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ABSTRACT

On May 22, 2008, a slow moving, meridional trough led to widespread severe weather across the Great Plains, Front Range of Colorado and Laramie Ridge/Mountains of Wyoming. The most damaging storm developed near the Denver International Airport and quickly became tornadic. A large tornado occurred with this storm in Weld county Colorado that was responsible for EF3 damage in the town of Windsor, CO.  After some weakening, the storm intensified and produced tornado(es) and large hail from the Wyoming-Colorado border to Laramie, WY.  The elevations encountered by this storm varies from approximately 4700 ft to 8700 ft., which makes this event particularly interesting and rare.  Relatively high potential temperatures resulted in moderate surface-based CAPE despite modest mixing ratios (compared to the low plains). The presence of potentially “warm” air on the high terrain of Wyoming, despite the low clouds, “cold” surface temperatures and dense fog, will be explained in detail. The key synoptic scale features, as well as shear and instability parameters, are presented, with an emphasis on observational data.  Analysis of equivalent potential temperature is critical when assessing surface data over high elevation areas rather than arbitrary judgement (i.e.,“it’s too cold”) for severe weather based on surface temperature and dewpoint. 
1.  Introduction.

On 22 May 2008, a long-lived supercell tracked across Colorado and into Wyoming along a path where the elevation varied between 4700 to 8700 feet above sea level.  This supercell was associated with a tornado that produced EF3 damage along the Front Range of Colorado, then moved into southeast Wyoming with additional reports of tornadoes and large hail.  This event is rare in that there were significant severe weather reports (hail baseball size in diameter and damaging tornadoes) from the same storm, in very different environments due to the variable elevation.

Significant tornadoes in high plains or mountain environments have been documented in the past (Fujita 1989 ; Evans and Johns 1996), but the unique aspect of this case was the transition in environments due to the storm track over very different elevations.  Early in the life-cycle of the supercell, the storm was in a High Plains severe weather environment characterized by the Miller type I sounding (Miller 1972) where elevations varied between 4700-5200 feet above sea level.  Later, as the supercell ascended to elevations between 7500 – 8700 feet (a mountainous region), the temperature and dewpoint were in the 40’s °F (a much “colder” environment), similar to a Miller type II sounding (Miller 1972) that begins at a lower pressure (higher elevation). The later environment will be analyzed in terms of equivalent potential temperature in detail in order to understand the magnitude of the instability in an environment that otherwise might be thought of as “too cold” for tornadoes and baseball diameter sized hail.

A quantitative assessment of elevation differences used to discriminate between mountain versus non-mountain tornado events is the topographic variation (Seimon and Bosart 2004).  The study looked at a number of documented tornado cases and noted the topographic variation along the tornado path to be in the range of 150 to 712 meters.  The 22 May 2008 supercell was associated with significant severe weather reports for 3.5 hours along a 140 mile path (Figure 1).  The tornado track had a topographic variation of 1200 meters, however there were some discontinuities in the tornado path due to either temporary weakening or a lack of reports in sparsely populated regions.  
2.  Synoptic Overview.


The 1200 UTC 500 mb analysis (Figure 2) shows a closed low over Utah, with strong meridional (southerly) flow over the Front Range of Colorado extending into southeast Wyoming.  This meridional trough upper air pattern has been associated with significant severe weather patterns that affected the same region of interest in the past,  notably April 23, 1960 and June 15, 1965 (Figure 3).  A composite of these 3 severe weather events illustrates the importance of a particular upper-air pattern for severe weather in this region (Figure 4).  Doswell (1980) stressed the importance of a specific synoptic scale pattern associated with High Plains severe weather episodes.  The composite 500 mb pattern is characterized by a closed low well west of the region of interest and strong southerly flow.  Evans and Johns (1996) investigated composite 500 mb patterns for significant tornado cases in the Big Horn range of Wyoming and found southwest flow in the case studies.  They also noted the upper system was an open trough in 2 out of the 3 cases, with the third starting as a closed low than transitioning to an open wave during the day.  It’s important to note that the case studies of Evans and Johns were summertime (and further north in the Big Horn Range), while the studies of interest in this article are spring time (and further south in the Laramie Range of Wyoming / Front Range of Colorado) when you would expect closed lows to be more frequent and positioned further south.  In both studies, the location of the trough placed a upper-level jet axis (not shown) over the region that experienced significant tornadoes.   

At low-levels, adequate moisture is typically the missing ingredient for significant severe weather across this region during the spring.  Due to the position and magnitude of the 500 mb trough, there was an extended period with a deep surface low in Colorado due to lee cyclogenesis.  In response to the surface low, strong southeast winds were maintained well before the event so that ample moisture from the Gulf of Mexico is advected northward.  The surface analysis at 09:00 UTC 22 May (Figure 5) illustrates the importance of the surface low in advection of moisture towards Colorado / Wyoming.  


The surface pattern by 1700 UTC (Figure 6)  shows a 984 mb (check this)  low near Denver with a warm front extended to the east and a cold front to the south.  In between the two fronts is a dry, warm air mass with strong south / southeast wind.  North of the warm front exists a cloudy, cool and moist air mass with easterly winds.  Note that the majority of the region north of the warm front is cloudy and therefore not receiving insolation.  There is a small region northeast of the surface low where clearing exists north of the warm front and is expanding in time.  The cloudy versus clear regions would have a significant impact on the spatial distribution of instability.  The 1800 UTC surface based CAPE analysis (Figure 7) shows a narrow axis of instability along the warm front extending from the eastern border of Colorado westward towards the surface low.  Near the surface low exists a larger area of higher (> 2000 J kg-1) surface based CAPE.  This distribution of CAPE, along with the storm motion (northwest), implies that any storm along the warm front in northeast Colorado will move quickly into the stable region and become more elevated in nature, thus less of a severe threat.  Meanwhile, any storm that initiates just northeast of the surface low along the Front Range will have a longer residence time in the warm sector, allowing it more time to develop and intensify.

Theta-e analysis illustrating comparable values further east?  Doesn’t CAPE suffice for this?  Or do I need to calculate theta-e values? 
3.  Mesoscale environment in Colorado.

A modified sounding was created for Greeley, CO at 1800 UTC (Figure 8).  The sounding is based on the 1800 UTC sounding from Denver, as well as available surface observations.  Winds at upper to mid-levels are well represented by the Denver 1800 UTC sounding, and available ACARS data, however the low to mid-level jet east of Denver is not sampled well.  The nearest available profiler data from Platteville, CO was missing after 1600 UTC.  The lowest levels were modified with the 1800 UTC Greeley, CO surface observation.  Moisture depth is inferred from observations at various elevations as well as the observed cloud heights of stratus clouds in the moist sector using GOES infrared imagery.  The modified sounding is characterized as a Miller type I sounding (Miller 1972).  Noteworthy attributes of the sounding include ~2400 J Kg-1 surface based CAPE, LCL and LFC heights about 1 km and a freezing level of 2.4 km AGL.  A modified hodograph was also created (Figure 9) to analyze the vertical wind shear.  Storm motion vector calculated from radar, direction is in agreement with tornado damage path.  The deep layer shear (0 – 6 km) of 89 knots, strongly supports supercell convective mode.  The storm-relative helicity values are only around 50 m2 s-2,  however these values may have been higher due to poor sampling of the low to mid-level jet east of Denver.
Prior to storm initiation around 15 UTC, a surface boundary pushed southward into southern Weld county.  This is demonstrated in the following radar loop. Figure ? Convective initiation occurred around 1630 UTC near the Denver International Airport. This initial convection was south of the area of strong upslope flow and  highest theta-e values. However, theta-e values were still high enough to support severe thunderstorm development. The boundary that aided in storm initiation may have been related to the local terrain features. At 16 UTC, this boundary stretched from south of Castle Rock to east of the Front Range Airort as shown by this overlay of radar and surface observations. Figure ?
After initiation, the storm moved north-northwest and eventually crossed the warm front in southern Weld county around 1720 UTC. Since the storm was already severe before reaching the boundary, the storm quickly became tornadic after encountering the strong upslope flow and higher theta-e values in Weld county. There was also a strong dry intrusion immediately behind the storm as it moved off to the north-northwest so that the storm stayed just north of the frontal boundary through 1800 UTC.  The following loop of radar/surface overlays from 1600 to 1830 UTC demonstrates this. Note the low dewpoint at Peckham at 1800 UTC immediately behind the storm. After 1800 UTC, the storm moved away from the surface boundary  into potentially cooler air.
4. Mesoscale environment in Wyoming.
A modified sounding was created for Harriman, WY at 1800 UTC (Figure 10).  The sounding is based on the 1800 UTC sounding from Denver, as well as available surface temperature observations from the Mesowest stations at Harriman and Lynch and wind tower data immediately east of the storm. Since dense fog was present, the temperature was assumed to be equal to the dewpoint temperature.  Wind data came from the WSR-88D base velocity and VAD wind profile in Cheyenne, WY as well as wind towers near the storm track.  The nearest available profiler data from Medicine Bow, WY was too far west to be representative (except for  upper level winds).  The modified sounding is characterized as a Miller type II sounding (Miller 1972) that begins at a lower (higher) pressure (elevation).  Noteworthy attributes of the sounding include ~800 J Kg-1 surface based CAPE, LCL and LFC heights near the surface and a freezing level of 1.5 km AGL.  A modified hodograph was also created (Figure 11) to analyze the vertical wind shear.  Storm motion vector calculated from radar, direction is in agreement with tornado damage path.  The deep layer shear (0 – 6 km) of 106 knots is comparable to the Greeley modified sounding, however the winds in the lowest 3 km are much stronger, as well as more backed over a deeper layer.  The storm-relative helicity values are 627 m2 s-2 (0-3 km) and 280 m2 s-2 (0-1 km).

Multiple data sources indicated that the surface winds were locally stronger in southeast Wyoming along the storm track.  Surface observations show a localized region of stronger (northeast) winds along the storm track southeast of Laramie, WY (Figure 12).  A wind tower located along the track of the storm northwest of Harriman, WY measured average winds of 28 knots with gusts of 41 knots in the hour before the storm passed by the tower.  This data supports the mesonet observations in the region showing the locally stronger winds and indicates that the stronger winds started more than an hour before the storm passed through, so the observations aren’t just showing (reword) inflow in the vicinity of the storm.  The wind tower is located less than one-half mile east of the tornado path, therefore it is noteworthy to mention the maximum wind gust of 77 knots just after 1:00 PM MDT.  Finally, the CSU-CHILL radar (Brunkow, et al. 2000) located in Greeley, CO also showed indications of the stronger winds in southeast Wyoming (Figure 14) …         

5. Severe weather report documentation.

To thoroughly document severe weather along the storm path, strategically placed phone calls were made to the affected area. Oftentimes, information from one person would include locations and names of other people close to the storm. I made extensive use of the reverse address search feature in the Dexknows online white pages along with Google Maps to find obscure residences in remote areas such as Pumpkin Vine Rd. and Monument Rd. The Wyoming segment of the storm path was the primary focus here due to the very low population density and lack of adequate reporting. Damage photos were gathered from several residents of southeast Wyoming. The path of the tornadoes and hail size in Wyoming were refined using these additional reports.  


The first signs of tornado damage was at the residence of Richard Miller about 700 ft to the north of the Colorado-Wyoming border around 1858 UTC. Two trees on his property were downed and his garage door was bent. Half-dollar sized hail also occurred there. Immediately adjacent  to Miller’s property the northwest, 20 Ponderosa pines were downed at the Claire Hoover residence (1200 ft north of the state border) as the tornado passed between the house and a barn around 1859 UTC. The following picture was taken  by Claire Hoover:

http://www.bangladeshtornadoes.org/UScases/052208/hoover/StormDamagefromBedroomWindowHoover11.JPG

After the tornado left the Hoover residence, trees were downed south of the old Union-Pacific railroad tracks according to Claire Hoover. More extensive tree damage occurred further northwest (about 4 miles northwest of Harriman) as shown by the blowdown of trees south of Monument rd. 


Nancy Levinger (Chemist who lives and works in Fort Collins) took pictures of the tree damage near the family cabin south of Monument Rd. The damage occurred from 1902 to 1906 UTC at elevations from 7700 to 7900 ft. She took pictures of the downed trees and documented the latitude and longitude of the damage. This information was extremely helpful.

http://www.bangladeshtornadoes.org/UScases/052208/levinger/Tornado_Damage2Levinger.jpg

http://www.bangladeshtornadoes.org/UScases/052208/levinger/Tornado_Damage3Levinger.jpg

http://www.bangladeshtornadoes.org/UScases/052208/levinger/Tornado_Damage4Levinger.jpg

http://www.bangladeshtornadoes.org/UScases/052208/levinger/Tornado_Damage5Levinger.jpg

http://www.bangladeshtornadoes.org/UScases/052208/levinger/IMG_0884Levinger.jpg
Jeff Mitros and Mr. Riske took pictures of tree damage that occurred about 5 miles northwest of  Harriman or just west of Monument Rd and southeast of Imson Pond.

http://www.bangladeshtornadoes.org/UScases/052208/mitros/DSC01233Mitros.jpg

Large trees were downed around Imson  Pond (about 6 miles northwest of Harriman).

After leaving Imson Pond, the tornado moved northwest over open country and destroyed snow fences paralleling the railroad tracks to the north of Ramshorn Rd. (information provided by Ted Lewis). The tornado paralleled Ramshorn Rd. at 8170 ft from 1910 to 1911 UTC. Ted Lewis measured 153 mph winds on his Davis Monitor 2. His house faired fairly well even though trees were blown down.

The tornado then hit the Paul Hanselmann house also on Ramshorn Rd. The front half of his roof was blown off, with pieces of it found over 2 miles away. The following picture was taken my Melissa Goering, SOO at the National Weather Service Office in Cheyenne.

http://www.bangladeshtornadoes.org/UScases/052208/goering/vdw_1.86mi_se_ames_tor_39_080522goering.jpg

This picture taken by Melissa Goering shows a tree branch was struck through a piece of waferboard at the Hanselmann residence.


http://www.bangladeshtornadoes.org/UScases/052208/goering/vdw_1.86mi_se_ames_tor_45_080522goering.jpg

Trees were also downed at the Hansellman residence as shown by another of Melissa’s pictures.
http://www.bangladeshtornadoes.org/UScases/052208/goering/vdw_1.86mi_se_ames_tor_10_080522goering.jpg


After  leaving the Hanselmann house, the periphery of the tornado hit the Maher residence around 1911 or 1912 UTC and the roof had to be replaced.
Some damage was done to a residence and outbuilding .87 miles southeast of Ames Monument (picture by Melissa Goering).

http://www.bangladeshtornadoes.org/UScases/052208/goering/vdw_0.87mi_se_ames_tor_02_080522goering.jpg
Some tornado and hail damage was done to a residence and outbuildings .46 miles south of Ames Monument as shown in these pictures by Melissa Goering.

http://www.bangladeshtornadoes.org/UScases/052208/goering/vdw_0.46mi_s_ames_tor_34_080522goering.jpg
http://www.bangladeshtornadoes.org/UScases/052208/goering/vdw_0.46mi_s_ames_tor_27_080522goering.jpg
http://www.bangladeshtornadoes.org/UScases/052208/goering/vdw_0.46mi_s_ames_tor_21_080522goering.jpg
Tornado debris was blown northwestward towards Ames Monument.

http://www.bangladeshtornadoes.org/UScases/052208/goering/vdw_0.46mi_s_ames_tor_22_080522goering.jpg
Francis Magrath who lives 1/2 mile west of the intersection of Monument Rd. and Hermosa Rd. reported hail as large as golfballs. She reported that the visibility was around 100 ft. when the hail was falling. On the George Obssuth property just west of the intersection of Monument Rd. and Hermosa Rd.,  a 1000 lb utility trailer was blown 300-400 ft. on property. South facing windows of his house were blown/knocked in. The largest hail at the Obssuth residence was 2" in diameter.
The tornado then moved over the Glen Smith residence between Hermosa Rd. and Vedauwoo Rd. His house was partially unroofed and the deck received damage. However, there is a 200 ft. rocky escarpment immediately south of his house may have spared his residence major damage.  Many trees (100 to 150) were downed on his property and along the dirt road that leads to his house. According to Smith, the trees were downed in a 1/2 mile swath centered near his house. In fact, trees were downed at least as far west as the Von Lunen residence on Vedauwoo Rd. The roof of the Von Lunen house was lifted and set back down and had to be replaced.

Some tornado and hail damage was done off of exit 329 along Monument Rd. as shown in these pictures by Melissa Goering.
http://www.bangladeshtornadoes.org/UScases/052208/goering/vdw_ex329_tor_10_080522goering.jpg
http://www.bangladeshtornadoes.org/UScases/052208/goering/vdw_ex329_tor_03_080522goering.jpg
The trailer belonging to Phil Robinson Monument Rd. (not far from I-80 exit 329) was flipped. This occurred on the easternmost extremity of the tornado. This picture was taken by Jack Riske. This is the same trailer as shown in the pictures immediately above taken by Melissa Goering.
http://www.bangladeshtornadoes.org/UScases/052208/riske1/100_1977Riske.jpg
The tornado then hit the Gayle Wilson house immediately south of Vedauwoo Rd. Jack Riske took these pictures of the Gayle Wilson house.

http://www.bangladeshtornadoes.org/UScases/052208/riske1/100_1975Riske.jpg
http://www.bangladeshtornadoes.org/UScases/052208/riske1/100_1974Riske.jpg
2X4's from her roof were embedded in the ground several feet. She told me this was quite an accomplishment since the ground is so hard (gravel-like) that it is difficult to even dig a shovel into it. She also reported that nails from her roof were embedded the wrong way into fence posts 500 yds. away at another residence. A woman in the Vedauwoo area was injured by flying glass as one of the windows in her house was blown out.
The Gil Wilson house adjacent to the Gayle Wilson house was damaged.

http://www.bangladeshtornadoes.org/UScases/052208/riske1/100_1973Riske.jpg
The tornado then moved just west of the house belonging to Russ Rogers. Ten windows of his house were broken by large hail and 2X4's. Thirteen roof panels came off. His S-10 pickup was totaled after being hit by boards. Debris was strewn all over his property. 2X4's were embedded in the ground. Parts of a trailer were scattered for a mile. Trees were blown down. A 24 ft trailer was overturned and moved 150 ft. Glass from a house window blew into the house and sliced a wall. The following pictures were taken by Russ Rogers. 
http://bangladeshtornadoes.org/UScases/052208/rogers/tornadodamage/DSC00833.JPG
http://bangladeshtornadoes.org/UScases/052208/rogers/tornadodamage/DSC00837.JPG


http://bangladeshtornadoes.org/UScases/052208/rogers/tornadodamage/DSC00834.JPG
http://bangladeshtornadoes.org/UScases/052208/rogers/tornadodamage/DSC00842.JPG
http://bangladeshtornadoes.org/UScases/052208/rogers/tornadodamage/DSC00868.JPG
http://bangladeshtornadoes.org/UScases/052208/rogers/tornadodamage/DSC00830.JPG
A trailer was blown about 400 ft near the Rogers residence
http://bangladeshtornadoes.org/UScases/052208/rogers/tornadodamage/DSC00883.JPG
As the storm continued northwestward, all the south facing windows were either knocked out or punched through by hail at the Jeff Mitros residence.
Mitros also reported large hail dents in his vehicles. These dents were mainly on the sides of the vehicles since the wind was so strong. Many of the wooden logs of his log cabin were damaged by hail. 
http://www.bangladeshtornadoes.org/UScases/052208/riske1/100_1994Riske.jpg
http://www.bangladeshtornadoes.org/UScases/052208/mitros/DSC01208Mitros.jpg
http://www.bangladeshtornadoes.org/UScases/052208/riske1/100_1995Riske.jpg
http://www.bangladeshtornadoes.org/UScases/052208/mitros/DSC01209Mitros.jpg
http://www.bangladeshtornadoes.org/UScases/052208/mitros/DSC01216Mitros.jpg

A house belonging to Phil Robinson received holes in south facing windows from large hail. This house is 1 mile north-northwest of the Mitros residence.

http://www.bangladeshtornadoes.org/UScases/052208/riske1/100_2003Riske.jpg
A few small trees were snapped off or uprooted south of the Phil Robinson residence. Metal was also wrapped around a pole.

http://www.bangladeshtornadoes.org/UScases/052208/riske1/100_1997Riske.jpg
Hail also left large holes in the south facing windows of another house on Vedauwoo Rd. Ping-pong to golfball sized hail occurred on Overlook Rd and Howe Lane. The tornado climbed to the summit of the Laramie Ridge (>8700 ft) as it approached Overlook Rd. A grove of Pine trees was downed by the tornado on Overlook Rd. 

John Myers lives on the summit of the Laramie Range (elevation 8720 ft). Many trees 16" to 30" in diameter were snapped off or uprooted along Dry Gulch (many about 10 ft above the ground).

http://bangladeshtornadoes.org/UScases/052208/myers/bottom_dry_gulchMyers.jpg

He also took pictures of trees uprooted or snapped off about 150 yds. southwest of his house.

http://bangladeshtornadoes.org/UScases/052208/myers/top_overlook_rd_ridge_3Myers.jpg
The Harriman-Laramie tornado path was continuous for 18 miles from west of Harriman to north of Overlook Rd, and possibly for 31 miles to north of Laramie. There is a hilly area between Howe Lane and the southeast extremity of Laramie (3 to 4 mile stretch) where no people live and where few trees grow. 
6.  Comparison of the environment in Colorado versus that in Wyoming.
Insert this table and discuss:




Colorado


Wyoming

Elevation (feet)

4700 – 5200 


7500 – 8700 

CAPE (J Kg-1)

       
2500 



600 – 800

0 – 6 km Shear (kts)
      
 90 



105 

0 - 3 km SRH (m2 s-2)
 
50 – 200 


500 – 800 

LCL / LFC (km AGL)
       
1  



0 – 0.1  

Freezing level (km AGL)     
2.3



1.5

Sfc Temperature (°F)
       
70



47

Sfc Dewpoint (°F)
       
55



47
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Figure Captions

Figure 1. Tornado track associated with the supercell of interest, 22 May 2008.  Times plotted next to tornado track (UTC).  Elevation (feet) is shaded with scale in upper left.
Figure 2. 500 mb analysis from 1200 UTC 22 May 2008.  Heights in decameters, temperature and wind observations in °C and knots respectively.
Figure 3.  Tornado tracks for …

Figure 4.  Composite 500 mb heights (m) for 22 May 2008, 23 April 1960 and 15 June 1965.
Figure 5.  Surface analysis for 0900 UTC on 22 May 2008.  Moisture advection highlighted with isodrosotherms of 55 °F, 60 °F and 65 °F shaded from light, moderate, and dark shades of green respectively.
Figure 6.  1545 Visible imagery along with 1600 UTC 22 May 2008 surface observations.

Figure 7.  Analyzed surface based CAPE (J/kg-1) across north central and northeast Colorado, valid 1800 UTC 22 May 2008.  Point values indicate locations where modified soundings are derived to estimate surface based CAPE.  
Figure 8.  Modified sounding for Greeley, CO valid 1800 UTC 22 May 2008.  Lifted parcel indicated by turquoise line.

Figure 9.  Modified surface to 6 km AGL hodograph for Greeley, CO valid 1800 UTC 22 May 2008.  

Figure 10.  Modified sounding for Harriman, WY valid 1800 UTC 22 May 2008.  Lifted parcel indicated by turquoise line.

Figure 11.  Modified surface to 6 km AGL hodograph for Harriman, WY valid 1800 UTC 22 May 2008. 
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