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ABSTRACT5

The meteorological conditions associated with the catastrophic Waldo Canyon Fire of6

June 2012 have been investigated. The fire destroyed 347 homes in Colorado Springs and7

resulted in insurance losses of nearly $0.5B, making it the most economically destructive8

fire in Colorado’s history. On the afternoon of the 26th, the Waldo Fire grew explosively9

and rapidly advanced eastward into a heavily populated area on the west side of Colorado10

Springs.11

Unprecedented dry and hot conditions prevailed over the Intermountain West prior to12

the Waldo Fire, along with a persistent upper-level ridge. On June 26, a narrow tongue13

of moist air aloft originating over the Southwest shifted from Utah into Colorado. Along14

with dry conditions at lower levels, the stage was set for high-based thunderstorms and15

microbursts to develop over the region. Convective cells first formed at midday over the San16

Juan Mountains of southwestern Colorado. The cells later consolidated into a thunderstorm17

complex that produced an organized convective outflow with strong, gusty winds at the18

surface. The leading gust front associated with the outflow moved past the Waldo Fire at19

the hottest time of the day with wind gusts as high as 26 m s−1. The blowup of the Waldo20

Fire and its rapid advance were timed with the passage of this strong gust front. A numerical21

simulation, initiated one day earlier, produced mesoscale features closely resembling those22

observed, including the gust front passage at the fire, indicating some predictability of the23

triggering of the fire blowup a day in advance.24
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1. Introduction25

The fire season of 2012 was one of the most devastating on record for the Intermountain26

West. Extremely hot, dry conditions led to numerous wildland fires throughout the region,27

many of which occurred in Colorado. Among these, the Waldo Canyon Fire near Colorado28

Springs has proven to be the most economically destructive in Colorado’s history. It resulted29

in two fatalities, destroyed 347 homes,1 consumed over 18,000 acres of forest, and led to30

insurance claims totaling $454M (http://www.denverpost.com). While the stage for the31

Waldo Canyon Fire was set by a prolonged drought and excessive heat over the region,32

short-term meteorological events played a key role in the fire’s explosive growth on June 2633

at the urban-forest interface on the west side of Colorado Springs.34

On the afternoon of June 26, the Waldo Canyon Fire surged eastward out of the foothills35

into housing developments on the west side of Colorado Springs. In a matter of hours,36

hundreds of homes were enveloped by the fire, many by embers blown out ahead by strong37

westerly winds aloft. The fire had been slowly growing for several preceding days, but its38

rapid intensification and expansion during the afternoon of the 26th was dramatic (Fig.39

1). The area of the fire nearly tripled in size in one day (Fig. 2). This event had the40

characteristics of a “blowup” fire (Potter 2012a), defined by the Glossary of Wildland Fire41

Terminology as the ‘sudden increase in fireline intensity or rate of spread of a fire ... often42

accompanied by violent convection and may have other characteristics of a fire storm.’ The43

rapid intensification of the fire was accompanied by the development of pyrocumulus clouds44

(Fromm et al. 2010) in the late afternoon/early evening (Fig. 1).45

The explosive growth of the Waldo Canyon Fire within a residential area necessitated46

an immediate response to avoid loss of life. As a result of the swift action of emergency47

management teams and timely communication via local and social media, over 30,000 people48

were safely evacuated from affected neighborhoods just prior to the arrival of the fire front49

1In terms of homes lost, the Waldo Canyon Fire has now been exceeded by the mid-June 2013 Black

Forest Fire northeast of Colorado Springs, where 511 homes were destroyed.
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(Meister 2013; Stark 2013). The devastation to homes was sudden and nearly complete in50

many neighborhoods, so the timely response to the rapidly advancing fire was vital.51

Mesoscale and radar analyses show that the blowup of the Waldo Canyon Fire was timed52

with the arrival a thunderstorm gust front that swept through the Colorado Springs area53

during the afternoon of June 26. The convective outflow, which had the characteristics of54

a macroburst (Fujita 1985), grew out of a thunderstorm complex that had its first origins55

over the mountains of southwest Colorado. This paper documents the synoptic-scale condi-56

tions that contributed to the formation of macroburst-type thunderstorms on that day, the57

development of incipient convection in southwestern Colorado, and the progression of the58

associated gust front through the Waldo Canyon Fire area. The passage of the gust front59

led to an abrupt change in the fire characteristics. In addition to the observational study, a60

numerical modeling investigation has been carried out where it is shown that macroburst-61

producing storms contributing to the blowup of the fire on June 26 were predictable at least62

a day in advance.63

2. Background64

Anomalously warm and dry conditions prevailed throughout the Intermountain West in65

the months prior to the outbreak of the spring and summer wildland fires of 2012. The66

January-June 2012 period was the second driest and second warmest in Colorado in 11867

years of record, while many other states in the region had similar near-record conditions68

(Fig. 3). Below-average late-winter snowpacks were compounded by a very dry and warm69

spring such that spring and early summer runoff over most of the region was well below70

average, and in many Colorado river basins worse than 2002 or other benchmark dry years71

for the region (1977, 1992) (source: http://wwa.colorado.edu). This situation led to very72

dry fuel conditions throughout the state. By a substantial margin, 2012 broke the previously73

held March-April-May mean temperature record for the United States that occurred in 1910,74
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the year of “The Big Burn” forest fire in northeast Washington, northern Idaho, and western75

Montana (Diaz and Swetnam 2013).76

The Waldo Canyon Fire started along a trail area within the canyon early on June 2377

(Fig. 2). As of this writing, the cause of the fire has not yet been determined. The burn78

area grew slowly over the next several days, but on the afternoon of June 26 the fire rapidly79

intensified and spread to the north and east (Fig. 2). The focus of this study is on the80

meteorological conditions accompanying the sudden blowup of the fire. Such rapid changes81

in wildland behavior, termed extreme fire behavior (Werth et al. 2011), are not uncommon.82

The prediction of and response to such changes are of critical importance for the protection83

of life and property.84

General conditions conducive to wildland fires have been recently reviewed by Potter85

(2012a). Primary contributing factors are extreme heat, drought, and dry fuels. Such con-86

ditions were clearly present leading up to and during the Waldo Canyon event. In addition,87

unstable or near-neutral stratification in the lower troposphere accompanied by strong wind88

shear can promote wildland fire growth. In many fires, there is an interaction or coupling89

between the atmosphere and the fire itself to create “fire storms” containing distinct fire90

weather phenomena: intense fire plumes (Taylor et al. 1973; Kiefer et al. 2009), fire vortices91

and fronts (Clark et al. 1999), fire-generated downbursts (Goens and Andrews 1998), and92

even tornadogenesis (Cunningham and Reeder 2009). Downdrafts within fire storms can93

transport higher momentum down to the surface that serves to intensify and spread the94

fires. With sufficient moisture, either from the environment or from moisture released dur-95

ing combustion, fires can create pyrocumulus (Fromm et al. 2010; Lang et al. 2013), which96

in turn can result in rapid expansion of fires through associated storm circulations (Clark97

et al. 1996; Potter 2012b). The dramatic changes in the Waldo Canyon Fire during the af-98

ternoon on June 26 (Fig. 1) could have been a consequence of a number of these phenomena;99

however, the case will be made that it was the passage of a strong gust front through the100

area that led to the rapid eastward advance of the fire front. The impact of the gust front101
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was exacerbated by the fact that it occurred during the hottest part of the day when, apart102

from other effects, wildland fires typically intensify (e.g., Fromm et al. 2010). Compounding103

the situation, Denver tied and Colorado Springs set their all-time maximum temperature104

records on that same day (40.6◦C or 105◦F and 38.3◦C or 101◦F, respectively).105

Previous instances of significant synoptic or mesoscale weather impacts on fire behavior106

have been reported. In July 1994, the passage of an unusually strong upper-level trough over107

the Rocky Mountain states caused a sudden shift and strengthening of the winds that trapped108

and took the lives of 14 firefighters working on the South Canyon Fire near Glenwood Springs,109

Colorado (Butler et al. 1998). Recently, Engel et al. (2012) investigated the impact of various110

synoptic-to-mesocale features on the evolution of the 7 February 2009 ‘Black Saturday’ fires111

over the state of Victoria, Australia. They found that boundary layer horizontal convective112

rolls, unsteady gravity currents, and nocturnal bores modified the local environment leading113

to large spatial and temporal variability in the fire behavior. And most recently, the rapid114

spreading of the July 2013 Yarnell Fire in Arizona by a gust front claimed the lives of 19115

firefighters. The need to anticipate and accurately forecast such meteorological events is116

of obvious importance for both firefighters and the preparation of timely warnings to the117

affected communities.118

3. Data and modeling procedures119

a. Data for synoptic-scale and mesoscale analyses120

A map of the various sites that collected data used in subsequent mesoanalyses is shown121

in Fig. 4. A mix of surface observations have been utilized: National Weather Surface (NWS)122

ASOS (Automated Surface Observing System) from the National Oceanic and Atmospheric123

Administration (NOAA) National Climatic Data Center (NCDC; http://www.ncdc.noaa.gov/),124

Remote Automated Weather System (RAWS), and Snow Telemetry (SNOTEL) stations.125

Data from the latter two sources have been obtained from the University of Utah MesoWest126
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website (http://mesowest.utah.edu: Horel et al. 2002). Surface data from these networks127

are used to identify and track outflow boundaries from thunderstorms originating at midday128

over southwest Colorado. Surface mesoanalyses are complicated owing to the complex and129

mountainous terrain of the region, the irregular frequency and spacing of the surface observa-130

tions, and the inconsistent data quality from the diverse platforms. Nevertheless, the ability131

to investigate mesoscale phenomena in the Intermountain West has been vastly improved132

over the past two decades by the advent of enhanced surface observations in support of fire133

weather operations, water resource management, and other applications (Myrick and Horel134

2008; Steenburgh et al. 2009).135

Sounding data were obtained from the University of Wyoming (http://weather.uwyo.edu/136

upperair/sounding.html). Data for synoptic-scale analyses were based on the Global Forecast137

System (GFS) archive at the NOAA National Operational Model Archive and Distribution138

System (NOMADS: http://nomads.ncdc.noaa.gov/).139

b. Radar and satellite data140

Level-II WSR-88D (Weather Surveillance Radar 88 Doppler) radar reflectivity and ve-141

locity data from Pueblo (PUX) and Denver (FTG), Colorado (Fig. 4), are utilized to track142

the progression of gust fronts across the Colorado Springs area. To produce a large-scale143

mosaic of the radar reflectivity field for a set of mesoanalyses, base-scan reflectivity data144

(∼0.5◦) were collected for a given time from PUX and FTG, and the data points nearest to145

their parent station were plotted. This procedure exploits the lowest reflectivity data possi-146

ble from the two stations. The Gibson Ridge GR2Analyst software package is employed to147

create vertical cross sections of the radar reflectivity and radial velocity fields from the PUX148

WSR-88D data as well as 3-D displays (http://www.grlevelx.com/gr2analyst). Visible and149

infrared satellite data are obtained from GOES-15 and water vapor data from GOES-13.150
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c. Numerical simulations151

The National Center for Atmospheric Research (NCAR) Weather Research and Forecast-152

ing Model (WRF) Advanced Research WRF (ARW: Skamarock et al. 2008) was run over a153

domain covering most of the central two-thirds of the United States (shown in Fig. 16, later)154

for 27 hours from 0000 UTC 26 June to 0300 UTC 27 June. The simulation used a 4-km155

horizontal grid spacing and 51 vertical levels on a stretched grid. Initial and lateral boundary156

conditions were from the 0.5 degree GFS model. The boundary conditions are based on GFS157

forecasts, so simulation could have been run in real time, i.e., it is technically a “reforecast.”158

Physics packages include Morrison double-moment microphysics (Morrison et al. 2005), the159

Rapid Radiative Transfer Model (RRTMG: Iacono et al. 2008), and the Mellor-Yamada-160

Janjić (MYJ: Mellor and Yamada 1982; Janjić 2002) boundary layer scheme. Convection161

was treated explicitly, i.e., no cumulus parameterization was used.162

4. Large-scale environmental conditions163

a. Synoptic setting164

The primary feature of the large-scale flow during this period was a strong, persistent165

ridge over the central United States and troughs on both the east and west coasts (Fig. 5).166

During the 24-h period from 0000 UTC on the 26th to 0000 UTC on the 27th (subtract 6 h167

to obtain local time), a shortwave trough moved across the Pacific Northwest in association168

with a slight flattening and eastward shift of the Central U.S. ridge (Figs. 5a,b). Over the169

same period, southerly to southwesterly flow increased over the southern Intermountain West170

as absolute vorticity maxima approached from the west. Maps of precipitable water over a171

three-day period starting at 0000 UTC 24 June (Fig. 6) reveal that this increased southerly-172

southwesterly flow aided the wrapping of an eastern-Pacific moisture tongue around a 700-173

hPa anticyclone, which led to increased moisture over the Colorado-Utah region by the174
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evening of June 26.175

On the afternoon of 26 June, a surface low pressure area extended from eastern Colorado176

northward to eastern Montana (Fig. 7). Over Colorado, the feature took the form of a177

lee trough east of the Rocky Mountains, while the extension of the low over Montana was178

associated with the shortwave trough moving inland from the west coast (Fig. 5b). The lee179

trough along the Colorado Front Range led to moderate southwesterly low-level flow across180

the Waldo Canyon Fire area. The eastern-Pacific moisture tongue in precipitable water (Fig.181

6d) is reflected at the surface as a region of high surface equivalent potential temperature182

(>360 K) over Arizona, which is being advected towards Colorado by southwesterly flow183

(Fig. 7).184

Soundings in the late afternoon on the 26th from Denver and Grand Junction, Colorado,185

representing conditions across the state, are shown in Fig. 8. At both stations the tempera-186

ture and moisture stratification have nearly ideal characteristics of a “microburst” sounding,187

as described by Wakimoto (1985). Nearly dry adiabatic and constant specific humidity pro-188

files from near the surface to 500 hPa (an “inverted-V” pattern) are conducive to strong189

downdrafts if precipitation develops from clouds in the layer above. Downdraft convective190

available potential energy (DCAPE: Gilmore and Wicker 1998) in the DNR sounding was191

exceptionally large (1458 J kg−1) compared to values reported in other high-wind situa-192

tions (Kuchera and Parker 2006), further reinforcing the fact that the profile was conducive193

to strong downdrafts. As will be seen, precipitating clouds developed over the region by194

mid-afternoon on the 26th, so evaporation of hydrometeors did occur locally in showers,195

although much of the precipitation evaporated before reaching the ground. The flow was196

southwesterly throughout most of the column, the exception being at low levels at Denver197

where thunderstorm outflows affected the region (Section 5).198

8



b. Satellite imagery199

A sequence of two GOES-13 water vapor images 24 hours apart in the late afternoon200

on 25 and 26 June (0102 UTC on 26 and 27 June, respectively) is shown in Fig. 9. A201

plume of moisture extended northward along the Arizona-New Mexico border into eastern202

Utah/western Colorado on the 25th (Fig. 9a), and then into central Colorado on the 26th203

(Fig. 9b). The 6.5 µm water vapor channel has maximum weighting in the 300-500 hPa204

layer, so the axes of the GOES water vapor plumes do not coincide exactly (are displaced205

eastward in this case) with the positions of the moist tongues (Figs. 6c,d). The lines of206

storms that developed over central Utah at 0102 UTC on the 26th were linked most closely207

to the axis of the precipitable water maximum (Fig. 6c). Twenty-four hours later (Fig. 9b)208

the convection shifted to central Colorado, where it was tightly aligned along the rather209

narrow upper-tropospheric water vapor plume.210

5. Mesoanalysis of convective systems on June 26211

The convective system that eventually impacted the Waldo Canyon Fire first formed over212

the San Juan Mountains in southwestern Colorado at midday on the 26th (Fig. 10). As this213

sequence of visible images shows, over a six-hour period, the convective area grew in size214

and moved northeastward, passing to the northwest of Colorado Springs. As will be seen,215

even though the storm did not pass directly over Colorado Springs, the downdraft outflow216

from it had a major impact on the evolution of the fire.217

As the convective system over the San Juan Mountains grew in size and moved northeast-218

ward (Fig. 10), by 2100 UTC (Fig. 11a) it produced a pronounced convective outflow with a219

leading gust front (labeled GF1) at the surface. Although radar beam blockage is a problem220

in this part of Colorado (Maddox et al. 2002), a cluster of convective cells was clearly evident221

at 2100 UTC, as was another area of convection and associated gust front (GF2) to the west222

of Denver (northern part of analysis domain). Over the next two hours (Fig. 11a-c), GF1223
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expanded and moved northeastward with scattered convection at its leading edge, reaching224

a position at 2300 UTC where it just began to impact the Waldo Canyon fire. GF2, on the225

other hand, moved southeastward, although it was still well north of the Colorado Springs226

area. At 0000 UTC on 27 June (Fig. 11d), GF1 had passed the fire and a sudden shift in227

direction and amplification of the smoke plume can be seen. The estimated average speed228

of the gust front GF1 over the three-hour period is 15 m s−1. GF2 remained north of the229

Waldo Canyon fire at 0000 UTC.230

Meteograms based on 5-min ASOS data for Centennial Airport (APA) and Colorado231

Springs (COS) (Fig. 12, see Fig. 4 for locations) indicate the GF1 passage, a sudden shift232

to strong westerlies (with a gust to 23 m s−1 at APA) between 2300 UTC on the 26th and233

0000 UTC on the 27th. At APA (Fig. 12a), GF1 passage was preceded by GF2 passage234

between 2100 and 2200 UTC, although GF2 never reached COS (Fig. 12b) prior to GF1’s235

arrival. However, a new outflow did appear to reach COS between 0100 and 0200 UTC after236

the passage of GF1 with a shift to north-northwesterly flow. Whether this wind shift was237

associated with GF2 or new convection that formed 20-30 km north of the fire at 0000 UTC238

(Fig. 11) is unclear. GF1 arrived at Pueblo (PUB) around 0030 UTC. At the Air Force239

Academy, located just north of Colorado Springs and on the northern perimeter of the fire240

(Fig. 2), there was a wind shift from southeasterly at 2300 UTC to west-northwesterly at241

2302 UTC with gusts to 14 m s−1 and accompanied by a light shower, temperature drop of242

5◦C, relative humidity increase from 5 to 30%, and 1 hPa pressure rise. Therefore, the arrival243

of GF1 around 2300 UTC indicated in the mesoanalysis (Fig. 11c) is corroborated by the244

Air Force Academy observations. At the time of the fire blowup, there were media reports245

of winds up to 65 mph (29 m s−1), but those reports could not be confirmed. However,246

at Manchester, a RAWS station 40 km northwest of Colorado Springs (Fig. 4), a sustained247

wind of 37 mph (17 m s−1) from the west-southwest was reported at 2300 UTC, with a gust248

to 59 mph (26 m s−1) during the previous hour (precise time not known). Winds of this249

magnitude would clearly have a major impact on the development of the fire.250
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6. Radar observations of the gust front and fire251

A sequence of radar reflectivity and radial velocity images from the Pueblo, Colorado,252

radar at one-hour intervals from 2300 UTC on 26 June to 0100 UTC on 27 June is shown in253

Fig. 13. The reflectivity image at 2300 UTC (Fig. 13a) shows the smoke plume moving off to254

the northeast carried by the southwesterly flow aloft. By 0000 UTC (Fig. 13b), the gust front255

had moved through the fire area, causing an intensification and eastward shift of the smoke256

plume. Some of the intensification of the fire at this time may have also been related to257

the normal diurnal cycle, i.e., the hottest and driest conditions and deepest boundary layer258

occurred in the mid-to-late afternoon thus aiding fire growth. An hour later, at 0100 UTC259

(Fig. 13c), further intensification of the smoke plume can be seen along with a continuing260

eastward shift as the gust front, marked by a thin reflectivity line, moved out onto the plains.261

The passage of the gust front can be better seen in the Pueblo radial velocity images (262

Fig. 13d-f). A wind-shift line separating southwesterly (orange/yellow colors) from westerly263

or northwesterly (green colors) flow moved through the location of the fire at 2300 UTC (Fig.264

13d) and then eastward as the smoke plume rapidly expanded. The speed of the wind-shift265

line in the fire plume determined from an animation of the velocity images was 16-17 m s−1,266

which is close to the estimated speed of the gust front based on the surface mesoanalyses.267

Animations of the radar reflectivity and radial velocity from the Pueblo radar can be found at268

http://johnson.atmos.colostate.edu/waldo canyon fire. The peak inbound radial velocities269

in the plume at 0000 UTC (Fig. 13e) exceeded 15 m s−1 behind the gust-front boundary,270

which was well in excess of the lower-tropospheric winds at Denver at 0000 UTC (Fig. 8)271

and is indicative of convective outflow dynamics. Continued eastward progression of the gust272

front is also seen in the radial velocity field at 0100 UTC (Fig. 13f).273

A zoomed-in radar reflectivity image centered on the fire at 2300 UTC is shown in Fig.274

14, along with radar echo-top information. The fire plume extends off to the northeast while275

convective cells are scattered throughout the northwestern portion of the domain. Highest276

echo tops are near 11 km (∼35,000 ft), although Lang et al. (2013) indicate tops to 13 km277
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and higher around this time.278

A rapid increase in the vertical extent of the fire is apparent from 2200 to 2230 UTC279

(Fig. 15a,b), somewhat before the time of the wind shift inferred from station data. This280

intensification of the fire may be related to diurnal heating cycle, well known to impact281

the growth of wildland fires (e.g., Fromm et al. 2010). Increased reflectivities aloft continue282

beyond to 2300 and 2330 UTC (Fig. 15c,d). This intensification of the fire was manifested in283

increased lightning activity reported by Lang et al. (2013), where they noted a first increase284

at 2310 UTC and a second stronger burst at 2345 UTC. Lang et al. (2013) point out that285

the only lightning activity with the Waldo Canyon Fire occurred around the time of the286

passage of the gust front on the afternoon of 26 June, supporting the idea that the arrival287

of the convective outflow was a significant contributor to the intensification of the fire.288

The radial velocity field from the Pueblo radar varied little between 2200 and 2300 UTC289

(Fig. 15e-g), but a marked change is seen between 2300 and 2330 UTC (Fig. 15g,h). During290

this period, there is clear evidence of the gust front moving past the fire out onto the plains291

from a pronounced increase in low-level radar reflectivity and outbound (southerly) flow292

switching to inbound (westerly) flow in the lowest 2-3 km, the approximate depth of the293

convective outflow. As the gust front surged eastward during this later period, there is a294

suggestion that the southerly (outbound) velocities are scoured and lifted upward over the295

outflow itself (Fig. 15g,h).296

The movement of the gust front out onto the plains is further depicted in a 3-D perspective297

over a 37-min period from 2301 to 2338 UTC in Fig. 16. Ashes and other debris from the298

fire are the source of the radar reflectivity and can be seen to quickly spread eastward in299

the lowest 3 km undercutting the smoke plume aloft. It is this rapid eastward advance of300

the low-level gust front that quickly spread the fire into the western suburbs of Colorado301

Springs.302
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7. Simulated convection and associated gust fronts303

The WRF-ARF was run for 27 h starting at 0000 UTC 26 June and ending at 0300 UTC304

27 June. The 27-h total precipitation for the simulation is shown in Fig. 17. An elongated305

zone of generally light precipitation is forecast in a band along the moisture plume (Fig. 9)306

extending from Arizona into the northern Plains.307

Shown in Fig. 18a-d are a sequence of mesoanalyses from the simulation for this case for308

the period 2000 to 2300 UTC. For comparison purposes, these analyses of simulated radar309

reflectivity, surface winds, and surface potential temperature have been constructed over the310

same domain as the observed outflows in Fig. 11, though the timing for each panel is one hour311

earlier. The simulated storms that produced the precipitation across Colorado were mainly312

grouped into organized convective complexes with associated extensive surface downdraft313

outflows. In agreement with observations, the model produces two organized outflows and314

associated gust fronts (GF1 and GF2) that move from the mountains onto the eastern plains315

of Colorado. The largest discrepancy is that the timing of the gust front passage at the Waldo316

Canyon fire is approximately two hours too early (cf. Figs. 11 and 18). However, considering317

that the organized convective complexes and overall positions and shapes of both GF1 and318

GF2 are well simulated, it is evident that substantial predictability of the weather events319

that impacted the fire existed in the large-scale fields a day in advance.320

Simulated vertical cross sections showing the passage of the GF1 down the slopes of the321

Rocky Mountain terrain are presented in Fig. 19a-d for the period 1900 to 2200 UTC. Once322

again, the timing of the passage of GF1 is approximately two hours earlier in the model323

than observed. As the gust front moves over the various ridges to the west of the fire, both324

the winds and potential temperature structures indicate the occurrence of hydraulic jumps325

on the downwind sides of individual barriers (Smith 1989). The existence of hydraulic jump326

in the vicinity of the fire could have not only intensified the downslope winds, but also327

lengthened the duration of the high winds.328

Early on (Figs. 19a-c), the gust front has a relatively strong temperature gradient asso-329
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ciated with it (1900-2100 UTC), but by the time it reaches the fire (2200 UTC; Fig. 19d),330

the temperature gradient has weakened considerably. This weakening is likely related to the331

fact that the convection driving the outflow has mostly died out by this time and the cold332

pool has now moved far from its source. When the simulated cold pool reached the fire (Fig.333

19c), its depth was approximately 2 km, which is roughly consistent with the observations334

shown in Fig. 14. Animations of the simulation results shown in Figs. 18 and 19 can be335

found at http://johnson.atmos.colostate.edu/waldo canyon fire.336

8. Summary and conclusions337

This paper examines the meteorological conditions accompanying the catastrophic Waldo338

Canyon Fire of June 2012 in the Colorado Springs area. The fire occurred following one of339

the driest and warmest winter and spring periods in recorded history over the Intermountain340

West. In terms of economic loss, the Waldo Canyon Fire was the most destructive forest fire341

on record in Colorado. While property loss was staggering, the quick action of emergency342

management teams saved the lives of many citizens living in the path of the fire.343

On the afternoon of June 26, the Waldo Fire rapidly intensified and quickly advanced344

into a densely populated neighborhood in the northwest part Colorado Springs, destroying345

nearly 350 homes. Mesometeorological analyses of the event show that rapidly changing346

weather conditions played a key role in the blow-up and sudden advance of the fire during347

the afternoon. Specifically, based on surface observations from a variety of surface stations348

over Colorado, as well as numerical simulations, evidence is presented to show that the349

explosive growth of the fire was timed with the afternoon passage of a strong gust front350

across the region. The gust front had its origins within a thunderstorm complex that formed351

during midday over the San Juan mountains of southwestern Colorado.352

The synoptic-scale setting on 26 June featured a strong upper-level high over the central353

United States with relatively weak southwesterly flow over Colorado. On a the preceding354
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day, a tongue of moist air emanating from northwestern Mexico streamed into southern Utah355

leading to afternoon thunderstorms in that state. That moisture plume shifted eastward to356

Colorado on the 26th and along with very dry conditions in the lower troposphere, cre-357

ated ideal conditions for high-based thunderstorms accompanied by microbursts (Wakimoto358

1985). Indeed, the thunderstorms that first formed at midday over southwestern Colorado,359

upon moving to the south-central part of the state, produced an organized convective down-360

draft outflow that moved eastward at about 15 m s−1, arriving at the location of the Waldo361

Fire at about 2300 UTC (1700 LT). Coupled with the maximum daytime heating, the gust362

front passage led to a blowup and rapid expansion of the fire boundary (Figs. 1 and 2).363

Radar analysis demonstrates that this expansion coincided with rapid deepening and inten-364

sification of the smoke plume. The sudden intensification of the fire by the gust front is365

further substantiated by bursts of lightning activity occurring around the same time, the366

only incidence of lightning during the fire’s existence (Lang et al. 2013). A secondary cold367

pool and gust front occurred to the north of Colorado Springs, but it did not reach the368

location of the fire.369

Numerical simulations of the event using a 4-km version of the Advanced WRF (ARW)370

starting with initial conditions one day earlier produced a very realistic representation of the371

sequence of events on this day. The model successfully simulated the gust front that passed372

over the fire as well as the second outflow to north, although the timing was approximately373

two hours too early. The overall dimensions and structure of the outflow systems agreed374

very well with the observations. The modeled vertical structure of the gust front affecting375

the fire showed it to be a ∼2-3 km deep cold pool with a temperature contrast at its leading376

edge weakening with time as it moved eastward away from the convective source region. As377

the cold pool passed over ridges along the sloped terrain on the east slopes of the Rocky378

Mountains, it produced hydraulic jumps to the lee of individual barriers. From the results379

of the simulations, it is concluded that a considerable degree of predictability of high-based380

convection and associated macroburst-driven outflows that impacted the Waldo Canyon381

15



Fire existed in the large-scale conditions over the west-central United States at least a day382

in advance.383
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Fig. 1. Waldo Canyon Fire on June 26 during (left) early afternoon from above 8th Street in
Colorado Springs (source: Dr. frog/Wikimedia Commons), and (right) late afternoon/early
evening from southwest of Colorado Springs (source: www.senmwx.com). Pyrocumulonim-
bus was evident during the height of the fire.
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COLORADO
SPRINGS

Area burned 23–25 June

Colorado Springs urban area

Major roads

Area burned 26 June

Neighborhoods
burned on 26 June

Fig. 2. Map showing rapid expansion of Waldo Canyon Fire area on 26 June 2012 beyond
previous area into western Colorado Springs. Brown lines denote Colorado Springs city limits
and blue lines major highways.
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Fig. 3. January-June 2012 statewide average (top) precipitation and (bottom) temperature
rankings. From these, it can be seen that this period was the second driest and warmest in
recorded Colorado history.
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Fig. 4. NWS radar, ASOS, and sounding (RAOB) sites used in the analysis of convection
and associated gust fronts over Colorado. Dots designate RAWS and SNOTEL sites used in
the mesoanalyses. Elevation contours in m.
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(B) 27 June

10-5 s-1

(A) 26 June

Fig. 5. Heights (contours, dam), absolute vorticity (shaded, 10−5 s−1), and winds (flag =
25 m s−1, full barb = 5 m s−1, and half barb = 2.5 m s−1) at 500 hPa at 0000 UTC on (a)
26 June and (b) 27 June based on GFS analysis.
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(A) 24 June

(C) 26 June

(B) 25 June

(D) 27 June

mm

Fig. 6. 700 hPa heights (contours, dam), winds, and precipitable water (mm) at 0000 UTC
on 24-27 June (a)-(d). Dashed line shows approximate position of 20 mm contour. Arrow
indicates direction of moisture transport.
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K

27 June

Fig. 7. Surface pressure (contours, hPa), winds, and equivalent potential temperature (color,
K) at 0000 UTC 27 June.
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Fig. 8. Soundings from Denver (DNR) and Grand Junction (GJT), Colorado, at 0000 UTC,
27 June 2012. Downdraft available potential energy (DCAPE, computed for the vertical
interval denoted in the plot) for DNR is indicated.
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Fig. 9. GOES-13 water vapor imagery for 0102 UTC, 26 and 27 June 2012
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Fig. 10. GOES-15 visible imagery at 1830, 2030, and 2230 UTC on 26 June and 0030 UTC
on 27 June 2012.
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(C) 2300 UTC

(B) 2200 UTC

(D) 0000 UTC

(A) 2100 UTC

GF1

GF2

COS

PUB

APA

Fig. 11. Winds, temperature and dew point (◦C), and mosaic base radar reflectivity for
the periods (a) 2100, (b) 2200, (c) 2300 UTC on 26 June and (d) 0000 UTC 27 June. Two
gust front (GF1 and GF2) positions (dashed lines) are located based on high time resolution
data from surface stations and radar reflectivity and velocity data from Denver (FTG) and
Pueblo (PUX) radars (red circles). See Fig. 4 for locations of stations. Red arrow points to
Waldo Canyon Fire, blue arrows indicate direction of surface flow. Locations of meteogram
sites (APA, COS, and PUB) in Fig. 12 are indicated in 2100 UTC panel. Terrain interval
200 m.
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Fig. 12. Meteograms of winds, temperature and dew point (◦C), and peak wind gusts (m
s−1) at (a) Centennial (APA), (b) Colorado Springs (COS), and (c) Pueblo (PUB) from 1800
UTC 26 June to 0600 UTC 27 June 2012. See Fig. 4 for station locations. Vertical lines
mark times of GF1 and GF2 passage.
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REF VEL

(B) 0000 UTC

(A) 2300 UTC

(C) 0100 UTC

(D)

(E)

(F)

Fig. 13. Sequence of (a-c) base radar reflectivity and (d-f) radial velocity images from
Pueblo, Colorado, WSR-88D radar (red circle) from 2300 UTC 26 June to 0100 UTC 27
June 2012. Red arrow denotes location of Waldo Canyon Fire. Gust front positions are
indicated by dotted line. Range rings are at 100 km intervals, terrain interval is 200 m.
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Fig. 14. (left) Radar reflectivity plot (same scale as in Fig. 11) centered over fire plume and
(right) radar echo tops (scale on right) at 2300 UTC 26 June. White line denotes location
of transect in Fig. 15.
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Fig. 15. Vertical cross sections of (a-d) radar reflectivity (same scale as in Fig. 14) and
(e-h) radial velocity (m s−1) based on Pueblo (PUX) radar from 2200 to 2330 UTC 26 June.
Heights are distances above ground level. Circled dot (cross) denotes flow into (out of) the
page.
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Fig. 16. Three-dimensional depictions of radar reflectivity at ∼7-min intervals from (a-f)
2301 to 2338 UTC 26 June from Pueblo WSR-88D radar. Approximate position of low-level
gust-front boundary is indicated. Two shells of reflectivity are highlighted: −2 to +2 dBZ
for gray outer shell, 7-12 dBZ for blue shell.
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Fig. 17. Twenty-seven hour total precipitation (mm) for WRF-ARW forecast starting at
0000 UTC 26 June 2012.
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a)2000UTC b)2100UTC

c)2200UTC d)2300UTC

GF1

GF2

Fig. 18. Simulated radar reflectivity at 1-km AGL and surface winds, and potential tem-
perature (2 ◦C interval) from (a-d) 2000 to 2300 UTC, 26 June 2012. Terrain interval is 200
m. Two gust fronts (GF1 and GF2) are indicated. Plus denotes location of Waldo Canyon
Fire. Dotted line in (a) indicates position of vertical cross section in Fig. 19.
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a) 1900 UTC b) 2000 UTC

c) 2100 UTC d) 2200 UTC

* *

* *

Fig. 19. East-west cross section (see Fig. 18 for location) of simulated winds (vectors, with
magnitude in m s−1 in color) and potential temperature (K) from (a-d) 1900 to 2200 UTC, 26
June 2012. Location of precipitation is indicated by 20-dBZ simulated reflectivity contours
(blue). Leading edge of gust front is marked by arrow and longitude of fire by asterisk.
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