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ABSTRACT 

 
 
EFFECT OF LATENT HEATING ON MESOSCALE VORTEX DEVELOPMENT DURING 

EXTREME PRECIPITATION: COLORADO, SEPTEMBER 2013 

 
 

From 9-16 September 2013, a slow-moving cut-off low in the southwestern U.S. 

funneled unseasonal amounts of moisture to the Colorado Front Range, resulting in extreme 

precipitation and flooding. The heaviest precipitation during the September 2013 event occurred 

over the northern Colorado Front Range, producing a 7-day total of over 380 mm of rain. The 

flash flooding caused over $3 billion in damage to property and infrastructure and resulted in 

eight fatalities.  

This study will focus on the precipitation and mesoscale features during 11-12 September 

2013 in Boulder, CO. During the evening of 11 September, Boulder experienced flash flooding 

as a result of high rain rates accumulating over 180 mm of rain in 6 hours. From 0400-0700 UTC 

12 September, a mesoscale vortex (mesovortex) was observed to travel northwestward towards 

Boulder. This circulation enhanced upslope flow and was associated with localized deep 

convection. The mesovortex originated in an area common for the development of a lee vortex 

known as the Denver Cyclone. We hypothesize that this mesoscale vortex is not associated with 

lee vortex formation, such as the Denver Cyclone, but developed through the release of latent 

heat from microphysical process.  

The Advanced Research Weather Research and Forecast (ARW) model was used to 1) 

produce a control simulation that properly represented the evolution and processes of interest 

during the event and 2) test the importance of latent heating to the development and evolution of 

the mesovortex. The results from various latent heating experiments suggested that the 
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mesovortex did not develop through lee vortex formation and the latent heat released just before 

and during the mesovortex event was important to its development. Results also showed latent 

heating affected the flow field, resulting in a positive feedback between the circulation, 

associated low-level jet, and convection leading to further upslope flow and precipitation 

development. Further experiments showed condensation of cloud water was the dominant 

microphysical process responsible for a positive vertical gradient in latent heating near the 

surface. This gradient led to potential vorticity generation; a similar mechanism to that of a 

mesoscale convective vortex, except closer to the surface. Finally, an experiment where the 

latent heating was reduced by half after 1800 UTC 11 September resulted in no mesovortex 

development and a substantial decrease in precipitation. The results from this study have relevant 

implications to the representation of microphysical processes in numerical weather prediction 

models. The capability to forecast the development of these mesovortices and their subsequent 

environmental and hydrological effects could be critical for decision makers and the public, 

given their association with high rain fall rates.  
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1. Introduction  

Flash flooding is not uncommon in Colorado. The state has a long history of extreme 

precipitation and flooding events (McKee and Doesken 1997; Grigg et al. 1999; Bolinger 2013). 

Coloradoôs complex topography (Figure 1.1) plays a large role in the production of precipitation. 

The dramatic rise in elevation from the eastern plains towards the mountainous western half of 

the state (over 2,000 m difference in elevation) provides mechanical forcing from orographic lift 

to vertically transport moist, unstable air parcels to their condensation level.  Thus, there is a 

tendency for high rainfall events in Colorado to occur along the Front Range and eastern 

foothills of the Rocky Mountains (McKee and Doesken 1997).  

 

Figure 1.1: Topography of Colorado using ETOPO1 GRM data (Amante and Eakins 2009). 
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Elevation of Colorado (m; color) and US states (thick line) and county (thin line) boundaries 

depicted. The cities of Fort Collins, Boulder, and Denver are placed as a reference, as well as 

other geographic markers. The white filled-in circle labeled ñPLTò represents the location of the 

Platteville profiler. The red dashed box depicts the domain over which averaging is performed in 

the analysis.  

Along the Colorado Front Range, flash flooding events tend to occur more frequently in 

June, July, and August (Maddox et al. 1980). During these months the North American Monsoon 

takes place in the southwestern U.S., characterized by a southerly shift in the large-scale wind 

patterns resulting in increased moisture transport from the eastern Pacific Ocean and Gulf of 

California (Adams and Comrie 1997). Thus, the monsoon season results in a higher availability 

of precipitable water, i.e. the amount of water vapor in a column of air that could condense and 

fall out as rain (McKee and Doesken 1997).  

Maddox et al. (1980) aimed to classify flash floods and heavy rainfall events over the 

western U.S. and found that most of them occur with ñweak large-scale patternsò, which 

otherwise would look benign to a forecaster. The large-scale pattern associated with Type I 

western flooding events (most common east of the Sierra Mountain ranges) involves a 

northward-moving, weak short-wave trough along the western edge of an upper-level ridge 

(Figure 1.2; Maddox et al. 1980). Conditions during these types of flash flooding events were 

characterized by high surface dewpoints (>13°C (55°F)) and deep moisture from the surface to 

300 hPa, with precipitable water values exceeding 20 mm between the surface and 500 hPa 

(Maddox et al. 1980). The atmospheric profiles during this type of event tend to have tropical 

characteristics (high tropopause height, nearly saturated conditions into the upper troposphere) as 

well as veering winds with height (associated with warm air advection) (Maddox et al. 1980). 

Similar conditions during the week of 9 September 2013 setup the ingredients which would 

result in extreme precipitation and flash flooding for large portions of Colorado.  
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Figure 1.2: 500 hPa pattern associated with Type I western flood events (from Maddox et al. 

1980).  

 
 
1.1 9-16 September 2013 ï Colorado Extreme Rainfall and Flooding Event 

An unusually moist stationary weather pattern from 9-16 September 2013 led to 

unprecedented rainfall and historic flooding throughout Colorado, especially across the northern 

Front Range and northeastern plains. In Boulder, the 1-day, 2-day, and 7-day total rainfall 

records were broken with 230.6 mm (9.08 in.), 292.6 mm (11.52 in.), and 429.3 mm (16.9 in.), 

respectively (Lukas 2013). This extreme precipitation event led to widespread economic and 

societal impacts. Multiple roads were damaged or completely wiped out, leaving many towns 

isolated without power or drinking water (Young 2014). Following the floods, air and ground 

rescue efforts began delivering supplies and evacuating stranded residents and their pets. Flood 

waters caused severe damage to property and infrastructure estimated to incur economic costs of 

over $2 billion (EQECAT 2014) and resulted in nine deaths.  
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1.1.1 Synoptic Pattern  

Four historic floods of interest for comparison with the 2013 event are: the Big 

Thompson Canyon Flood of 1976 (Caracena et al. 1979; Maddox et al. 1978) and the Fort 

Collins Flood of 1997 (Grigg et al. 1999; Petersen et al. 1999), two historic Colorado floods; the 

Rapid City, SD Flood of 1972 (Maddox et al. 1978); and the Madison County, VA Flood of 1995 

(Pontrelli et al. 1999). These events all produced extreme amounts of rainfall leading to millions 

of dollars in damages and many injuries and fatalities (Table 1.1). The details of each flood event 

are different, but the overall large-scale patterns are the same: a negatively tilted 500 hPa ridge 

with an embedded northward-moving short-wave trough west of the ridge (Figure 1.3).  

 
Table 1.1: Description of selected historic floods  

 
Storm 

Description 
Precipitation Impact References 

Big Thompson 

Flood ï 31 July 

1976 

Relatively 

stationary band 

of thunderstorms 

Over 300 mm of 

rain in 4 hours 

100+ deaths 

$35.5 million in 

damages 

Caracena et al. 

1979; Maddox et 

al. 1978 

Fort Collins, 

CO Flood ï 28 

July 1997 

Quasi-stationary 

storm system 

Over 250 mm of 

rain in 6 hours 

5 fatalities, many 

injured 

>$200 million in 

damage to City 

$100 million in 

damage to CSU 

campus 

Grigg et al. 1999; 

Petersen et al. 

1999 

Rapid City, SD 

Flood ï 9 June 

1972 

Narrow band of 

convection 
380 mm of rain 

236 fatalities 

>$100 million in 

damages 

Maddox et al. 

1978 

Madison 

County, VA 

Flood ï 27 June 

1995 

Two consecutive 

mesoscale 

convective 

systems 

Over 600 mm 

3 fatalities 

>$200 million in 

damages 

Pontrelli et al. 

1999 
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Figure 1.3: 500 hPa analysis for historic extreme precipitation and flooding events. 

For 0000 UTC on (a) 1 August 1976 during the Big Thompson storm (from Maddox et al. 1978), 

(b) 29 July 1997 during the Fort Collins flood (from Petersen et al. 1999), (c) 10 June 1972 for 

the Rapid City, SD flood (from Maddox et al. 1978), and (d) 28 June 1995 for the Madison 

county, VA flood (from Pontrelli et al. 1999).  

The 2013 event studied here has similarities to past historic floods, especially in the 

large-scale synoptic setup. ñWhen a portion of the 500 mb short wave breaks into, or cuts off 

within, the long-wave ridge, the situation is especially dangerous if significant moisture and 
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instability are presentò (Maddox et al. 1980). During the September 2013 event, the short-wave 

trough embedded within the ridge subsequently cut-off from the mean flow and remained 

relatively stationary over Nevada and Utah (Figure 1.4a,b). The upper-level ridge acted to block 

the progress of weather systems that could have caused the movement of the cut-off low, leading 

to a stagnant weather pattern that persisted for more than a week. The slow-moving (at times 

stationary) cut-off low was responsible for air parcel trajectories originating from over the Gulf 

of Mexico in the lower troposphere and from the East Pacific (off the western coast of Mexico) 

in the upper troposphere (Figure 1.5), leading to extremely high precipitable water values. The 

precipitable water (PW) values at Denver broke daily records for many days, reaching amounts 

as high as 35 mm (1.38 in.; Figure 1.6). This moisture content is extremely rare for September 

and more often seen during the monsoon season (July-August) (McKee and Doesken 1997). 

Although rare for this time of year, the deep layer moisture and PW values of over 25 mm during 

this event were similar to the historic floods described above, which occurred during the typical 

monsoon season.  
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Figure 1.4: Synoptic overview of September 2013 Colorado extreme precipitation event  

(a) time-mean 500 hPa geopotential height (m; black contours at 60 m intervals) and anomaly 

(m; color), (b) GOES-13 water vapor overlayed with 500 hPa geopotential height contours (m; 

white contours at 40 m intervals) and wind vectors (m/s) at 0600 UTC 12 September 2013, (c) 

column-integrated precipitable water (mm; black contours at 5 mm intervals) and standardized 

anomaly (units of standard deviation; color) for 12 September 2013, and (d) 700 hPa zonal winds 

(m/s; black contours at 5 m/s intervals for values Ò 0), standardized anomaly (color), and wind 

barbs (kts) for 12 September 2013. From Gochis et al. (2014, manuscript submitted to BAMS.) 
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Figure 1.5: HYSPLIT model backward trajectory ending at 0000 UTC 12 September 2013. 

72-hour backward trajectories for three height levels (500, 3000, 6000 m AGL) plotted in hPa 

from the NOAA HYSPLIT model (Draxler and Rolph 2013). NCEPôs Global Data Assimilation 

System (GDAS) was used as the meteorological input for the trajectories.   



 

9 

 

Figure 1.6: Precipitable water (cm) from the surface to 300 hPa for September 2013 observations 

and the 1946-2012 maximum, minimum, mean, and standard deviations (from Gochis et al. 

2014, manuscript submitted to BAMS).   

 

The September 2013 case did have some differences from the typical Type I western 

flash flood event. The Type I flash floods described in Maddox et al. (1980) tend to be associated 

with short-lived, localized thunderstorms that produce extreme precipitation during the 

afternoon-evening hours (e.g. Big Thompson flood (Caracena et al. 1979) and Fort Collins 1997 

flood (Grigg et al. 1999)). The September 2013 event produced widespread precipitation along 

the Front Range and eastern plains of Colorado over several days, as well as over New Mexico 

and western Kansas. This study will focus on the precipitation over the northern Colorado Front 

Range near the city of Boulder (see Figure 1.1 for location reference) from 11-12 September 

2013, when rainfall rates were the highest (Figure 1.7). 
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Figure 1.7: NCEP Stage IV 24 hr accumulated precipitation for north-central Colorado.  

24 hr accumulated precipitation (mm) valid at 1200 UTC 12 September for the NCEP Stage IV 

analysis (observations). High precipitation value is 232.9 mm in Boulder County.  

The initial lifting mechanism in the region was a baroclinic zone (cold front) that 

stretched from eastern Canada to eastern Colorado (Bolinger 2013; Gochis et al. 2014) 

associated with an upper-level trough in eastern Canada (Figure 1.4b). The position of the cut-off 

low west of Colorado and the subtropical high pressure system located over the south-

southeastern U.S. helped to transport warm, moist air northward and westward into the Colorado 

Front Range (Figure 1.4d) (Gochis et al. 2014). Due to the dramatic change in topography from 

eastern to western Colorado (Figure 1.1), orographic lift was also able to initiate and maintain 

convection throughout the precipitation event. Orographic lift was a common trigger for 

convection in the Big Thompson, Fort Collins, Rapid City, and Madison County floods; for some 

events the location of the convection was determined by the local terrain.  
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1.2 11-12 September 2013 ï Heaviest Precipitation  

Heavy precipitation occurred throughout the entire event, with only brief breaks in the 

storm, but on the evening of 11 September into the 12th (0400-0700 UTC), the city of Boulder 

experienced its most extreme hourly rainfall rates (>40 mm/hr or  >1.6 in./hr; Figure 1.7 and 

Figure 1.8). This time period was also associated with colder cloud tops and lightning, 

characteristics of deep convection versus more stratiform precipitation (Figure 1.8). 

 

Figure 1.8: Precipitation and rain gauge data for Boulder for 9-13 September (from Gochis et al. 

2014, manuscript submitted to BAMS).   

Mean IR brightness temperatures (°C; solid black), lightning mapping array (LMA) source 

density (# km
-2

 hr
-1

; green), and rain rate (in) for locations at Sugarloaf Mountain (solid red) and 

Boulder (dashed red), CO.  
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The ingredients needed to produce heavy precipitation are those that can increase both 

the time-averaged rain rate (Ὑ) and an eventôs duration (D), described through P = ὙὈ, where P 

is the total precipitation (Doswell et al. 1996). Simply stated, ñthe heaviest precipitation occurs 

where the rainfall rate is the highest for the longest timeò (Doswell et al. 1996). To produce a 

high rainfall rate, high moisture content, upward motion, and high precipitation efficiencies are 

required. Precipitation efficiency describes the amount of condensate falling as rain compared to 

the amount of condensate available within the cloud. Rain evaporation, entrainment of dry air, 

and advection of condensate aloft by strong updrafts will act to reduce precipitation efficiency. 

Tropical sounding features such as high freezing level, low cloud base, weak vertical wind shear, 

and a deep layer of high moisture content are generally associated with high precipitation 

efficiency (Maddox et al. 1977; Davis 2001). The duration of the event is determined by the 

system speed, size and organization.  

The slow-moving large-scale system provided the high moisture content and south-

southeasterly winds towards the Front Range resulting in widespread, almost continuous 

precipitation from 9-16 September. The precipitation system was very large, covering not just 

Colorado, but many neighboring states with clouds (Figure 1.4b) and precipitation. Because of 

the weak vertical wind shear, the storms themselves were not very organized, i.e. there were no 

lines or individual clusters of cells similar to a squall line, mesoscale convective system (MCS), 

or supercells. Flash flood-producing storm systems may be convective or nonconvective, where 

the latter are not as deep (i.e. cloud tops may not be very cold) and can produce heavy rain 

through orographically forced updrafts (Doswell et al. 1996). The September event studied here 

had embedded convective precipitation within a widespread nonconvective system (Figure 1.9). 

Figure 1.9b covers a region focused over Boulder county and southern Larimer County and 
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demonstrates the direction of the radar reflectivity echoes was from east to west during the time 

of heaviest precipitation (denoted by dotted box).  

 

Figure 1.9: Hovm ller plots of radar reflectivity from Gochis et al. 2014 (manuscript submitted 

to BAMS).  

Radar reflectivity (dBZ) from the Denver NEXRAD (KFTG) corresponding to an area focusing 

over Denver, Boulder County and southern Larimer County for (a) 09-13 September 2013 and 

(b) 11-13 September 2013. The dotted box in b) denotes the period of heavy precipitation and 

flooding. The arrows denote the general direction of the radar echoes (óE to Wô means east to 

west, and vice versa). The mean longitudinal topography is included at the bottom of the figure 

(higher elevation to the west).   

From 0000 UTC 11 September to 1200 UTC 13 September, six consecutive soundings 

measuring precipitable water broke the 1946-2012 maximum record for daily observations in 

Denver (Figure 1.6). An atmospheric sounding taken on 0000 UTC 12 September from Denver 

shows the atmosphere was close to saturation, with a very high tropopause height (~150 hPa), 

weak vertical wind shear, and  high freezing level (~600 hPa) (Figure 1.10). The sounding in 

Figure 1.10 is representative of the environment from 9-16 September, having characteristics 

more commonly found in a tropical environment (favored for heavy rainfall) than that of a 

midlatitude, mountainous region. Due to the high amounts of moisture, the lifting condensation 

level (LCL) and level of free convection (LFC) were close to each other with cloud base very 
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low to the ground (~844 hPa). Thus, orographic lifting would be expected to provide sufficient 

lift to get parcels to their condensation level.  

 

Figure 1.10: Atmospheric profile for 0000 UTC 12 September at Denver (DNR). 

 
 

The environment during this event had low values (~1000 J/kg or less) of convective 

available potential energy (CAPE) with little to no convective inhibition (CIN) and was 

generally moist adiabatic to neutral (Figure 1.10). Low to moderate CAPE is favored for more 

efficiently producing rainfall than environments with the potential for stronger updrafts (Davis 

2001). This is because stronger updrafts would tend to advect moisture and condensate aloft, 

which acts to decrease the precipitation efficiency and enhance mixed-phase and ice processes, 



 

15 

resulting in the production of high-density graupel and hail. Observations of hydrometeors from 

the Denver (KFTG) radar from 0200-0600 UTC 12 September show ice species (aggregates, wet 

snow, low-density graupel) were available in the storm near the freezing level (Figure 1.11a). Ice 

species falling through the 0°C level could melt and become small raindrops, which could then 

fall through a relatively deep layer of liquid cloud and grow through collision-coalescence 

(Gochis et al. 2014). Flash floods tend to be associated with 3-4 km thick warm cloud layers 

(Chappell 1993); the warm-cloud layer in this case was approx. 2.5 km deep, which is unusually 

thick for Colorado.  The combination of a deep layer of warm, cloudy air to promote warm rain 

processes, not-excessively-strong updrafts to increase residence time of a parcel within the warm 

cloud layer, and a highly saturated environment inhibiting both high rain evaporation and 

entrainment of dry air resulted in high precipitation efficiencies during this event as seen by the 

amount of rainfall reaching the surface (Figure 1.7). 

 

Figure 1.11: Normalized frequency of occurrence for each hydrometeor type with height (from 

Gochis et al. 2014, manuscript submitted to BAMS).  

(a) KFTG radar for 0200-0600 UTC 12 September and (b) CHILL radar for 2100-0600 UTC 12 

September. 
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1.2.1 Mesoscale Features  

Amid this region of heaviest rainfall, a cyclonic mesoscale circulation developed north of 

Denver, CO. Observations of radial velocity from the Denver (KFTG) radar show a rotational 

signature from 0400-0700 UTC on 12 September (Figure 1.12). The mesoscale vortex 

(mesovortex) traveled northwestward towards the city of Boulder. The rotation was associated 

with enhanced southeasterly (upslope) flow over Boulder County. East of Boulder County, the 

Platteville (PLT) wind profiler (see Figure 1.1 for reference location) observed this enhanced 

low-level flow. The PLT profiler shows a low-level jet (LLJ) with maximum speeds of 30 kts 

between 0400 UTC and 0700 UTC 12 September (Figure 1.13). This time period was also 

associated with bands of localized deep convection (> 40 dBZ echoes) traveling east to west 

towards higher elevations (Figure 1.9 and Figure 1.14). These observations suggest a connection 

between the high rain rates and the mesovortex, both observed to occur over Boulder between 

0400-0700 UTC.  
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Figure 1.12: Observed radial velocity from the Denver (KFTG) radar for 12 September 2013. 

Times shown are (a) 0425 UTC and (b) 0612 UTC. The radarôs elevation angle is 0.5°. The 

yellow circle denotes the location of the mesoscale vortex and the blue arrow represents upslope 

flow (thickness illustrates enhancement at 0612 UTC). Enhanced upslope flow shown by higher 

values of outbound radial velocity (red). Adapted from images courtesy of R. Schumacher. 
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Figure 1.13: Platteville (PLT), CO wind profiler data from 2200 UTC 11 September 2013 to 

1200 UTC 12 September 2013.  

Time increases from right to left. Vertical axis is height (MSL in km). Wind speeds are color 

coded (kts). Location of PLT profiler can be found in Figure 1.1. Figure courtesy of R. 

Schumacher.  
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Figure 1.14: Observed radial reflectivity from the Denver (KFTG) radar for 12 September 2013.  

Times shown are (a) 0425 UTC and (b) 0612 UTC. The radarôs elevation angle is 0.5°. The 

white circle denotes the location of the mesoscale vortex, same as those in Figure 1.12. Enhanced 

convection shown by higher reflectivity values. Adapted from images courtesy of R. 

Schumacher. 
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Surface observations at 0300 UTC show some of the rotation associated with the 

mesovortex (Figure 1.15). At this time, the area over which the rotation resided was overcast 

with saturated conditions and light winds (~5 m/s). The cyclonic circulation originated in an area 

known for the development of an orographically-induced circulation, i.e. the Denver Cyclone 

(Szoke et al. 1984; Wilczak and Glendening 1988; Crook et al. 1990; Wilczak and Christian 

1990; Szoke 1991). The possible mechanism for the development of this mesoscale feature will 

be further explored in Section 1.3.  

 

Figure 1.15: Surface observations for 0300 UTC 12 September over a large portion of Colorado. 

Surface stations denoting temperature (°C; red), dewpoint temperature (°C; green), wind barbs 

(kts), mean sea level pressure with first 9 or 10 omitted (hPa; black), and sky cover (filled in 

circle means overcast). Dotted blue circle denotes the area of rotation. Station names for 

locations of interest are: BDU = Boulder, DEN = Denver, and FNL = Fort Collins-Loveland. 

Figure courtesy of Russ Schumacher.  
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1.3 Possible Mechanisms for Mesoscale Vortex Development 

The mechanisms that will be explored in this study to determine the origin of the cyclonic 

circulation observed during the September 2013 extreme precipitation and flooding event will be 

1) terrain blocking/lee vortex formation and 2) vorticity generation via vertical gradients in latent 

heating. Due to the location where the cyclone first developed, a plausible idea would be for the 

mesoscale vortex to have developed in a similar manner as the Denver Cyclone. However, the 

immense amount of precipitation falling over such a widespread area would be expected to 

release a large amount of latent heat through microphysical phase changes (i.e. condensation, 

deposition, freezing) and this heating could also induce rotational flow, as explained below.  

 
1.3.1 Lee Vortex Formation (Denver Cyclone) 

1.3.1.1 Description 

The Denver Cyclone is a cyclonic mesoscale vortex or gyre that forms in the lee of the 

east-west oriented ridge, the Palmer Divide, near Denver in northeastern Colorado. A related 

phenomenon known as the Denver Convergence and Vorticity Zone (DCVZ, Szoke et al. 1984) 

is characterized by a region of converging surface winds often located on the eastern flank of the 

circulation. These mesoscale features are sometimes associated with generating severe weather 

near Denver and the eastern plains, including hail and flooding (Blanchard and Howard 1986) 

and tornadoes (Szoke et al. 1984; Wakimoto and Wilson 1989). A typical diameter for the 

Denver Cyclone is about 100 km and its lifetime is on the order of 10 hours (Wilczak and 

Glendening 1988; Crook et al. 1990). Observational studies have shown the circulation can 

remain relatively stationary (Wilczak and Glendening 1988; Wilczak and Christian 1990) or 

travel northward (Crook et al. 1990; Szoke 1991). The low-level flow that is observed during a 
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Denver Cyclone or DCVZ is usually south-southeasterly (Szoke et al. 1984; Wilczak and 

Glendening 1988; Crook et al. 1990; Wilczak and Christian 1990; Szoke 1991). Wilczak and 

Christian (1990) found the vortex center of their case study gyre to be associated with low-level 

convergence during the night, but divergence in the presence of significant daytime heating. 

They also found the vortex had a ñwarm-coreò, which can sometimes lead to the observance of a 

cloud-free ñeyeò in satellite imagery (Szoke 1991).  

1.3.1.2 Mechanisms for Vortex Development  

Studies suggest the Denver Cyclone forms from low-level flow interacting with the local 

topography. As the southerly to southeasterly flow encounters an obstacle (the Palmer Divide) it 

can either go over it or be blocked and have to go around it. The Froude number, Fr, is used to 

determine if a flow will be blocked, 

                                   &Ò
 
 ,                                                         (1) 

where U is the mean wind speed, N is the BruntīVaÉÓaÌÁ frequency (a measure of stability), and 

H is the height of the obstacle. In order to have at least some of the flow blocked by the terrain, 

Fr must be less than one (e.g. large N and weak U). Low Fr environments have been found to 

generate cyclonic circulation in the lee of the Palmer Divide through baroclinically generated 

horizontal vorticity as isentropes bend upward/downward with the flow over the obstacle 

(Smolarkiewicz and Rotunno 1989; Crook et al. 1990). Crook et al. (1990) found that generation 

of surface vorticity through wave breaking (caused by isentropes turning over) and a leftward 

deflection induced through blocking by the Front Range could contribute as additional 

mechanisms to the formation of the circulation. Southerly flow would be blocked by the Palmer 

Divide, while southeasterly flow, having a component perpendicular to the Front Range, could 

be more easily blocked without having such strict stability requirements (Crook et al. 1990). 
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Although low Fr seems important for the initial generation of the circulation, the Denver 

Cyclone has been observed in well-mixed environments with larger Fr (Wilczak and Glendening 

1988) and during day and night (Wilczak and Christian 1990). Thus, terrain blocking or lee 

vortex formation may not be the only mechanism involved in its formation (Szoke 1991; Davis 

1997).  

 
1.3.2 Vorticity Generation via Latent Heating 

1.3.2.1 Description 

Latent heat represents the energy released or absorbed by a system or substance (e.g. 

water) as it changes phases without changing its temperature, and is expressed in units of J kg
-1

. 

Phase changes such as evaporation, melting, and sublimation will absorb energy from the 

environment, while condensation, freezing, and deposition will release latent heat. For example, 

rain evaporation would absorb energy from its environment and lead to cooling of the air (latent 

cooling). Similarly, condensation of cloud water would release energy and lead to heating of the 

atmosphere (latent heating).  

The latent heating profile within a storm can vary between the convective and stratiform 

precipitation regions. Studies have found that heating profiles characteristic to convective areas 

within an MCS (Johnson 1986; Houze 1989) and squall line (Gallus and Johnson 1991) tend to 

have a peak in latent heating in the mid-troposphere (Figure 1.16), where condensation is 

maximized. In the stratiform area, the peak in latent heating tends to be located aloft, where the 

anvil extends away from the core updraft within the convective area (Figure 1.16). A cooling 

peak in the lower troposphere is also a characteristic of the stratiform heating profile, mainly 

caused by melting and evaporation as hydrometeors fall from the stratiform region (Figure 1.17).  
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Figure 1.16: Schematic of latent heating profiles for mature MCS from Johnson (1986).  

 

 

Figure 1.17: Schematic of hydrometeor processes within an MCS from Houze (1989). 

 
 

1.3.2.2 Mechanism for Vortex Development  

The release of energy as latent heating is important to additional growth of a storm during 

convection because it can increase the buoyancy of air parcels leading to increased vertical 

velocity and low-level convergence (Danard 1964; Houze 1984), which can help vertically 

transport warm, moist air from the surface to be condensed at mid- to upper-levels. A study by 
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Raymond and Jiang (1990) proposed that MCS could help maintain themselves through 

interactions between the environmental wind shear and potential vorticity (PV) anomalies 

generated by the release of latent heat.  

As previously mentioned, latent heating can cause buoyancy differences, which can lead 

to upward motions transporting mass across isentropic surfaces. PV is conserved between two 

isentropic surfaces, so an updraft will act to reduce the mass below the source of heating, causing 

PV to increase (Haynes and McIntyre 1987; Raymond and Jiang 1990). Thus, a positive PV 

anomaly will be induced below the diabatic warming, forming a cyclonic circulation around the 

anomaly (Figure 1.18).  

 

Figure 1.18: Structure of PV anomalies due to convection adapted from Raymond and Jiang 

(1990).   

 
 

Through this mechanism, a positive PV anomaly would be found below the mid-

tropospheric peak in the stratiform heating profile and near the surface below the lower-

tropospheric peak in the convective heating profile (Figure 1.16). This relationship can be 

described through Equation 2,  

    ‒ Ὢ                                                  (2) 
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where ‒ is the relative vorticity, f is the Coriolis parameter, and — represents diabatic heating 

through latent heat release. Equation 2 shows that vertical gradients in latent heating cause the 

PV of an air parcel to not be conserved. This can lead to the development of mesoscale 

convective vortices (MCVs; Johnston 1981; Bartels and Maddox 1991; Bartels et al. 1997; Trier 

et al. 2000), which are generally associated with a mid-tropospheric positive PV anomaly that 

develops in the stratiform region of an MCS (Figure 1.16).  

A positive PV anomaly will tend to deform the isentropic surfaces and bend them 

towards the anomaly as illustrated in Figure 1.19a. Low-level flow within a vertically sheared 

environment would then experience isentropic lift downshear of the anomaly and descent 

upshear. The cyclonic circulation induced from the positive PV anomaly will also have ascent 

associated with the northward moving winds as they glide up the isentropic surfaces that are 

sloped from south to north owing to the synoptic-scale baroclinity (Figure 1.19b). This ascent on 

the downshear side of the MCV can influence the initiation of convection on the next day, which 

can act to strengthen the PV anomaly through vortex stretching or generate a new MCV, thus 

extending its lifetime (Menard and Fritsch 1989; Bartels and Maddox 1991; Trier et al. 2000). 
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Figure 1.19: Diagram of isentropic lifting as low-level flow encounters a positive PV anomaly 

within ambient vertical wind shear (from Trier et al. 2000).  

(a) Zonal cross-section of positive PV anomaly embedded in sheared flow within isentropic 

surfaces; upglide is located on the upwind side of the vortex. (b) Meridional cross-section of the 

vortex induced by the PV anomaly; upglide is associated with the northward moving winds. 

For a mesoscale circulation to form near the surface, similar to the circulation 

investigated in this study, a profile with convective heating characteristics (similar to the 

convective area profile in Figure 1.16)  or a profile where there is little or no evaporative cooling 

near the surface (Rogers and Fritsch 2001; Schumacher and Johnson 2008) would be favored. 

This would shift the maximum warming in Figure 1.18 downward from the mid-troposphere, 

allowing for a cyclonic circulation to form closer to the ground. Although the event studied here 

does not have the convective organization typical to that of the MCSs analyzed in previous 

studies (Johnson 1986; Houze 1984; Raymond and Jiang 1990), the widespread and persistent 
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precipitation observed does compare. Therefore, analogies can be made between MCS 

maintenance and the formation of the mesoscale vortex in this study. 

1.4 Project Goals  

This study aims to investigate the processes that led to the development of a mesoscale 

vortex observed from 00-06 UTC 12 September 2013 near the Denver/Boulder area in Colorado. 

The first goal of this project was to properly model the mesoscale vortex and use the simulation 

to understand the circulationôs characteristics and its effect on the surrounding atmospheric flow, 

convection, and surface precipitation. Once a control simulation is properly established, the next 

goal is to understand whether this circulation was associated with lee vortex formation 

(mechanism responsible for the Denver Cyclone) or if it developed through the dynamic-

thermodynamic feedbacks from the release of latent heat. Further analysis will then be performed 

to understand the role of latent heating to the mesovortex development and evolution, as well as 

the role of microphysical processes to latent heating within the model. The capability of 

numerical weather prediction (NWP) models to properly represent these microphysical processes 

can then have an effect on the forecasting of similar mesovortices during extreme precipitation 

and their feedbacks to convection, precipitation, and the local environment.    
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2. Methods 

2.1 Model Description and Configuration 

The Advanced Research Weather Research and Forecasting (ARW) model version 3.3.1 

was used to simulate the heavy precipitation event explored in this study. ARW is a three-

dimensional non-hydrostatic regional numerical weather prediction model (Skamarock et al. 

2008). The model configuration is a two-way nested grid with three domains (Figure 2.1). The 

outer domain has a horizontal grid spacing (æx) of 36 km, the inner domain has æx = 12 km, and 

the innermost domain has æx = 4km. The model contains 36 stretched vertical levels (higher 

resolution near the surface) and a 50-hPa model top. The time steps used are 144, 48, and 16 

seconds for the 36 km, 12 km, and 4 km domains, respectively. Simulations are initialized at 

0000 UTC 11 September 2013 and run for 60 hours, ending at 1200 UTC 13 September 2013.   

 

Figure 2.1: ARW model domain configuration with telescoping nests.  
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Outer domain has a horizontal grid spacing (æx) of 36 km, inner domain (d02; yellow) æx = 12 

km, and innermost domain (d03; red) æx = 4 km. A marker location for Boulder, CO (white dot) 

is provided for reference. 

The National Centers for Environmental Prediction (NCEP) Global Forecast System  

(GFS) model at a 0.5° grid provided the initial and lateral boundary conditions, which were 

updated every three hours. The Grell-Devenyi 3 (G3; Grell and Devenyi 2002) cumulus 

parameterization scheme was used for the coarser domains (36 and 12 km). The 4 km nest ran at 

ñconvection-permittingò scale so no cumulus parameterization was applied.  The Thompson 

microphysics (MP) scheme (Thompson et al. 2008) was used for all domains. Further detail on 

the Thompson scheme can be found in section 2.2. The Dudhia shortwave (Dudhia 1989) and the 

Rapid Radiative Transfer Model (RRTM; Mlawer et al. 1997) longwave radiation schemes were 

used. The 4-layer Noah land surface model (Chen and Dudhia 2001) was used to calculate the 

surface heat, moisture, and momentum fluxes, communicating these to the planetary boundary 

layer, parameterized by the Yonsei University (YSU; Hong et al. 2006) non-local scheme.  

This configuration was adapted from the member of the ensemble run by the Schumacher 

Group at Colorado State University that produced the best forecast of the rainfall in this event.  

Their ensemble has five members using the ARW model (v3.3.1) with a variety of initial 

conditions (ICs), lateral boundary conditions, and parameterizations for cumulus, microphysics, 

land surface, shortwave/longwave radiation, and the planetary boundary layer 

(http://schumacher.atmos.colostate.edu/weather/csuwrf_info.php). For the ensemble initialized at 

0000 UTC 11 September 2013, the 12-36 hour precipitation forecast for ñmember 2ò best 

captured the ñbulls-eyeò of high precipitation along the northern Front Range compared to the 

stage IV analysis from NCEP (Figure 2.2). The model configuration for member 2 was applied 

http://schumacher.atmos.colostate.edu/weather/csuwrf_info.php
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to produce the control simulation in this study, with the addition of a second nested domain with 

finer resolution (4 km).  

 

Figure 2.2: Accumulated precipitation for the 36h forecast initialized at 0000 UTC 11 September 

for the five CSU ARW 12 km ensemble members, the ensemble mean, and the NCEP Stage IV 

analysis. Images from R. Schumacher CO flood website: http://colorains.blogspot.com/ 

A study by Schwartz (2014) performed sensitivity tests varying ICs and microphysics 

parameterizations for a 48 hour simulation initialized at 1200 UTC 11 September 2013 using the 

ARW (v3.3.1) model. The ICs tested were from the North American Mesoscale Forecast System 

(NAM) and GFS models. For each IC, the Thompson and Morrison microphysics schemes were 

applied in separate runs. Their results showed ñsystematic differences were not attributable to the 

varied ICs or MP schemesò and that simulations with 1 km horizontal grid spacing better 

resolved the observed precipitation compared to 4 km (Schwartz 2014). The sensitivity to 

microphysical parameterization was briefly explored during this study; we found that using the 

http://colorains.blogspot.com/
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Morrison scheme did generate the mesoscale feature of interest (i.e., a mesoscale vortex), but the 

location of maximum precipitation was shifted east with higher precipitation amounts (see 

Appendix A). We will demonstrate that the use of the GFS ICs and Thompson microphysics for 

a forecast at 4 km horizontal grid spacing provides a reasonable representation of the mesoscale 

features of interest, produces a reasonable precipitation forecast, and results in correspondence of 

the observed and simulated precipitation structures.  

 
2.2 Microphysics Parameterization 

As previously noted, the Thompson microphysics scheme (Thompson et al. 2008) was 

used in this study. The features in this scheme are designed and tuned for operational forecasting, 

i.e. incorporating microphysical observations and reducing computational costs where possible to 

enable real-time simulations (Thompson et al 2008). The Thompson scheme is a bulk one-

moment (mass mixing ratio only) scheme that is capable of predicting two moments (both mass 

mixing ratio and number concentration) for rain and cloud ice, as follows.  This parameterization 

contains five hydrometeor species: cloud water, rain, cloud ice, snow, and graupel. With the 

exception of snow, a generalized gamma distribution (Equation 3) is assumed for each 

hydrometeor species. 

                                        ὔὈ ‗ ὈὩ                                               (3) 

In Equation 3, Nt is the total number of particles, D is the particle diameter, ɛ is the shape 

parameter, and ɚ is the slope of the distribution. This equation can also be written as 

                                                ὔὈ ὔὈὩ ȟ                                                   (4) 

where N0 is the intercept parameter of the distribution. This variable is allowed to vary and is 

determined from the mixing ratio, as described in Thompson et al. (2008), thus permitting 
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variations in the number concentration (i.e., effectively predicting an additional moment of the 

distribution beyond the mass mixing ratio).  

The number concentration of cloud water droplets is prescribed and set as a constant, 

where the default value is 400 cm
-3

. An experiment using a cloud droplet concentration of 250 

cm
-3

 did not inhibit the development of a mesoscale vortex, but did change its location, similar to 

the result using a completely different microphysics scheme (see Appendix A). The shape 

parameter for the cloud water distribution is derived through an empirical relationship with the 

previously set number concentration. Both of these parameters are important in the 

autoconversion (conversion from cloud water to rain) process in this scheme (Thompson et al. 

2008).  

Since the Thompson scheme is able to predict two moments for cloud ice, the only free 

parameter is ɛ, which is set to zero for the control simulation due to a lack of observational 

guidance to determine its value (Thompson et al. 2008). Setting ɛ to zero returns an exponential 

number distribution (Equation 4). 

The Thompson scheme allows a shift in the rain size distribution depending on whether 

the rain appears to have been produced through melting of ice or collision-coalescence (warm 

rain process) (Thompson et al. 2008). The intercept parameter will thus vary depending on the 

dominance of either small drops formed through melting of ice/snow or larger drops formed as 

drizzle drops grow through accretion. Similarly, graupel also has a varying intercept parameter 

which is diagnosed from the graupel mixing ratio. The bulk graupel particle density is set to 500 

kg m
-3

 for the control simulation and ɛ for both rain and graupel is set to zero.  

The assumed size distribution for snow depends on both ice water content and 

temperature and is represented as the sum of exponential and gamma distributions.  Unlike other 
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bulk microphysical parameterizations, snow is assumed to have a non-spherical shape (fractal-

like aggregate crystals) with density varying inversely with diameter. In this scheme, snow forms 

through depositional growth of cloud ice; cloud ice particles that grow beyond a threshold size of 

200 ɛm in diameter are ñimmediately transferred to the snow categoryò (Thompson et al. 2008).  

 
2.3 Experimental Setup  

2.3.1 Latent Heating Experiments 

To test the relative importance of lee vortex formation and generation of vorticity via 

latent heat release from convection in producing the observed mesovortex, a simple experiment 

was performed in which the latent heating from microphysics (LH) was completely turned off 

during the simulation (LH_OFF). Phase changes could still occur within the model, but latent 

heating and cooling associated with these phase changes was not allowed.  

After analysis of the LH_OFF experiment, we hypothesized that the origin of the 

mesovortex that enhanced upslope flow and heavy rain fall on 12 September was in the details of 

the location and strength of the latent heat release from the storm just prior to the development of 

the rotational flow. We tested this hypothesis by running the control simulation (herein referred 

to as ñcontrolò) with LH turned off for part of the simulation. Again, phase changes were still 

allowed in the model, but their associated release/uptake of latent heat was not. Experiment 

LHON_LHOFF was performed to determine if precipitation that occurred on the day prior (11 

September) had any impact on the mesovortex observed on 12 September. In this experiment, the 

latent heating remained on for the first 18 hours of the simulation, from 00Z to 18Z on 11 

September 2013, and then was turned off for the remaining 42 hours. The first 18 hours were 

chosen because by that time the ñfirst roundò of precipitation had occurred and dissipated, and 
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thus the effects of precipitation and heating from these processes would be realized in the model; 

there were about 6-8 hours remaining in the simulated atmosphere before the mesovortex was 

observed. The experiment LHOFF_LHON sought to test if the latent heating associated with the 

precipitation that occurred on the same day as the mesovortex event (12 September) was the 

primary influence on its development. For this experiment latent heating was turned off for the 

first 18 hours and then turned on for the remaining 42 hours, from 1800 UTC 11 September to 

1200 UTC 13 September 2013. A summary of all the experiments and the mechanisms tested in 

each experiment can be found in Table 2.1 and Table 2.2, respectively.  

 
Table 2.1: Summary of Latent Heating Experiments 

 
Latent Heating (LH) 

Forecast Time 
Control 

(LH_ON) 
LH_OFF LHON_LHOFF LHOFF_LHON 

11 Sept 

00-18Z 
ON OFF ON OFF 

11 Sept 18Z ï 13 

Sept 12Z 
ON OFF OFF ON 

 

Table 2.2: Mechanisms Tested by Each Experiment  

Experiment Reasoning 

Control (LH_ON) 
Simulation is used as a proxy for mesoscale observations of 

the event  

LH_OFF 

Simulation is used to test the importance of either latent 

heating or lee vortex formation to the development of the 

mesovortex  

LHON_LHOFF 

Simulation is used to test if latent heating from 

precipitation on prior day had impact on the mesovortex 

development on 12 September 2013 

LHOFF_LHON 

Simulation is used to test if latent heating from 

precipitation on 12 September 2013 had impact on 

mesovortex development that same day 
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2.3.2 Latent Heating Calculations  

Further analysis of the control simulation was conducted to explore the contribution of 

microphysics processes to latent heating during the event. This was done by calculating the 

temperature tendency for ñbulkò microphysics processes, i.e. sublimation/deposition, freezing, 

melting, and condensation/evaporation. The instantaneous freezing (melting) of cloud water 

(cloud ice) was also incorporated because it was included as a source of latent heating in the 

Thompson microphysics scheme. The individual processes included in each bulk term can be 

found in Appendix B. The following equations and constants were used to calculate the 

temperature tendencies for the bulk microphysics terms:  

                ῳὝ ὒ ὅ ”  άὴὶὥὸὩ                                          (5) 

               ὅ ρππτ ρ πȢψψχὗ ȟ                                          (6) 

               ”
Ȣ  

 Ȣ
                                                      (7) 

These equations were obtained from the Thompson parameterization within the ARW model. 

ὒ is the latent heat of vaporization, fusion, or sublimation in J kg
-1

, ὅ is the heat capacity at a 

constant pressure in J kg
-1

 K
-1

, ”  is the air density in kg m
-3

,  άὴὶὥὸὩ is the accumulated 

microphysics process rate in kg kg
-1

 for each forecast hour, ὗ  is the water vapor mixing ratio in 

kg kg
-1

, P is pressure in Pa, R is the gas constant for dry air (R = 287.04 J kg
-1

 K
-1

), and T is the 

temperature in K. For the condensation/evaporation term, density was excluded from the 

calculation in Equation 5. 

The instantaneous freezing/melting temperature tendencies were calculated in a similar 

manner as their treatment within the model, namely, any cloud ice would instantly melt into 

cloud water if it was above 0°C and cloud water would instantly freeze if located below the 

homogeneous freezing temperature (235.16 K or -38°C).   
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There was a small discrepancy between the calculated total microphysics heating (as 

described above) and the total microphysics heating calculated explicitly by the model (Figure 

2.3). The reason behind this discrepancy may be due to the way the model derives the amount of 

heating. The model retrieves the required variables in the equations at every time step, but the 

manually calculated values come from variables collected at every hour when the data are 

output. The resulting differences in temperature were less than 1 K, and the shape of the 

microphysics heating profiles were very similar. Therefore, although there are small quantitative 

differences between the derived and model-predicted latent heating profiles, these differences do 

not affect the interpretation of the results.   

 

Figure 2.3: Vertical profiles of latent heating from microphysics (K) for values explicitly derived 

by the model (ñhdiabatic3Dò; red solid line) and the calculated total (ñmp_totalò; black dotted 

line). 

2.3.3 Latent Heating Sensitivity Experiment 

After exploring the dominant microphysical processes occurring during the simulation, a 

simple test was implemented to isolate the impacts of latent heating from a process responsible 
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for the positive vertical gradient in diabatic heating near the surface. We hypothesized that a 

reduction in latent heating from cloud water condensation would reduce the vertical gradient in 

latent heating, leading to less generated PV and inducing a weaker (or no) cyclonic circulation. 

To test this hypothesis, we ran an experiment (referred to as LHOFF_LHHALF) in which the 

contribution of latent heat from condensation/evaporation of cloud water was reduced by half. 

Similar to LHOFF_LHON, the latent heat was not reduced until 1800 UTC 11 September.  

Reducing the latent heat contribution while allowing the same conversion of mass 

between phases is not physical. Of course, removing a large fraction of the energy source will 

feed back to convection and will change the simulation even for this scenario. Another option to 

simulate less latent heat release might be to reduce the droplet number concentration, as can be 

seen from the following equation: 

                                  ὒ  θ ὒ ὔ
Ⱦ
 ὓ

Ⱦ
ὅ ί ί                                  (8) 

where the total rate of cloud water mass change multiplied by the latent heat per unit mass (on 

left hand side) gives the rate of release of energy. Assuming the cloud water mass (Mcw
1/3

), 

constants (C), and a driving force (s-sk) do not change much with rate of condensation,  the 

release of energy will be directly proportional to the number concentration of cloud water 

droplets (ND
2/3

). However, reduced droplet number concentrations will also cascade into other 

microphysical processes (e.g., drizzle formation rates may be affected), and thus the impact of 

the heating alone on the vortex development cannot be isolated and assessed with such a change. 

We chose to adjust the latent heating directly as that appears to have fewer immediate 

microphysical feedbacks.  
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3. Results and Discussion 

3.1 Control Simulation  

3.1.1 Large-Scale Conditions 

The synoptic pattern that helped establish the ingredients needed for heavy precipitation 

on 11-12 September was well represented by the ARW control simulation (LH_ON). Figure 3.1 

shows that prior to the mesoscale vortex event, the position of the forecasted cut-off low was in 

the southwestern U.S., similar to the observations. In the lower troposphere, both the previously 

mentioned low and the position of the subtropical high in the southeastern U.S. were forecasted 

well (Figure 3.2). The wind patterns that transported moisture aloft from the western coast of 

Mexico and those near the surface that transported moisture from the Gulf of Mexico towards the 

Colorado Front Range, were also well represented (Figure 3.1 and Figure 3.2, respectively).  
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Figure 3.1: 300 hPa maps of the ARW forecast (left) and SPC analysis (right) for (a-b) 1200 

UTC 11 September and (c-d) 0000 UTC 12 September. 

The figures on the left side show upper air observations, streamlines (gray contours), and 

isotachs (kts; color). Figures on the right side show geopotential heights (m; black contours), 

winds (kts; barbs) and absolute vorticity (10
-5

 s
-1

; color fill).  

 



 

41 

 

Figure 3.2: 700 hPa maps of ARW forecast (left) and SPC analysis (right) for (a-b) 1200 UTC 11 

September and (c-d) 0000 UTC 12 September. 

The figures on the left side show upper air observation, geopotential heights (dm; black 

contours), temperature (°C; red dashed contours), and dewpoint temperatures (°C; green 

contours). Figures on the right side show geopotential heights (m; black contours), winds (kts; 

barbs) and absolute vorticity (10
-5

 s
-1

; color fill).  

The large-scale transport of moisture led to high values of PW in eastern Colorado 

(Figure 3.3a). The control simulation represented the high PW values of over 30 kg m
-2

 very well 

(Figure 3.3b).  




























































































































