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ABSTRACT

EFFECT OF LATENT HEATINGON MESOSCALEVORTEX DEVELOPMENTDURING

EXTREME PRECIPIATION: COLORADO, SEPTEMBER 2013

From 916 September 2013, a slewoving cutoff low in the southwestern |$.
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, producifgday 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 durihg $&ptember
2013 in Boul@r, 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. Frof@@mMUTC
12 September, a mesoscale vortex (mesovortex) was observed to travel northwestaalsl
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 mesosca® \&rdt associated with
lee vortex formationsuch as the Denver Cyclone, but developed through the release of latent
heat from microphysical process.

The Advanced Research Weather Research and Forecast (AB¥) was used to 1)
produce a control simation 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



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 feediimstiween the circulation,

associated lovlevel 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 e@rggradient 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 bglf after 1800 UTC 11 September resulted in no mesovortex
development and a substantial decrease in precipitdi@nresults from this study have relevant
implications to the representation of microphysical processes in numerical weather prediction
models. The capability to forecatte development of theseesovortices and their subsequent
environmental antlydrological 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).
Col orado6s c o nHgurell) plys alargerradepnithg préduction of precipitation.
The dramatic rise in elevation from the eastern plains towards the mountainous western half of
the state (over 2,000 m difference ieation) 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).

Colorado

#1°N

39°N

37°N

109°W 108°W 107°W 106°W 105°W 104°W 103°W 102°W

i -

1325 1550 1775 2000 2225 2450 2675 2900 3125 3350 3575 3800
Elevation (meters)

Figurel.1: Topography of Colorado using ETOPO1 GRM data (Amante and Eakins 2009).



Elevation of Colorado (m; color) and US staféhick line) and county (iin line) boundaries

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

other geographic markersShe white filedi n ci rcl e | abel ed APLTO rept
Platteville profiler.The red dashed badepicts the domain over which averaging is performed in
theanalysis

Along the Colorado Front Range, flash flooding events tend to occur more frequently in
June, July, and August (Maddox et al. 198D)ring these months the North American Monsoon
takesplace in the southwestern U.S., characterized by a southerly shift in thes¢atgenind
patterns resulting in increased moisture transport from the eastern Pacific Ocean and Gulf of
California (Adams and Comrie 1997). Thus, the monsoon season resalltsgher 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
westen US. and found that mo s t of -stchradm @a@adaurer ws O |
otherwise would look benign to a forecaster. The lagpe pattern associated with Type |
western flooding events (most common east of the Sierra Mountain ranges) inaolves
northwardmoving, weak showivave trough along the western edge of an ujpezl ridge
(Figure 1.2; Maddox et al. 1980)Conditions during these tgs of flash flooding eventsere
characterized by high surface dewpoints 1355°F)) and deep msture from the surface to
300 hPa with precipitable water valuesxceeding 20nm between the surface and 500 hPa
(Maddox et al. 1980)The atmospheriprofiles 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 portidri3olorado.
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Figure 1.2: 500 hPapatternassociated with Type westernflood events (from Maddox et al.

1980).

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

An unusually moist stationary weather pattern frori69 September 2013 led to
unprecedented rainfall and histoficoding throughout Colorado, especially across the northern
Front Range and northeastern plaiivs.Boulder, the iday, 2day, and 7day 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.),
respectivey (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, airgamahd
rescue efforts began delivering supplies and evacuating stranded residents and their pets. Flood
waters caused sewedamage to property and infrastructure estimated to incur economic costs of

over $2 billion (EQECAT 2014) and resulted in nine death



1.1.1 Synoptic Pattern

Four historic floods of interestor comparison with the 2013 evemtre: 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. 1988 historic Colorado floodshe
Rapid City, SD Flood of 1972 (Maddox et al. 197#)d 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 mainjuries and fatalitiesI@ablel1.1). The details of each flood event
are different, but the overall largeale pattrns are the same: a negativeled 500 hPaidge

with an embedded northwamdoving shorwave trough west of the ridg€igurel.3).

Tablel.1: Description ofsdectedhistoric floods

Sto_r m Precipitation Impact References
Description

Big Thompson Relatively 100+ deaths Caracenat al.

Flood1 31 July | stationary band Or;ﬁ]r i::’]OA? &Trsf $35.5 millionin  1979; Maddox et
1976 of thunderstorms damages al. 1978
5 fatalities, many
injured

Fort Collins, >$200 million in  Grigget al. 1999;

Quaststationary Over 250 mm of

CO Floodi 28 Storm svstem rain in 6 hours damage to City  Petersen et al.
July 1997 y $100 million in 1999
damage to CSU
campus
Rapid City, SD 236 fatalities
Floodi 9 June | Narrowbandof - agq oo of rain - >$100 million i~ M2ddox etal.
convection 1978
1972 damages
Madison Two consecutive .
County, VA mesoscale 8 fatal_ltl_es . Pontrelli et al.
. : Over 600 mm  >$200 million in
Floodi 27 June convective 1999
damages

1995 systems




0000 GM
June 10, 1972

5

Figurel.3: 500 hPa analysis for historic extreme precipitation and flooding events.
For 0000 UTC orfa) 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. 18699)0 June 1972 for
the Rapid City, SD flood (from Maddox et al. 1978), gdyl 28 June 1995 for the Maadin
county, VA flood (from Pontrelli et al. 1999).

The 2013 event studied here has similarities to past historic floods, especially in the
larges cal e synoptic setup. AWhen a portion of

within, the longwave ridge, the situation is especially dangerous if significant moisture and



instability are presento (Maddox et awave 1980)
trough embedded within the ridge subsequentlyofutfrom the mean flow and remained
relatively stationary over Nevada and Utdhigure1.4a,b). Theupperlevel ridge acted to block

the progress of weather systems that could have c#luse@dovement of the cuiff low, leading

to a stagnant weather pattern that persisted for more than a week. Thawmlog (at times
stationary) cubff low was responsible for air parcel trajectories originating from over the Gulf
of Mexico in the lowettroposphere and from the East Pacific (off the western coast of Mexico)
in the upper tropospher&igure 1.5), leading to extremely high precipitablater valuesThe
precipitable wate(PW) values at Denver broke daily records for many days, reaching amounts
as high as 35 mm (1.38 irkjgure 1.6). This moisture content is extremely rare for September
and more often seen during the monsoon seasonAigyst) (McKee and Doesken 1997).
Although rare for this time of year, the deepdaynoisture and PW values of over 25 mm during
this event were similar tthe historic floods described above, which occurred during the typical

monsoon season.
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Figurel.4: Synoptic overview oSeptembeR013 Colorado extreme precipitatiement

(a) ime-mean 500hPa geopotential height (m; black contours at 60 m intervals) and anomaly
(m; color), (b) GOES13 water vapor overlayed with 50tPa geopotential height contours (m;
white contours at 40 m inteas) and wind vectors (m/s) at 0600 UTC 12 September Z013,
columniintegrated precipitable water (mm; black contours at 5 mm intervals) and standardized
anomaly (units of standard deviation; color) for 12 September 2013dni@0hPa zonal winds

(m/s black contours at 5 m/s intervals for valu@8), standardized anomaly (color), and wind
barbs (kts) for 12 September 20E8om Gochis et al. (2014, manuscript submitted to BAMS.)



NOAA HYSPLIT MODEL
Backward trajectories ending at 0000 UTC 12 Sep 13
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Figurel.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 (Draxl er and Rol p
System (GDAS)vas used as the meteorological input for the trajectories.
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Figurel1.6: Precipitable water (cm) from the surface to 300 hPa for September 2013 observations
and the 1942012 maximum minimum, mean, and &tdard deviations (from Gochis et al.
2014, manuscript submitted to BAMS).

The September 2013 case did have some differences from the typical Wwgstetn
flash flood eventThe Type | flash flooddescribedn Maddox et al. (1980) tend to lssociatd
with shortlived, localized thunderstorms that produce extreme precipitation during the
afternoonevening hours (e.g. Big Thompson flood (Caracena et al. 1979) and Fort Collins 1997
flood (Grigg et al. 1999))The September 2018ventproduced widesprehprecipitationalong
the Front Range and eastern plains of @aoover several daysas well as oveNew Mexico
and western Kansashis study will focus on the precipitation over therthern Colorado Front

Range near the city of Boulder (sBayure 1.1 for location reference) from 112 Sepgember

2013, when rainfall rates were the high&sg(rel1.7).



Stage IV precipitation analysis for 24 h ending 1200 UTC 12 Sep 2013

1 5 10 15 25 375 50 625 75 100 125 150 175 200 225 ot precipitation (mm)

Figurel.7: NCEPStagelV 24 hr accumulated precipitation for nowtkntral Colorado.
24 hr accumulated precipitation (mm) valid at 1200 UTCSgptember for the NCER&e IV

analysis (observationsiligh 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 efidal. 20
associated with an upptvel trough in eastern Canadéadurel1.4b). The position of the cebff
low west of Colorado and the subtropical high pressure system locatedth@veputh
southeastern U.S. helped to transport warm, moist air northward and veestieathe Colorado
Front RangeKigure1.4d) (Gochis et al. 2014). Due to the dramatic change in topography from
eastern to western Coloradeiqure 1.1), orographic lift wasalso 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 Heaviest Precipitation

Heavy precipitation occurred throughabe entire event, with only brief breaks in the
storm, but on the evening of 11 September into the @AA00700 UTC), the city of Boulder
experienced its most extreme hourly rainfall rates (>40 mm/hr or >1.6 iRigute 1.7 and
Figure 1.8). This time period was also associated with colder cloud tops and lightning,

characteristics of deep convectioersus more stratiform precipitatigiigure1.8).

0 1 ——Mean IR Brightness Temperature 18
LMA Source Density 4
——Rain Rate at Sugarloaf Mountain : 1.6
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Figurel.8: Precipitation andain gauge data for Boulder forB3 September (from @bis et al.

2014, manuscript submitted to BAMS)
Mean IR brightness temperatures (°C; solid black), lightning mapping array (LMA) source

density (# knf hr'; green), and rain rate (in) for locatioasSugarloaf Mountain (solid red) and
Boulder (dashed red), CO.
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The ingredients needed to produce heavy precipitaienthose that can increase both
thetime-averagedainrate(Y) and an e v escised tthrougha=t YOowheref
is thetotal precipitation (Doswell et al. 19968.i mpl v st at ed, Afthe heavi e
where the rainfall rate is the highestfoh e | ongest tli 19960 To(pDduccwe | | e
high rainfall rate, high moisture content, upward motion, ant pigcipitation 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 condensat®falby 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 geaerally associated with high precipitation
efficiency (Maddox et al. 197.7Davis 200). The duration of the event is determined by the
system speed, size and organization.

The slowmoving largescale system provided the high moisture content and -south
southeasterly winds towards the Front Rangsulting in widespread, almost continuous
precipitation from 916 September. The precipitation system was very large, covering not just
Colorado, but many neighboring states with clougigure 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 supercellsFlash floodproducing storm systems may be convective or nonconvective, where
the latterare not as deep (i.e. cloud tops may not be very cold) and can produce heavy rain
through orographically forced updrafiSoswell et al. 1996). The Bember event studied here
had embedded convective precipitation within a wmtead nonconvectiveystem(Figure 1.9).

Figure 1.9b covers a region focused over Boulder county and southern Larimer County and

12



demonstrates the direction of the radar reflectivity echoes was from east to west during the time

of heaviest prapitation (denoted by dotted box).

Reflectivity (dBZ)

Figure 1.9: Hovni 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 af@eusing

over Denver, Boulder County and southern Larimer County&@p0913 September 2013 and

(b) 11-13 September 2013.he dotted box in b) denotes the period of heargcipitationand

flooding. Thear r ows denote the gener al direction of
west, and vice versaJhe mean longitudinal topography is ing&d at the bottom of the figure

(higher elevation to the west).

From 0000 UTC 11 September to 1200 UTC 13 &apkr, six consecutive soundings
measuring precipitable water broke th8462012 maximum record for daily observatioins
Denver Figure 1.6). An atmospheric sounding taken 6600UTC 12 Septembdrom Denver
shows theatmosphere was close to saturatiaith a very high tropopause height (-05Pa),
weak vertical wind sheaand high freezing level (~600 hP#igure 1.10). The sounding in
Figure 1.10 is representative ahe environment from-Q6 September, having characteristics
more commonly found in #&opical environment (favored for heavy rainfall) than that of a
midlatitude, mountainous region. Due to the high amounts of moish&#fting condensation

level LCL) andlevel of free convectionL{C) were close to each other with cloud base very

13



low to the ground~844 hPa)Thus, orographic liftingvould be expected tprovide sufficient

lift to get parcels to their condensation level.

DNR sounding
0000 UTC Thu 12 Sep 2013
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CIN =0 Jikg
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Figurel.10: Atmospheric pofile for 0000 UTC 12 September at Denver (DNR).

The environment during this event had low value$000 J/kg or les$ of convective
available potential energy (CAPE) with litth® no convective inhibition (CIN) and was
generally moist adiabatic to neutr&igure 1.10). Low to moderate CAPE is favored for more
efficiently producing rainfall than eironments with the potential f@tronger updrafts (Davis
2001). This is becausstronger updrafts woultend toadvect moistureand condensataloft,

which acts to decrease the precipitation efficiency emthnce mixeghhase and ice processes
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resultingin the production of higlidensity graupel and haiDbservatios of hydrometeors from

the Denver (KFTGJyadar from 0200600 UTC 12 September show ice species (aggregates, wet
snow, lowdensity graupel) were availaklethe storm near the freezing leyEigurel.11a).Ice
species falling through the’Q level could melt and become small raindrops, which could then
fall through a relatively deep layer of liquid clowhd grow through collisiceoalescence
(Goanis et al. 2014). Flash floods tend to be associated wihki® thick wam cloud layers
(Chappell 1993); the wantloud layer in this case was approx. 2.5 km deep, which is unusually
thick for Colorado. The conbination ofa deep layer of warntloudy air to promote warm rain
processegjot-excessivelystrong updraft$o increase residence time of a parcel within the warm
cloud layer and a highly saturated environment inhibitibgth high rain evaporation and
ertrainment of dry air resulted in high precipitation efficiencies during this event as seen by the

amount of rainfall reaching the surfa@agurel.7).

a) KFTG radar: 12 Sept 0200-0600 UTC b) CHILL radar: 12 Sept 2100-2400 UTC
14} T T T T { T T T T 1a : 1
125 12+ .
10. 10 - .
g, g, |
T 6| I x & =
4
z .
0 . ‘ . ‘ poss0sss o g ‘ . . ‘ 92.96 9938 10
(o] 20 a0 60 80 100 o 20 40 60 80 100
Normalized frequency Normalized frequency
Rain Aggregates Vertical ice High-density graupel Big drops/Melting hail
M I Ice crystals Wet Snow Lowwaupd *

Figure1.11: Normalized frequency of occurrence for each hydrometeor type with Hé&gimt
Gochis et al. 2014manuscript submitted to BAMS
(a) KFTG radar for 0200600 UTC 12 September afig) CHILL radar for21060600 UTC 12

September.
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1.2.1 Mesoscale Featus

Amid this region of heaviest rainfal cyclonic mesoscatarculationdeveloped north of
Denver, CO. Observations of radial velocitgm the Denver (KFTG) radashow a rotational
signature from 0400700 UTC on 12 SeptemberFigure 1.12). The mesoscale vortex
(mesovortex traveled northwestward towards the city of Bouldgre rotation was associated
with enhanced soudtasterly(upslope)flow over Boulder CountyEast of Boulder County, the
Platteville (PLT) wind profiler (se&igure 1.1 for reference location) observed this enhanced
low-level flow. The PLT profiler shows a lolevel jet (LLJ) with maximum speeds of 30 kts
between 0400 UTC and 0700 UTC 12 Septembéyufe 1.13). This time period waslso
associated with bands of localized deep convection (> 40 dBZ echoes) traveling eadt to wes
towards higher elevation§igure1.9 andFigure1.14). These observations suggest a connection
between the high rairates andhe mesovortex both observedo occur over Bouldebetween

040060700 UTC
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NEXRAD LEVEL-11

KFTG - DENVER, CO
09/12/2013 04:25:12 GMT
LAT: 39/47/13 N
LON: 104/32/45 W

12 Sept 2013 e

RADIAL VELOCITY
ELEV ANGLE: 0.48

NEXRAD LEVEL-11
KFTG - DENVER, CO
09/12/2013 06:12:35 GMT
LAT: 39/47/13 N
LON: 104/32/45 W
12 Sept 2013 =
VCP: 212
RADIAL VELOCITY
ELEV ANGLE: 0.47

Legend: KT

Figurel.12: Observed radial velocity from the Denver (KFTG) raibarl2 September 2013.
Times shown arg¢a) 0425 UTC and (b) 0612 UTO.he r adar 6s el ®tThati on

yellow circle denotes the location of the mesoscale vortex aralubarrow represents upslope
flow (thickness illustrates enhancement at 0612 UTC). Enhanced upslope flow showghdxy hi
values of atbound radial velocity (red). Adapted fromages courtesy of R. Schumacher.
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Figure 1.13: Platteville (PLT), CO wind profilerdata from 2200 UTC 11 September 2013 to
1200 UTC 12 SeptembeD23.

Time increases from right to left/ertical axis is height (MSL in kmWind speedsare color
coded (kts) Location of PLT profiler can be found iRigure 1.1. Figure courtesy of R.
Schumacher.
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Figurel.14: Observed radialeflectivity from the Denver (KFTG) raddior 12 September 2013
Times shown aréa) 0425 UTC and (b) 0612 UTA. h e r elela&iondargle is 0°%5 The

white circle denotes theotation of the mesoscale vortex, same as thoSgurel.12. Enhancd
convection shown by higher reflectivityalues. Adapted frommages 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 mig)e cyclonic circulation originated in an area
known for the developent of an orographicalinduced circulation, i.e. the Denver Cyclone
(Szoke et al. 1984Wilczak and Glendening 1988; Crook et al. 1990ilczak and Christian
199Q Szoke 1991)The possible mechanism for the development of this mesoscale feature will

befurther explored irSection 1.3
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Figurel.15: Surface observations for 0300 UTC 12 Septemberalamge portion of Colorado
Surface stations denoting temperatWi@; (red), dewpoint temperaturéQ; green), wind barbs

(kts), mean sea level pressure with first 9 or 10 omitted (hPa; black), and sky cover (filled in
circle means overcastPotted blue circle denotes the area of rotatiStation names for
locations of interestra: BDU = Boulder, DEN = Derar, and FNL = Fort Collind.oveland.
Figure courtesy of Russ Schumacher.
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1.3 Possible Mechanisms for Messrale \ortex Development

Themechanisms that will be explored in this study to determine the origin of¢hanic
circulation observed during ti&eptember 2018xtreme precipitation and floodirayentwill be
1) terrain blocking/lee vortex formation andw@yticity generation via vertical gradientslatent
heating. Due to the location where the cyclone first developed, a plausible idea wnridhee
mesoscale vortex tbave developed in a similar manner as Breaver CycloneHowever, he
immense amount of precipitation falling over such a widespread area would be expected to
release a large amount of latent heat through microphysical phasgesh(i.e. conasation,

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 mesale vortex or gyre that forms the lee of he
eastwest oriented ridge, the Palmer Divide, near Denver in northeastern Coléradtated
phenomenoiknown as the Denver Convergence and Vorticity Zone (DCVZ, Szoke et al. 1984)
is characterized bg region of converging surface winafen located o the eastern flank of the
circulation Thesemesoscale featuseare sometimeassociated with generating severe weather
near Denver and the eastern plains, including hail and flooding (Blanchard and Howard 1986)
and tornadoes (Szoke et al. 198%¥akimoto and Wilson 1980 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 (Wizak and Glendening 1988; Wilczak and Christian 1990) or

travel northward (Crook et al. 1998zoke 1991 The lowlevel flow that is observed during a
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Denver Cyclone or DCVZ is usually sousbutheasterly Szoke et al. 1984; Wilczak and
Glendening 1988Crook et al. 1990; Wilczak and Christid®90; Szoke 1991 Wilczak and
Christian (1990foundthe vortex center of their case study giode associated witlow-level
convergenceduring the night but divergencein the presence of significant daytimeakiag
They al so f ound tchoer vehimh can soretiimes tbaddo the whsarvance of a
cloudf ree feyedo in satellite imagery (Szoke 1991
1.3.1.2 Mechanismdor Vortex Development

Studies suggest the Denver Cyclone forms fromlewel 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 garat it. The Froude number, ks used to
determine if a flow will be blocked,

&0 —, (1)

whereU is the mean wind speel, is theB r u naEdD Ykequency (a measure of stability), and
H is the height of thebstacle In order to have at st some of the flow blocked by the terrain,
Fr mwst be less than one (elgrgeN and weakl). Low Fr environments have been found to
generate cyclonic circulatiom the lee of the Palmer Divide through baroclinically generated
horizontal vorticity asisentropes bend upward/downward with the flow over the obstacle
(Smolarkiewicz and Rotunno 1989; Crookaét1990). Crook et al. (1990) fourtithtgeneration
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 circulati®outherly flow would be blocked by the Palmer
Divide, while southeasterly flow, having a component perpendicular to the Remge, 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 wmilked environments wittarger 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 D89

1997.

1.3.2 Vorticity Generation vid_atent Heating

1.3.2.1 Description

Latent heat represents tleaergyreleased or absorbed by a system or substance (e.g.
water) as it changes phases without changing its temperandds expressead units of J k.
Phase changes such as evaporation, meland,sublimationwill absorb energy from the
environment, while condensation, freezing, degositionwill release latent heat. For example,
rain evaporation would absorb enerfgym its environment and lead to cooling of the air (latent
cooling). Similary, condensation of cloud water would releasergyand lead to heating of the
atmosphere (latent heating).

The latent heating profile within a storm can vary between the convective and stratiform
precipitation regionsStudies havdound that heating pfibes characteristic to convective areas
within an MCS (Johnson 1986; Houze 1989) and squall line (Gallus and Johnsortiet@bt)
have a peak in latent heating in the sirobosphere Kigure 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 (&igare 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 stratggion Eigure 1.17).
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Figurel.16. Schematic of latent heating profiles for mature MCS from Johnson (1986).
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Figure 1.17: Schematic of hydrometeor processes within an MCS from Houze (1989).

1.3.2.2 Mechanism for Vortex Development

The release aénergy agatent heahg is important to additional growtbf a stormduring
convection because it can increase the buoyancy of air parcels leading to increased vertical
velocity and lowlevel convergence (Danard 1964; Houze 1984), which can help vertically

transport warm, moist air from the surface to be condeasetd to upperlevels A study by
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Raymond and Jiang (1990) proposed tMES could help maintain themselves through
interactions between the environmental wind shear and potential vor@iiy anomalies
generated by the release of latent heat.

As previously nentioned, 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 teating,

PV to increaseHaynes and Mcintyre 198 Raymond and Jiang 1990). Thus, a positive PV
anomaly will be induced below the diabatic warming, forming a cyclonic circulation around the

anomaly Figurel.18).

Tropopause S, —

Negative PV anomaly

- Positive PV anomaly e

Surface

/ f N\
/ l \

Figure 1.18: Structure of PV anomalies due to convectadaptedfrom Raymom andJiang
(1990).

Through this mechanism, a positive PV anomaly would be fooeldw the mid
tropospheric peak in the stratiform heating profile amérnthe surface below the lower
tropospheric peak in the convective heating proffiggure 1.16). This relationship can be

described through Equati@h

— - 02— @
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where— is the relative vorticityf is the Coriolis parameter, anrdrepresents diabatic heagin
through latenheat 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 aleesosc
convective vortices (MCVsJohnston 1981; Bartels and Maddox 1991; Bartels &98I7; Trier

et al. 2000), which are generally associated with atnojdospheric positive PV anomaly that
develops in the stratiform region of an MSgure1.16).

A positive PV anomaly will tend to deform the isentropic surfaces and bend them
towards the anomaly as illustratedkigure 1.19a. Lowlevel flow within a verticallysheared
environment would then experience isentropic tifiwnshearof the anomaly and descent
upshearThe cyclonic circulation induced from the positive PV anomaly will also have ascent
associated with the northward moving winds as they glide ups#rgopic surfaces that are
sloped from south to north owing to the synosiiale baroclinity{Figure1.19b). This ascent on
the downshear side of the MCV can influetioeinitiation of convection on the next dawhich
can act to strengthen the PV anomaly through vortex stretching or generate a new MCV, thus

extending its lifetimgéMenard and Fritsch 1989; Bartels and Maddox 1991; Trier et al. 2000).
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Figure 1.19: Diagram of isentropic lifting as lovevel flow encounters a positive PV anomaly
within ambient vertical wind shear (from Trier et al. 2000).
(a) Zonal crosssection of positive PV anomaly embedded irasied flow within isentropic

surfaces; upglide is located on the upwind side of the vaiigMeridional crossection of the
vortex induced by the PV anomaly; upglide is associated with the northward moving winds.

For a mesoscale circulation to form nége surface, similar to the circulation
investigated in this study profile with convectivdeatingcharacteristicgsimilar to the
convective area profile iRigure1.16) or a profile where there is little or no evaporative cooling
near the surface (Rogers and Frit2001, Schumacher and Johnson 2008uld be favored.

This would shift the maximum warming Figurel1.18 downward from the midroposphere,
allowing for a cyclonic circulation to form closer to the grouAlthough the event studied here
does not have the convective organization typical toahtite 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 mesoscalexantthis study.

1.4 Project Goals

This study aims to investigate tipeocesseshat led to the development of a mesoscale
vortex observed frm 00-06 UTC 12 September 2013 near the Denver/Boulder area in Colorado.
The first goal of this project was to progemodel the mesoscale vortex and use the simulation
to understand the circulationbds characteri sti
convection, and surface precipitation. Once a control simulation is properly established, the next
goal is to understand whether this aifation was associated with lee vortex formation
(mechanism responsible for tHgenver Cyclong or if it developed through the dynamic
thermodynamic feedbacks from the release of latent heat. Further analysis will fregfobmed
to understand the role of latent heating to the mesovortex developnkevolutionas well as
the role of microphysical processés latent heating within the model The capability of
numerical weather prediction (NWP) models to properlyas@nt these microphysical processes
can then have an effect on the forecastingiwfilar mesovortices duringxtreme 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 Forecasiig) (model version 3.3.1
was used to simulate the heavy precipitation event explored in this #RY¥. is a three
dimensional nofhydrostatic regional numerical weather prediction model (Skamaroek. et
2008). The model configuration is a twa@y nested grid with three domairfsdure 2.1). The
outer domain has a horkmonthle igmmer sp@amainm
the i nner mos t=4khoTha nadel ¢toatan86sskretched vertical levels (higher
resolution near the surface) and alB® model top. The time steps used are 144, 48, and 16
seconds for the 36 km, 12 krand 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.
50°N
45°N
40°N
35°N
30°N
25°N

20°N

120°W 110°W 100°W 90°W 80°W

Figure2.1: ARW model domairconfigurationwith telescoping nests.
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OQuter domain has a horizont al grid spacing

( =

km, andinnermostd o mai n ( dO0 3; red) ex = 4 km. A marker

is provided for reference.

The National Cergrs 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 Giadvenyi 3 (G3; Grell and Devenyi 2002) cumulus
parameterizatioscheme was used for the coarser domains (36 and 12 kmd. Kihenestran at
Aconveetrimbnt i ng cumslesgparameteripatiom wapplied The Thompson

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

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 4ayer Noah land surface model (Chen and Dudhia 2001) waktosslculate the
surface heat, moisture, and momentum fluxes, communicating these plarletary boundary
layer, parameterized by the Yonsei University (YSU; Hong et al. 2006)ocahscheme.

This configuration was adapted from the mentdfehe ensemble run by the Schumacher
Group at Colorado State Universityat produced the best forecast of the rainfall in this event
Their ensemld has five members using the ARWodel (v3.3.1) with a variety of initial
conditions (ICs), lateral boundary cotioins, and parameterizations for cummsil microphysics,
land surface, shortwave/longwave radiation, and the planetary boundary layer

(http://schumacher.atmos.colostate.edu/wardtsuwrf info.phip For theensemble initialized at

0000 UTC 11 September 2013, the-3%3 howur precipitation forec:

captured-eybe O6buhigh precipitation along t

stage IV analysis frofNCEP {igure2.2). The model configuration for memb2mwas applied
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to produce the control simulation in this study, with the addition of a second nested datmain

finer resolution (4 km).

12--36-h precipitation (inches)

0.I01 005 01 025 05 075 1 15 2 25 3 35 4 5 6

Figure2.2: Accumulated precipitation for the 36h forecast initialized at 0000 UTC 11 September
for thefive CSU ARW 12 km ensemble members, the ensemble mean, and the N&gePI'é

analysisimages from R. Schumacher CO flood websitgtp://colorains.blogspot.com/

A study by Scivartz (2014) performed sensitivity tests varyili@s and microphysics
parameterizations for a 48 hasimulation 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 insepateruns Their results showed fAsystematic d
varied 1 Cs or MP schemeso and that simul at i c
resolved the observed precipitation compared to 4 km (Schwartz 2Did)sensitiviy to

microphysical parameterization was briefly explored during this stweyound that using the
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Morrison scheme did generatee mesoscale featuod interest (i.e.amesoscale vortex), but the
location of maximum pcipitation was shifted eastith higher precipitation amountésee
Appendix A. We will demonstrate that the use of the GFS ICs and Thompson microploysics

a forecasat 4km horizontal grid spacing provides a reasonable representation of the mesoscale
feaures of interesiproduces a reasonalgeecipitation forecasandresults incorrespondencef

the observed and simulated precipitation structures.

2.2 Microphysics Parameterization

As previously noted, the Thompson microphysics scheme (Thompson et al. 2008) was
used in ths study.The features in this scheme are designed and tuned for operational forecasting,
i.e. incorporating microphysical observations asducing computational costs wh@m@ssibleto
enable reatime simulations(Thompson et al 2008)The Thompson schemis 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 clougdasdollows This parameterization
contains five hydrometeor species: cloud waten, reloud ice, snow, and graupel. With the
exception of snow, a gersized ganma distribution (Equation )3is assumed for each

hydrometeor species.

50 —_ 00 A3)

In Equation 3N is the total number of particleB,is the particle diameteg,is the shape
parameter, aneks the slope of the distribution. This equation can also be written as
060 00Q h (4)
whereNp is the intercept parameter of the distribution. This variable is allowed to vary and is

determined from the mixing ratio, as deked in Thompson et al. (20Q8)hus 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 #00 cm®. An experiment using cloud droplet concentration of 250
cm® did notinhibit the development of a mesoscale wortaut did change itlcation,similar to
the resultusing a completely different microphysics sche(see Appendix A The shape
parameter fothe cloud waterdistributionis derived tihough an empirical relationship with the
previously set number concentration. Both of these parameters are important in the
autoconversion (conversion from cloud water to rain) processsrstiheme (Thompson et al.
2008).

Since he Thompson scheme is able to predict two moments for cloud ice, the only free
parameter i€, which is set to zero for the control simulation due to a lack of observational
guidance to determine its value (Thompsa al. 2008). Setting to zero returns an exponential
numberdistribution(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 ceticgescence (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, grdugdeo has a varying intercept parameter
which is diagnosed from the graupel mixing ratio. The bulk graupel particle density is set to 500
kg m* for the control simulation angifor both rain and graupel is set to zero.

The assumed size distribution f@now 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-gpherical shape (fractal
like aggregate crystalsjith density varying inverselwith diameter. In this schemsnow forms
through depositional growtbf cloud ice; cloud icgarticles that grovbeyond a threshold size of

200 em i arefid mmmdt atel y tr ansf e(Thomgsontetd 2008).e s now

2.3 Experimental Setup

2.3.1 Latent Heating Experiments

To test therelative importance of lee vortex formatioend generation of vorticity via
latent heat release from convectionproducing the observed mesovortexsimple experiment
was performedn which the latent heating from microphysics (LH) was completely turned off
during the simulation (LH_OFFPhase 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 hypothesitieat the origin of the
mesovortexhat 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 priodévét@pment of
the rotational flow. We tested this hypothesis by running the control simulation (herein referred
to asfi ¢ o n)twittolUH durned off for part of the simulation. Again, phase changes were still
allowed in the model, but their associated astduptake of latent heat was nBkperiment
LHON_LHOFF was performed to determine if precipitation that occurred on the day prior (11
September) had any impact on thesovortexobserved on 12 September. In this experiment, the
latent heating remained dor 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 Afirst roundc
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thus the effects of precipitation and heating from these processes would be realized in the model;
there were about-8 hours remaining in the simulatatimosphere before the mesotex was
observed. The experiment LHOFF_LHON sought to test if the latenhgesgsociated with the
precipitation that occurrednothe same day as the mesdex 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 agmng 42 hours, from 1800 UTC 11 September to
1200 UTC 13 September 2013. A summarnglbthe experiments anthe mechanisms tested

each experimerdgan be found iTable2.1 andTable2.2, respectively.

Table2.1: Summary of Latent Heating Experiments

Latent Heating (LH)
Forecast Time (Eﬁi‘gﬂ) LH_OFF LHON_LHOFF LHOFF_LHON
éﬁ’ggt ON OFF ON OFF
11 Séee‘:)ttllizz 13 ON OFF OFF ON

Table2.2: Mechanisms Tested by Each Experiment

Experiment Reasoning

Simulation is used as a proxy for mesoscale observatio

Control LH_ON) the event

Simulation is used taestthe importance of eithdatent

LH_OFF heatingor lee vortex formatioto the development of the
meswortex
Simulation is used to testlatent heating from
LHON_LHOFF precipitation on prioday had impact on the meswtex

development on 12 September 2013

Simulation is used to testlatent heating from
LHOFF_LHON precipitation on 12 Septerab2013 had impact on
meswortex development that same day
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2.3.2 LatentHeating Calculations

Further analysis ofhe control simulatiorwas conductedo explore the contribution of
microphysics processes to latent heating during the event. This was done by calculating the
temperature tendency for Abul ko microphysics
melting, and condensation/evaporatidrhe instantaneous freezing (melting) of cloud water
(cloud ice) was also incorporated because it was included as a source of lategtingae
Thompson microphysics scheme. The individual processes includegtimbulk term can be
found in Appendix B. The following equations and constants were used to calculate the

temperature tendencies for the bulk microphysics terms:

WYD 6 " ani HoQ (5)
6 pnnp T@YX h (6)
” 8

i (7

These equations were obtained from the Thompgsoameterization within the ARWhodel.
0 is the latent heatf vaporization, fusion, or sublimation in J'kg is the heat capacity at a
constant pressure in J k™, ” is the air density in kg M & i &i8 e accumulated
microphysics process rate in kgkfpr each forecast houd, is thewater vapor mixing ratio in
kg kg®, Pis pressure in P& is the gas constant for dry air (R = 287.04 3 Kg), and T is the
temperature in K For the condensation/evaporation term, density was excludead tie
calculation in Equation.5

The instantaeous freezing/melting temperature tendencies were calculated in a similar
manneras their treatment within the model, nameiny cloud ice would instantly melt into
cloud water if it was above 0°C and cloud water would instantly freeze if located detow t

homogeneous freezing temperature (235.16 K387C).
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There was asmall discrepancy between the calculated total microphysics heating (as
described above) and the total microphysics heatagulated explicitly by the modeFigure
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 timeitstee, b
manually calculated values come from variables collected at everywioem the dataare
output The resulting differences in temperature were less than 1 Kthendhape of the
microphysics heating profileserevery similar. Therefore, although there are small qtaiive
differences between the derived and mequteldicted latent heating profiles, these differences do

not affect the interpretation of the results.

12 :
\ hdiabatic3D

10 -

mp_total

Height (km)
(o]
|

2013-09-12_04:00:00

0.0 2.0 4.0 6.0
Microphysics heating for previous hr (K)

Figure2.3: Vertical profiles oflatentheatingfrom microphysicgK) for values explicitly derived
by the model (Ahdi abati c3Do; red sbadtkidattedl i ne)
line).

2.3.3 LatentHeatingSensitivityExperiment

After explaing the dominant microphysatprocesses occurring during the simulation, a

simple test was implemented isoplatethe inpactsof latent heating from a process responsible
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for the positive vertical gradient in diabatic heating near the surfdeehypothsized that a
reduction in latent heating from cloud water condensation would reduce the vertical gradient in
latent heatingleading to lesgieneratd PV and inducing a weaker (or noyclonic circulation.
To test this hypothesis, we ran an experimene(retl to as LHOFF_LHHALF) in whickhe
contribution of latent heat from condensation/evaporatioolaid waterwas reduced by half.
Similar to LHOFF_LHON, the latent heat was not reduced until 1800 UTC 11 September.

Reducing the latent heat contributiavhile allowing the same conversion of mass
between phases is not physidaFk. course, removing a large fraction of the energyrc®uwvill
feed back to convection andllchange the isnulation even for this scenaridnother option to
simulate less lateriteat release might be to reduce the droplet number concentration, as can be
seen from the following equation:

O — e 0070760 i (8)

where the total rate afloud water mass change multiplied by the latent heat per unit mass (on
left hand side) gives the ratf release of energy. Assuming the cloud water mikgs-(),
constants ), and a driving forces{s) do not change much with rate of condensatione t
release of energy will béirectly proportional to the number concentration of cloud water
droplets Np??). However,reduced droplet number amentrationswill also cascade into other
microphysical processes (e.g., drizzle formation rates magffbeted), and thus the impact of
the heating alone on the vortex development cannot be isolated and ass#ssadh a change.
We chose to adjust the latent heating directly as that appears to have fewer immediate

microphysical feedbacks.
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3. Resultsand Discussion

3.1 Control Simulation

3.1.1 Large-Scale Conditions

The synoptic patterthat helped establish the ingredients needed for heavy precipitation
on 1112 September was well represented byARY control simulation (LH_ON)Figure3.1
shows that prior to the mesoscale vortex eventpts#tion of theforecastectut-off low was in
the soutlwesternU.S., similar to the observatians the lower troposphere, both thesviously
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 moigtwaloft from the westernoast of
Mexico and those near the surface thatsporéd moisture from the Gulf of Mexico towards the

Colorado Front Rangeyerealsowell representedH{gure3.1 andFigure3.2, respectively.
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Height Contours: 9100 to 9820 by 60

Wind Speed (kis)
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Height Contours: 9100 to 9820 by 60

Wind Speed (kts)
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Figure 3.1: 300 hPamays of the ARW forecast(left) and SPCanalysis (right)for (ab) 1200
UTC 11 September ar{d-d) 0000 UTC 12 September.
The figures on the lefside show upper air obervations, streamline@ray contours), and

isotachs (kts; coldr Figures on the rightide showgeopotential heights (m; blaacontours)
winds (kts:barbs) and absolute vorticity (1@&*; color fill).
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Figure3.2: 700 hPa mapof ARW forecast(left) andSPC analysis (rightpr (a-b) 1200 UTC 11
September an¢t-d) 0000 UTC 2 September.
The figures on thdeft side show upper air obervation, geopotential heightgdm; black

contours) temperature °C; red dashed contours), and dewpoint temperatui€s dgreen
contours) Figures on theight side show geopotential heights (m; black contours), winds (kts;
barbs) and absolute vorticity (1&; color fill).

The largescaletransport of moisture led thigh valuesof PW in eastern Colorado
(Figure3.3a). The control simulation representae high PW values of over 3@ m? very well

(Figure3.3b).
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