  The observed zonal flow, slightly lower absolute 

vorticity values and the low values of the 850 hPa temperature advection might have 

played a role in the decrease of downward momentum, allowing for lower lapse rates.  

Comparing criteria A and B events lapse rates, there was no readily apparent difference.  

This was somewhat surprising as previous analysis found differences between the criteria 

A and B composites, with the criterion B events having more favorable NCWE 

environments, as per K95’s checklist. 

  4) UPPER LEVEL AND SURFACE ANALYSIS 

 The last section of the composite chart analysis investigates the height patterns 

and wind/jet speeds at four levels in the atmosphere, along with the sea level pressure and 

surface winds.  Composite charts were created for the 300, 700, and 850 hPa heights, 

isotachs and winds, along with plots of surface pressure and winds.  K95 focused 
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primarily on the 300/250 hPa jet, the 850 hPa jet and the forecasted 1-3 km winds, with 

more points given for increased strength of the winds.  For the following analysis, special 

interest will be placed on the position of the upper level troughs and surface low pressure 

centers.  K95 noted the importance of the jet streak location and strength to subsidence, 

with strong vorticity advection implying strong subsidence in the NVA region of an 

upper-tropospheric trough.  Therefore, the closer jet streaks are to the NCWE site, the 

greater the potential surface wind speed (K95).  The location of the surface low with 

regards to the location of NCWE occurrences is important to this project because L07 

suggested that mid-latitude cyclone dynamics are most likely the determining factor in 

the directional preference of NCWEs.  This idea has been previously supported by 

Browning (2004) and by Carlson (1980), who discussed airflow through mid-latitude 

cyclones and regions of subsidence, which are important to sustaining strong surface 

winds, including NCWEs. 

 Analysis of upper air charts began with reviewing the 300 hPa maps for criterion 

A and B events.  A general trend in the height pattern at five of the six sites is evident for 

both criteria A and B presented in figures 30 and 31 respectively, with RST being the 

exception.  Looking at the other five sites, a 300 hPa trough is apparent, with an axis 

primarily east of the NCWE location.  The notable difference between the charts for 

criteria A and B is the development of the 300 hPa troughs.  The composites reveal a 

better defined 300 hPa trough; however, the locations of the trough axis of criteria A and 

B are similar.  Compared to the other sites, the 300 hPa composites with respect to RST 

reveal near zonal flow over the domain.  300 hPa winds for RST have a westerly 

component over the forecast area, with speeds of 25 to 30 m s
-1

.  From K95’s checklist, 
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300 hPa winds exceeding 51 m s
-1

 are preferred, but winds of 35 to 51 m s
-1

 are 

sufficient.  With regards to the other five sites, all have wind speeds of 25 to 30 m s
-1

 near 

the NCWE location.  Noting the location of the 300 hPa jet, all six composites place the 

NCWE location near the area of greatest NVA, lending to greater subsidence over the 

area in question. 

 Utilizing the previous composites of 500 hPa heights, winds, and absolute 

vorticity, the 500 hPa composites were comparable to the 300 hPa composites described 

above.  Aside from the results with respect to events at RST, the remaining five 

composites have similar patterns in the positions of their 500 hPa troughs for both criteria 

A (Fig. 22) and B (Fig. 23) events.  Analyzing the RST composite in both figures 22 and 

23, a broad 500 hPa trough is evident for both A and B events though neither is as deep 

as troughs found in the other five composites.  The LBF composite in figure 23 exhibited 

a unique 500 hPa height pattern for criterion B events; a broad trough is noted to the west 

of LBF, with winds generally from the southwest.  In contrast to the other locations (and 

for that matter, criteria A for LBF) the LBF criterion B composite had a trough axis east 

of the site with a primarily west-northwest component to the wind.  The RST composites, 

once again, had a broad trough across the domain with axes positioned west of RST.  As 

found at 300 hPa, the strength of the trough for criterion B was noticeably larger than for 

criterion A events.  The composites with respect to events at DSM had the greatest jet 

speeds of the composites, with speeds of 25 to 30 m s
-1

.  In general, the composites with 

respect to the other five sites had speeds of approximately 20 m s
-1

.  Jet streaks associated 

with the 500 hPa trough, once again, placed the area of best AVA over or near the 

NCWE location. 
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 Unlike at 300 and 500 hPa, the 700 hPa composite for events at RST suggests a 

mid-level trough.  However, unlike the five other composites, in which 700 hPa trough 

axes are still centered east of the site locations, the trough axis in the RST composites in 

figures 32 and 33 is located west of the location for criterion A events and is especially 

noticeable for criterion B events.  In many of the composites, the criterion B 700 hPa 

trough is once again stronger than for criterion A.  Maximum wind speeds at 700 hPa 

were found to be between 10 and 15 m s
-1

 in most composites.  For composites with 

respect to events at DSM, OFK, and PIR, wind speeds greater than 20 m s
-1

 were found 

for criterion B events.  Wind directions were primarily found out of the northwest for 

both criteria, except for the composites for events at RST, where mid-level winds still 

preferred a more westerly direction. 

 K95 stated in their checklist that the best 850 hPa jet speeds supportive of 

NCWEs should range from 15 to 23 m s
-1

 or greater.  Composites for criteria A and B 

events at all six sites reveal positively tilted trough axis east of the station in question 

(Figs. 34 and 35), except for RST, which still has a trough axis west of the site.  

Composited wind speeds reveal 850 hPa jet speeds between 10 and 15 m s
-1

, with speeds 

near 20 m s
-1

 for criterion B events at PIR and DSM.  Once again, composite winds are 

most likely underestimated by due to the spatial resolution of the NARR and the 

smoothing which occurs during the compositing process.  All sites (except RST) had 

winds primarily out of the northwest, with RST having winds out of the west southwest.  

This pattern was expected due to the findings from the wind rose plots discussed earlier 

in the present chapter.   
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 The analysis of sea level pressure and surface winds helped in the interpretation 

of the synoptic conditions related to NCWEs.  The plots of the sea level pressure and 

surface winds revealed common trends between all sites, with the exception of RST for 

both criterion A (Fig. 36) and criterion B (Fig. 37).  The centers of low pressure (for each 

criterion) composited at each of the five sites in the central Plains were similar in that 

each was positioned just east and slightly north of the location of the NCWE.  Criterion B 

events at LBF were the exception, with the low pressure center positioned southeast of 

the station and also less developed than the low pressure center in the LBF composite of 

criterion A events.  For the composite with respect to events at RST, the center of low 

pressure was found to be positioned primarily west of the location.  Compared to the 

analysis of sea level pressures measured for criteria A and B events (described in this 

chapter, section c), the composites demonstrated lower pressures for criterion B events 

compared to A events.  The lowest composited pressure was found for criterion B events 

at DSM, with a low of 998 hPa.  This is lower than the mean sea level pressure of 1004.1 

hPa found for criteria B events in the observational data.  The lowest composited pressure 

for criterion A events plotted was 1000 hPa for the composite with respect to NCWEs at 

DSM, this is significantly lower than the 1008.5 hPa mean sea level pressure found in the 

analysis of the surface pressure data.  However, most composites had low pressure 

centers between 1008 and 1010 hPa for criterion A events.  With respect to wind 

directions, surface winds were expected to prevail out of the northwest for all the sites 

besides RST, which as described previously, had NCWEs from both the northwest and 

southwest.  From the composites, all sites, except RST, showed a prominent preference 

for surface winds out of the northwest, and this was true for both criteria A and B events.  
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In regards to the RST panel, composite surface winds revealed a dominant southwesterly 

component to the winds.  The composites were unable to capture the true wind speeds at 

the surface for each location; for example, for both criteria A and B, GLD had 

composited surface winds of only 5 m s
-1

.  After discussions with a NWS meteorologist, 

it was suggested that due to the spatial resolution of the NARR, the unintended 

smoothing which occurs in the compositing software, and the local nature of NCWEs, it 

is most likely impossible for the composite maps to capture the NCWEs themselves 

(Nietfeld and Boustead, personal communication, 2010).   

 Using the NARR dataset and the compositing software it was possible to create a 

general understanding at the synoptic ingredients vital to NCWE development.  One of 

the most notable features found within the composites was the difference between the 

location of the surface low and upper level trough in composites with respect to events at 

RST compared to the rest of the sites across the central Plains.  Recall RST was 

considered to be positioned in the transition zone between the central Plains domain 

(described in this study) and the Great Lakes domain (described by L07 and Angel and 

Isard (1998)).  Analysis of the RST wind rose revealed that there was a clear pattern in 

the NCWE directional preference, NCWEs did occur from both the northwest and 

southwest; however, as shown in L07 and the present study, a southwest directional bias 

was found for NCWEs across the Great Lakes.  It became clear that the location of the 

trough axis in relation to RST was different than the other five sites.  Upper level height 

patterns revealed mid-level and surface troughs were located west of the site (as opposed 

to east) as noted in the other composites.  This held true for both criteria A and B events.  

Due to the location of the trough, upper level winds were primarily from the west-
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southwest direction.  Reviewing the composite of sea level pressure and surface winds for 

RST, a dominant southwest bias to the winds was clear, as well as the surface low center 

positioned west of the site (different from the other composites, where the low as 

positioned east of the site).  This demonstrates the idea presented by L07, who stated that 

NCWE directional orientation is most likely the result of midlatitude cyclone dynamics 

and synoptics.  L07 supported this claim by citing air flow through mid-latitude cyclones 

described in detail by Browning (2004) and Carlson (1980).  The composites presented 

above have made it possible to illustrate L07’s hypothesis in detail, showing that upper 

level trough placement and the location of the surface cyclone directly impact the 

directional preference of NCWEs. 

 

4. Summary 

 The current study presents the first climatology of NCWEs across the Central 

Plains and the synoptic regimes associated with such events.  Building upon L07’s study 

of NCWEs across the Great Lakes region, NCWEs were divided into two separate 

criteria.  The first (i.e. criterion A) was based on the NWS high wind watch and warning 

criteria for sustained winds, while the second (i.e. criterion B) was based on NWS high 

wind watch and warning criterion for wind gusts.   The present study revealed that 

northwest wind directions occurred in approximately 75.0% of criterion A NCWEs and 

in 81.0% of criterion B events in the Central Plains domain.  The distribution of NCWE 

directions differed significantly from those found across L07’s Great Lakes domain.  L07 

found NCWEs across the Great Lakes had winds from primarily the southwest, with 70% 

of criterion A and 76% of criterion B events occurring with southwest winds.  The 
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findings of L07 were closely related to those of NP00, who only focused on NCWEs at 

Buffalo, NY, and who found the same southwest bias. 

 Regional differences in the directional preferences of NCWEs across the Central 

Plains became apparent by examining the distributions of wind directions during the 

analysis of the wind roses prepared for each of the 29 first-order weather stations across 

the central Plains domain.  A noticeable change in the directional preference of NCWEs 

was found at stations east of the Central Plains and closer to the Great Lakes region.  

Particularly, ALO and RST differed from the sites across the Plains, with RST showing a 

greater preference of NCWEs from the southwest than northwest and ALO showing the 

greatest difference from the other sites, with nearly 75% of events occurring within the 

southwest quadrant.  Focusing on the results of November 12Z winds at ALO between 

1949 and 1995, Knox (2004) found that sustained winds of at least 9 m s
-1 

observed at 

ALO had a directional preference for the northwest.  However, winds greater than 14.4 m 

s
-1

 were typically observed from the southwest quadrant.  Knox (2004) found the results 

of ALO and the other 30 stations he analyzed across the Great Lakes region to be similar, 

high wind events all had a southwest bias to their directional component.  The present 

study notes the region including DSM, ALO and RST as a transition area for the 

directional preference of NCWEs between the Plains and the Great Lakes. 

 The observation that eastern Iowa and southeastern Minnesota form a transition 

zone in the preferred wind direction during NCWEs may suggest that there are synoptic 

scale factors contributing to this transition.  It should be noted that in northeast Kansas 

and northwest Missouri, NCWEs exhibited the same directional trend as the sites found 

in eastern Iowa and southeast Minnesota.  NP00 had stated that the southwest directional 
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preference of NCWEs at Buffalo, NY was most likely caused by the geographical 

location of Buffalo on Lake Erie.  L07 expanded upon NP00’s study to include the entire 

Great Lakes region, using a domain closely related to that of Angel and Isard (1998).  

L07 concluded that since NCWEs across the Great Lakes all have the same southwest 

directional component to their winds that NP00 found at Buffalo, NY, the direction of 

NCWEs was not controlled by geographical features, but by midlatitude cyclone 

synoptics. 

 In the study by K95, a checklist of necessary parameters associated with post cold 

frontal winds was developed for NCWEs across the Central Plains.  The checklist 

emphasized cyclone strength, and more specifically, the location and magnitude of the 

500 hPa vorticity maximum and regions of strong low level cold air advection.  NCWEs 

routinely occur under a region of strong NVA and ahead of strong cold air advection, 

both which lead to subsidence and greater surface wind speeds.  L07 based their Great 

Lakes domain on the one used by Angel and Isard’s (1998) study of the frequency and 

intensity of Great Lakes cyclones.  L07 stated that the synoptic and dynamic properties of 

midlatitude cyclones are a primary component in NCWE development.  Angel and Isard 

(1998) completed a climatology of the frequency and intensity of Great Lakes cyclones 

finding there has been an increase in the number of strong cyclones over a 90 year period.  

A 2004 study by Browning which focused on NCWEs associated with cold frontal 

passages placed heavy influence on the role of mid-latitude cyclones.  Carlson (1980) 

mentioned the importance of the dry slot near the cyclone center which is associated with 

the warm conveyor belt along the cold front.  Browning (2004) showed that this dry slot 

only appears in well-developed cyclones and is associated with the location of the 
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strongest surface winds.  K95 also mentioned the importance of the dry slot in their study 

and included satellite analysis within their checklist. 

 Using the principles described by Browning (2004) and Carlson (1980), research 

was conducted to further investigate the synoptic scale parameters associated with 

NCWEs.  Inspired by the elements of K95’s checklist, composite charts of eight separate 

parameters were produced for six sites across the domain utilizing archived NARR data 

from NCDC.  Comparing the charts to K95’s checklist revealed similarities between the 

synoptic setup observed from the NARR data to conditions K95 found important to 

NCWE development across the Plains.   

 A difference was noted between sites across the Plains and that of Rochester, MN 

(RST).  Composites of the upper air parameters for RST revealed zonal flow through the 

upper levels.  A vorticity maximum was present but it was not consistent with the 

findings of the other five sites and those of K95, which had an absolute vorticity 

maximum northeast of the NCWE site.  RST had vorticity maximums located to the west 

for criterion B events and north of the site for criterion A.  The most noticeable difference 

was the position of the lower level trough in relation to the other sites.  The axes of the 

700 and 850 hPa troughs for RST are located west of the site, opposite from the other 

locations where the trough axes are found east of the site in question.  Recall RST had 

NCWE wind directions primarily from the southwest, which was consistent with L07’s 

study and in contrast to the results for other stations in the present study.  The composites 

of sea level pressure and wind revealed the most evident difference between RST and the 

sites across the Plains.  For RST, the center of the surface low pressure is located to the 

west of the site, while for the other five sites the surface low pressure center is found 
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located to the east.  Surface composite winds for RST are plotted from a southwesterly 

direction, which was expected given the results of the wind rose analysis.  The other five 

sites across the Plains exhibited surface composite winds from the northwest. 

 Generating composites using NARR data for NCWE events at select locations 

across the Plains made it possible to visualize the synoptic characteristics associated with 

NCWEs.  The composited surface wind directions were nearly identical to those found 

during the wind rose analysis portion of this study.  The most important finding derived 

from the composites was the validation of L07’s hypothesis that that directional 

component of NCWEs is related to midlatitude cyclone track and intensity.  Browning 

(2004) and K95 had previously acknowledged that the most intense NCWEs are 

associated with well-developed cyclones.  However, understanding the forces that control 

the directional component of NCWEs had yet to be answered in detail.  As previously 

mentioned, L07 hypothesized that NCWE direction was related to mid-latitude cyclone 

dynamics and synoptics and from the results of the composite chart analysis, strong 

support is found for L07’s hypothesis. 

 

5. Conclusions 

 In conclusion, the preceding project undertook the task of building upon L07’s 

study of NCWEs for the cold season across the Great Lakes and applying it to the central 

Plains.  Using the guidelines set forth by L07, a complete climatology of cold season 

NCWEs for the central Plains was created.  The data revealed a distinct climatological 

pattern of a northwest directional component of NCWEs in the Central Plains, which 

differed from the results found by L07 for the Great Lakes, where there is a southwest 
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wind bias for cold season NCWEs.  L07 hypothesized that the directional component of 

NCWEs was determined by midlatitude cyclone dynamics and synoptics.  Using NARR 

data to generate composite charts for select sites across the Central Plains, which 

included a site used in L07’s study, a distinct difference was found between sites which 

had NCWEs with northwest winds and those that had southwest winds.  The position and 

location of the surface low pressure center was different for events in the Plains than in 

the Great Lakes.  The synoptic scale direction of the surface winds is dependent upon the 

location and position of the surface low in relation to the NCWE site in question.  The 

results of the composite chart analysis lend great confidence to the thought that the 

directional component of NCWEs is determined primarily by the location and position of 

the surface low pressure center of the parent midlatitude cyclone.   

 In the future, the author of this study would like to investigate NCWEs during the 

warm season of April through August, comparing the synoptic scale features of summer 

time events to those of the winter using the same composite chart analysis. Furthermore, 

it is the intention of the author to expand the domain of this study further south and north 

of the original domain, into North Dakota, Kansas, Oklahoma, and Southwest Missouri. 
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Fig. 1.  Extracted from Browning’s (2004) revision of a figure that initially appeared in 

Bader et al. (1995).  Browning described the diagram as a “[c]onceptual model of the 

principal airflows in an extratropical cyclone undergoing transition from stage III to stage 

IV…  The two main cloud features are shown stippled: (i) the polar-front cloud band, 

which is associated with the ascent of the primary warm conveyor belt (broad arrow 

labeled W1) as it travels parallel to the primary cold front (CF1; and (ii) the cloud head 

(to the left of the bent-back front WF2), which is associated with the ascent of the 

secondary warm conveyor belt (broad dashed arrow labeled CCB representing a flow 

beneath W1 and W2).” 
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Fig. 2. The POR of the 29 first-order weather stations used to create a climatology of 

NCWEs in the north Central Plains region during the cold season (September-March). 
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Fig. 3. The 29 first order station network used to create a climatology of NCWEs in the 

north Central Plains region during the cold season (September-March). 
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(a) 

(b) 

(c) 

Fig. 4. Wind rose for Norfolk, NE (OFK), indicating the frequency of wind observations 

along the inner line (%) and the wind direction in degrees on the outside of the circle for 

(a) the POR, (b) those satisfying criterion A, and (c) those satisfying criterion B. 
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(a) 

(b) 

(c) 

Fig. 5. Wind rose for Lincoln, NE (LNK), indicating the frequency of wind observations 

along the inner line (%) and the wind direction in degrees on the outside of the circle for 

(a) the POR, (b) those satisfying criterion A, and (c) those satisfying criterion B. 
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(a) 

(b) 

(c) 

Fig. 6. Wind rose for Grand Island, NE (GRI), indicating the frequency of wind 

observations along the inner line (%) and the wind direction in degrees on the outside of 

the circle for (a) the POR, (b) those satisfying criterion A, and (c) those satisfying 

criterion B. 
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(a) 

(b) 

(c) 

Fig. 7. Wind rose for North Platte, NE (LBF), indicating the frequency of wind 

observations along the inner line (%) and the wind direction in degrees on the outside of 

the circle for (a) the POR, (b) those satisfying criterion A, and (c) those satisfying 

criterion B. 
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(a) 

(b) 

(c) 

Fig. 8. Wind rose for Sioux City, IA (SUX), indicating the frequency of wind 

observations along the inner line (%) and the wind direction in degrees on the outside of 

the circle for (a) the POR, (b) those satisfying criterion A, and (c) those satisfying 

criterion B. 
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(a) 

(b) 

(c) 

Fig. 9. Wind rose for Des Moines, IA (DSM), indicating the frequency of wind 

observations along the inner line (%) and the wind direction in degrees on the outside of 

the circle for (a) the POR, (b) those satisfying criterion A, and (c) those satisfying 

criterion B. 
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(a) 

(b) 

(c) 

Fig. 10. Wind rose for Mason City, IA (MCW), indicating the frequency of wind 

observations along the inner line (%) and the wind direction in degrees on the outside of 

the circle for (a) the POR, (b) those satisfying criterion A, and (c) those satisfying 

criterion B. 
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(a) 

(b) 

(c) 

Fig. 11. Wind rose for Atlantic, IA (ALO), indicating the frequency of wind observations 

along the inner line (%) and the wind direction in degrees on the outside of the circle for 

(a) the POR, (b) those satisfying criterion A, and (c) those satisfying criterion B. 
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(a) 

(b) 

(c) 

Fig. 12. Wind rose for Rochester, MN (RST), indicating the frequency of wind 

observations along the inner line (%) and the wind direction in degrees on the outside of 

the circle for (a) the POR, (b) those satisfying criterion A, and (c) those satisfying 

criterion B. 
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(a) 

(b) 

(c) 

Fig. 13. Wind rose for Worthington, MN (OTG), indicating the frequency of wind 

observations along the inner line (%) and the wind direction in degrees on the outside of 

the circle for (a) the POR, (b) those satisfying criterion A, and (c) those satisfying 

criterion B. 
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(a) 

(b) 

(c) 

Fig. 14. Wind rose for Sioux Falls, SD (FSD), indicating the frequency of wind 

observations along the inner line (%) and the wind direction in degrees on the outside of 

the circle for (a) the POR, (b) those satisfying criterion A, and (c) those satisfying 

criterion B. 
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(a) 

(b) 

(c) 

Fig. 15. Wind rose for Huron, SD (HUR), indicating the frequency of wind observations 

along the inner line (%) and the wind direction in degrees on the outside of the circle for 

(a) the POR, (b) those satisfying criterion A, and (c) those satisfying criterion B. 
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(a) 

(b) 

(c) 

Fig. 16. Wind rose for Pierre, SD, (PIR), indicating the frequency of wind observations 

along the inner line (%) and the wind direction in degrees on the outside of the circle for 

(a) the POR, (b) those satisfying criterion A, and (c) those satisfying criterion B. 
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(a) 

(b) 

(c) 

Fig. 17. Wind rose for Topeka, KS (TOP), indicating the frequency of wind observations 

along the inner line (%) and the wind direction in degrees on the outside of the circle for 

(a) the POR, (b) those satisfying criterion A, and (c) those satisfying criterion B. 
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(a) 

(b) 

(c) 

Fig. 18. Wind rose for Fort Riley, KS (FRI), indicating the frequency of wind 

observations along the inner line (%) and the wind direction in degrees on the outside of 

the circle for (a) the POR, (b) those satisfying criterion A, and (c) those satisfying 

criterion B. 
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(a) 

(b) 

(c) 

Fig. 19. Wind rose for Goodland, KS (GLD), indicating the frequency of wind 

observations along the inner line (%) and the wind direction in degrees on the outside of 

the circle for (a) the POR, (b) those satisfying criterion A, and (c) those satisfying 

criterion B. 
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(a) 

(b) 

(c) 

Fig. 20. Wind rose for Kirksville, MO (IRK), indicating the frequency of wind 

observations along the inner line (%) and the wind direction in degrees on the outside of 

the circle for (a) the POR, (b) those satisfying criterion A, and (c) those satisfying 

criterion B. 
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(a) 

(b) 

(c) 

Fig. 21.  Sea level pressure distributions with 5 hPa pressure bins along the horizontal 

axis and the number of observations along the vertical axis for (a) the POR, (b) those 

satisfying criterion A, and (c) those satisfying criterion B. 
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Fig. 22.  Criterion A composite charts of 500 hPa heights (dam) and absolute vorticity 

(x10
-4

 s
-1

) for the six locations chosen for analysis (GLD, LBF, PIR, OFK, DSM, and 

RST). 
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Fig. 23.  Criterion B composite charts of 500 hPa heights (dam) and absolute vorticity 

(x10
-4

 s
-1

) for the six locations chosen for analysis (GLD, LBF, PIR, OFK, DSM, and 

RST). 
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Fig. 24.  Criterion A composite charts of 500 hPa absolute vorticity (x10

-4
 s

-1
) and the 

1000-500 hPa thickness (dam) for all six sites analyzed. 
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Fig. 25.  Criterion B composite charts of 500 hPa absolute vorticity (x10

-4
 s

-1
) and 1000-

500 hPa thickness (dam) for all six sites analyzed. 
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Fig. 26.  Criterion A composite charts of 850 hPa temperature advection (K/12hr) and 

1000-500 hPa thickness (dam) for all six sites analyzed. 
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Fig. 27.  Criterion B composite charts of 850 hPa temperature advection (K/12hr) and 

1000-500 hPa thickness (dam) for all six sites analyzed. 
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Fig. 28.  Criterion A composite charts of 1000-700 hPa lapse rate (K km

-1
), sea level 

pressure (hPa), and surface wind (m s
-1

). 
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Fig. 29.  Criterion B composite charts of 1000-700 hPa lapse rate (K km

-1
), sea level 

pressure (hPa), and surface wind (m s
-1

). 
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Fig. 30.  Criterion A composite charts for 300 hPa heights (dam), isotachs and winds 

(m s
-1

). 
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Fig. 31.  Criterion B composite charts for 300 hPa heights (dam), isotachs and winds 

(m s
-1

). 
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Fig. 32.  Criterion A composite charts for 700 hPa heights (dam), isotachs and winds 

(m s
-1

). 
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Fig. 33.  Criterion B composite charts for 700 hPa heights (dam), isotachs and winds 

(m s
-1

). 
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Fig. 34.  Criterion A composite charts for 850 hPa heights (dam), isotachs and winds 

(m s
-1

). 
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Fig. 35.  Criterion B composite charts for 850 hPa heights (dam), isotachs and winds 

(m s
-1

). 
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Fig. 36.  Criterion A composite charts of sea level pressure (hPa) and surface winds 

(m s
-1

). 
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Fig. 37.  Criterion B composite charts of sea level pressure (hPa) and surface winds 

(m s
-1

) 
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 POR Criterion A Criterion B % A % B 

Nebraska      

KOMA 389,042 115 12 2.955979 0.30845 

KOFK 263,714 584 57 22.1452 2.161432 

KLNK 309,064 219 13 7.085911 0.420625 

KLBF 370,794 555 46 14.96788 1.240581 

KMCK 129,167 165 40 12.77416 3.096766 

KGRI 389,200 441 35 11.33094 0.899281 

KVTN 228,090 54 17 2.367487 0.74532 

Iowa      

KDSM 389,310 256 17 6.575737 0.43667 

KFOD 192,472 337 0 17.50904 0 

KCID 199,985 58 5 2.900218 0.250019 

KALO 238,691 30 11 1.256855 0.460847 

KMCW 303,672 321 16 10.57062 0.526884 

KSUX 348,072 354 36 10.17031 1.034269 

KOTM 239,864 167 14 6.962279 0.583664 

Kansas      

KTOP 294,406 65 1 2.207835 0.033967 

KFRI 231,633 141 8 6.087216 0.345374 

KHYS 157,762 75 15 4.753997 0.950799 

KGLD 313,456 754 135 24.05441 4.306825 

KMHK 125,101 33 11 2.637869 0.87929 

South Dakota      

KFSD 318,255 213 62 6.692746 1.948123 

KPIR 287,225 530 61 18.45243 2.123771 

KHUR 363,457 312 26 8.584234 0.715353 

KATY 178,232 82 16 4.600745 0.897706 

Minnesota      

KRST 327,619 130 41 3.968024 1.251454 

KOTG 184,086 312 72 16.9486 3.911215 

KFRM 189,083 145 26 7.66859 1.375058 

Missouri      

KIRK 147,699 44 6 2.979032 0.406232 

KMKC 135,564 32 3 2.360509 0.221298 

KSTJ 164,204 52 0 3.166793 0 

      

Total 7,408,919 6,576 802 8.875789 1.082479 

 

Table 1.  List of 29 first-order weather stations, their period of record, total criteria A and 

B events, and percentage of criteria A and B events within their period of record.  Sites in 

bolded red type represent those sites explained in detail within the study. 
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 Z value Sample Size 

POR vs. A POR vs. B A vs. B POR A B 

Nebraska 32.36393 14.00011 4.976702 1,733,432 1,809 135 

Iowa 24.48779 12.45815 4.95446 1,291,832 731 66 

Kansas 31.23285 11.7289 0.456014 737,709 821 94 

South Dakota 24.14182 15.89836 5.399422 1,047,747 963 121 

Minnesota 15.20163 12.84375 1.805919 293,424 102 30 

Missouri 13.75219 3.531143 -0.68364 207,490 45 4 

 

Table 2.  Calculated Z value by state for POR vs. criterion A, POR vs. criterion B, and 

criterion A vs. B.  Sample size used in each calculation.  Z values for confidence at the 

90% level = 1.65, 95% level = 1.96, and 99% level = 2.58. 
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