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ABSTRACT

On the evening of 28 July 1997 the city of Fort Collins, Colorado, experienced a devastating flash flood that caused
five fatalities and over 200 million dollars in damage. Maximum accumulations of rainfall in the western part of the city
exceeded 10 in. in a 6-h period. This study presents a multiscale meteorological overview of the event utilizing a wide
variety of instrument platforms and data including rain gauge, CSU-CHILL multiparameter radar, Next Generation Radar,
National Lightning Detection Network, surface and Aircraft Communication Addressing and Reporting System obser-
vations, satellite observations, and synoptic analyses.

Many of the meteorological features associated with the Fort Collins flash flood typify those of similar events in the
western United States. Prominent features in the Fort Collins case included the presence of a 500-hPa ridge axis over
northeastern Colorado; a weak shortwave trough on the western side of the ridge; postfrontal easterly upslope flow at
low levels; weak to moderate southwesterly flow aloft; a deep, moist warm layer in the sounding; and the occurrence of
a quasi-stationary rainfall system. In contrast to previous events such as the Rapid City or Big Thompson floods, the
thermodynamic environment of the Fort Collins storm exhibited only modest instability, consistent with low lightning
flash rates and an absence of hail and other severe storm signatures.

Radar, rain gauge, and lightning observations provided a detailed view of the cloud and precipitation morphology.
Polarimetric radar observations suggest that a coupling between warm-rain collision coalescence processes and ice pro-
cesses played an important role in the rainfall production. Dual-Doppler radar and mesoscale wind analyses revealed
that the low-level flow field associated with a bow echo located 60 km to the southeast of Fort Collins may have been
responsible for a brief easterly acceleration in the low-level winds during the last 1.5 h of the event. The enhanced flow
interacted with both topography and the convection located over Fort Collins, resulting in a quasi-stationary convective
system and the heaviest rainfall of the evening.
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7/28/97: Event Chronology and Accumulated Precipitation at Christman Field . M A Chronology Of events beginning at
0000 MDT (mountain daylight time) on
28 July 1997 is presented in Fig. 1 rela-
tive to a time series of rainfall measured
at Christman Airport in northwestern
FCL (cf. Figs. 2-3). Earlier, on the
evening of 27 July, up to 2.42 in. of rain
fell in the foothills immediately west and
northwest of FCL (Fig. 2). These rains
were followed in the early morning of 28
July (e.g., 0300-1000 MDT; Fig. 1) by
Time (MDT) another episode of heavy rain on the west

Fic. 1. Chronology of events for 28 July 1997 vs accumulated precipitatﬁ;llqe of FCL, extending into the foothills
(inches) at Christman Field (cf. Fig. 3). Time (MDT) is indicated on the abscis38d to the northwest _Of the city. At 0500
Events labeled A-M are discussed in section 1la. MDT on 28 July (“A” in Fig. 1) the Na-

tional Weather Service (NWS) in Den-

ver, Colorado, issued a special weather
under 6 h. By comparison, the Fort Collins 100-yr 64tatement outlining the potential for heavy rains and
and 24-h rainfall amounts as indicated in the Natiorfidsh flooding in and along the foothills of the north-
Oceanic and Atmospheric Administration (NOAAgrn Colorado Front Range in association with the de-
Atlas-2 (Miller et al. 1973) are 3.50 and 4.80 in., rexelopment of moist low-level upslope flow and weak
spectively. Approximately 4 km southwest of the CSUpper-level winds (cf. section 4). By 0730 MDT (“B”
weather station, a maximum of 10.2 in. of rain was ri+Fig. 1) flooding had occurred in parts of Laporte and
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corded by a gauge in a 6-h period. in locations northwest of Laporte (cf. Fig. 3) where 7—
9in. of rain had fallen. As moderate to heavy rain con-
a. Eventchronology tinued to fall along the foothills, the NWS

The FCL flood was the result of a series of raissued an urban and small stream flood advisory
events that occurred over a 30-h period ending in @SF) at 0940 MDT (“C”; Fig. 1). The rainfall along
extremely heavy downpour on the evening of 28 Jubyhe foothills west and northwest of FCL ended
around 1200 MDT, and at 1400 MDT
the USF was canceled (“D”; Fig. 1).
However, as the afternoon progressed,
heavy rainfall redeveloped over the
central and northern foothiNgest and
northwest of FCL (Fig. 2), leading to the
issuance of a flash flood watch at 1700
MDT (“E” in Fig. 1).

Between 1700 and 2000 MDT,
two small convective systems moved
over FCL producing brief heavy rains
(e.g.,0.5-0.75in. of rain in 30 min) be-
foremoving off to the north-northeast
of the city. During the second rain
episode (1900-1930 MDT; Fig. 1),
the NWS issued a USF for FCL
(1936 MDT; “F” in Fig. 1). Following
issuance of the USF, a third area of
heavy rain moved over the city from
Fic. 2. Map of regional topography with the locations of Fort Collins, CSU—CHILH‘e southwest between 2000 and

Cheyenne, Denver, and the Big Thompson canyon indicated. Elevation interval@@$0 MDT and remained quasi-
are shaded as indicated at the bottom of the figure. stationary over the western side of
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FCL until approximately 2230 BRI BTN LTI
MDT. As the rainfall began to [\ Tf_i-/,é.l
increase after 2000 MDT, sur-p NEGH. b ff
face runoff forced the closing of oY :
several streets in western FCL("{~
and the opening of the FCL{=4}/
Emergency Operations Centef SHA
(“G” in Fig. 1). Between 2100 [\
and 2200 MDT, the rainfall be-
came especially heavy, exceed) * "\ /T
ing 4-5 in. per hour in some|\ > |

locations. Previously saturatec-\| "&£
soil coupled with urban surface[™ ;7
runoff turned city streets, canals,
and creeks into fast-moving tor-|

rents of water. Surface water

converged on the campus of Fc. 3. Isohyetal maps of rainfall for FCL, contoured in inches: (a) 1600 MDT 27 July

CSU (“I in Fia. 1) and beaan to 199_7—1300 MI_DT _28 guly 1997; and (b)_ 1730-2300 MDT 28 July 1997. The location of
( 9-1) 9 Spring Creek is highlighted by a bold line that extends from western FCL at the marker
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TIOOd streets, and Iater_’ bu_”d'“Spring Creek” through the “X” in central FCL. Locations of the CSU weather station and
ings. By 2134 MDT (“J"in Fig. christman Field are indicated by “CSU” and “C”, respectively. The intersection of Taft Hill
1) homes in southwestern FCland Drake Roads (cf. Fig. 9) is indicated by “T/D”, and the approximate locations of the
began to flood and a flash flooduptured culvert and flooded mobile home park are indicated by an “X”. Figure adapted
warning was issued by the Ny grom Doesken and McKee (1998).
at 2140 MDT (“K” in Fig. 1).

Spring Creek, a small stream that flows eaktcations were nearly twice that of the “500-year
through southern and central FCL (cf. Fig. 3) begdiood” dischargé.
to overflow a major city street in southwestern FCL
near 2045 MDT (“H” in Fig. 1), and one hour lateb. Meteorological data
(2200; “L” in Fig. 1) it was over its banks in western On the night of the flood a variety of instrumenta-
and south-central FCL. In south-central FCL, a 50-adien and observations provided extensive meteorologi-
detention pond located behind a railroad berm brieftal sampling of the FCL storm and the synoptic
contained the combined overflow of Spring Creek amshvironment. The observational database and in-
other drainages (cf. Weaver et al. 1998)wever, be- strumentation (see Fig. 2 for relative locations) in-
tween 2230 and 2300 MDT (“M” in Fig. e deten- cluded two NWS Next Generation Weather Radar
tion area reached its 4610 m® capacity and began(NEXRAD) Doppler radars located in Denver, Colo-
to overflow (Weaver et al. 1998). Hydrostatic pressurado (KFTG; 100 km southeast of FCL), and Chey-
ruptured a culvert built into the railroad berm, senénne, Wyoming (KCYS; 70 km northeast of FCL); the
ing the previously detained water directly into a m&SU-CHILL dual-polarized S-band radar (40 km
bile home park located on the eastern side of the besast-southeast of FCL); 251 rain gauges operated by
In what could only be described as unfortunate timiizens and public institutions in the vicinity of FCL;
ing, a freight train (“M” in Fig. 1) passed over the santbe National Lightning Detection Network (NLDN);
area at approximately 2300 MDT and was subs&irface mesonet stations; and geostationary satellite
guently derailed by the flooding. Tragically, fiveplatforms (e.g.GOES-8,9). These observations were
people were killed during this time period, and the moembined with ancillary datasets such as wind
bile home park and many businesses were completetgfiler, sounding, Aircraft Communication Address-
destroyed. Preliminary estimates of the peak dischangg and Reporting System (ACARS), synoptic obser-
along Spring Creek on the night of the flood exsations/analyses, and numerical model output. This
ceeded 6000 cfs in at least two locations, and in magytensive dataset provides an opportunity to study the

ICity of FCL, Office of Emergency Management [http://www.ci.fort-collins.co.us/C_SAFETY/OEM//index.htm].
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meteorological conditions associated with a flaghes and a list of seven additional missing persons
flood over many spatial and temporal scales. (Gruntfest 1996).

In the following sections we present a meteorologi- Based on an examination of more than 300 of
cal overview of the FCL flood. First, a discussion dfolorado’s heaviest precipitation events since the late
the climatology of extreme rainfall events in Coloradb800s, the vast majority of these events were found
is presented in section 2. Section 3 discusses rain gatogeccur between mid-April and mid-October but with
data and presents accumulated rainfall totals for taelouble peaked distribution. The first peak occurs late
entire 2-day event (e.g., 27—-28 July 1997), as welliadMay and early June, associated with synoptic-scale
the 6-h time period encompassing the flash flooquasi-stationary late spring storms. These storms carry
Section 4 presents an overview of the synoptic enwioisture from the Gulf of Mexico and the Mississippi
ronment, followed in section 5 by a presentation dalley westward to the Front Range of the Rockies
surface mesoanalyses. Section 6 summarizes tRig. 2), where it typically falls as widespread pre-
preconditioning of the large-scale environment ardpitation of moderate intensity with localized convec-
subsequent triggering of convection over FCltive and orographic enhancement. The maximum
Multiparameter and dual-Doppler radar observatiopsecipitation from these storms is typically found
including radar estimates of accumulated rainfall asdong the eastern foothills of the Rockies. A distinct
described in section 7. lull in the frequency of extreme rainfall events occurs

from late June into July. This is followed by the sec-
ond and greater peak in storm frequency from late July
2. Climatology of extreme rain events extending into early September with a pronounced
in Colorado maximum frequency from the last week of July into
the first few days of August. These summer storms

The Fort Collins flood occurred in a synoptic erare highly convective, often small in areal extent,
vironment that is commonly associated with seveséd have occurred in nearly all parts of Colorado.
weather in northeastern Colorado (Doswell 198Miowever, the greatest of these, in terms of maximum
and during a time of year when extreme weathetinfall, have occurred east of the mountains and of-
events are expected in northeastern Colorado (Weaegr near the eastern foothills of the Rockies. The FCL
and Doesken 1990). Indeed, even in the semiarid &ierm of 28 July 1997 fits very neatly within this cli-
mate of Colorado, extreme rainfall events with locahatological description.
totals exceeding 4 in. in less than 24 h occur several
times each year somewhere in the state. However,
storms producing greater than 10 in. of rain are ra@. Rain gauge measurements of
A recent climatological investigation of extreme pre- accumulated rainfall for the FCL flood
cipitation events in Colorado (McKee and Doesken
1997) showed a distinct tendency for the largest eventsimmediately following the 27—28 July FCL events,
recorded during the twentieth century to occur at thre Colorado Climate Center began an extensive ef-
near the eastern base of the Rocky Mountains, & to document the rainfall (e.g., Figs. 3a,b). Using
tending from the lower foothills eastward onto theadio, newspaper, and broadly distributed electronic
western fringe of the Great Plains. Prior to July @fail requests in combination with traditional door-to-
1997, there had been seven documented storms tlaer and phone surveys, rainfall reports were solicited
century that produced at least 10 in. of rain withiinom all possible sources. In all, more than 300 rain-
24 h. Several other Front Range storms have produtatreports were gathered, 90% of which were based
excessive rainfall but at lower rates and over longen rain gauge measurements. As much information as
periods of time. For example, an early May storm rossible was gathered for each rain report including
1969 produced close to 15 in. of precipitation ovegauge type, exposure, observing procedures, latitude
a 4-day period in the mountains and foothills immend longitude of the gauge location, and any additional
diately northwest of Denver (Fig. 2). The most pulbwuman observations to supplement the gauge measure-
licized of Colorado’s extreme rainfall events is thments. Upon completion of data gathering activities,
Big Thompson storm (e.g., Maddox et al. 1978auge locations and amounts deemed highly reliable
Caracena et al. 1979) of 31 July 1976 (Fig. 2), a cdl10 reports for the night of 28 July; 209 reports for
yon flash flood that resulted in 139 confirmed fatalthe two-day event, 27—-28 July) were plotted on a map

194 Vol. 80, No. 2, February 1999



and an isohyetal analysis was performed (e.g., Figsinced by the presence of a ridge with an axis that
3a,b). To extend the rain gauge analysis on the extrezméended from the Mississippi Delta to the Pacific
western edge of the city where rain gauge data wéerthwest (Fig. 4). Within the western periphery of
sparse, radar rainfall estimates (CSU—CHILL arttie ridge was a shortwave trough extending from Ne-
NEXRAD) were used to quantitatively adjust the overada into southern Wyoming. At the western side of
all pattern of the precipitation isohyets. This was athe trough was a maximum in vorticity over the border
complished in a two-step process. First, the ratio of raihNevada and Utah; the maximum had moved north-
gauge to CSU-CHILL radar-estimated rainfall (cfwestward from its original location in south-central
section 7b) over the gauge sites was determined (&idh 12 h earlier. The eastern part of the trough had a
found to be nearly constant). Next, radar-estimatesak and narrow arm of vorticity extending into south-
rainfall totals for multiple grid points located on thern Wyoming, according to the Nested Grid Model
western side of FCL were multiplied by the ratio aniditializations at 0600 and 1800 MDT (rsstown). The
the isohyetal analysis was completed. easterly wind at Lander, Wyoming, is consisteith

A key component of the investigation was the copositive vorticity north of the shortwave trough in
lection of recording rain gauge data to document t®lorado, away from the site of the flood.
timing and intensity of rainfall. While no systematic Light to moderatésouthern and southwesterly
network of recording rain gauges existed in the FGLinds advected a deep layer of moisture into Colorado
area, a total of 14 recording gauges were located(kig. 4) along the spine of the southern Rocky Moun-
the immediate vicinity, a few with 1-min time resotains. Dewpoint depressions at 500 hPa were 1°C at
lution and 0.01-in. resolution. The data from thesdl sounding sites in New Mexico, Colorado, and
gauges provided the necessary information to dedWgoming (Fig. 4). Overall, the main synoptic features
the timing of rainfall events, thus greatly facilitatingloft resembled those that accompanied the 1972
the interpretation of the manual measurements, soRapid City and 1976 Big Thompson (hereafter referred
of which were single storm accumulations and otharsas RC and BT) flash floods (Maddox et al. 1978;
that were measurements for specific time periods d@aracena et al. 1979).
ing the storm. On the night of the flood, storms from Denver to

Observed rainfall patterns for two periods afeCL developed at about the same time that a cluster
shown in Figs. 3a,b. The total rainfall from the latef relatively cold cloud tops crossed the northern Front
afternoon of 27 July through midday 28 July is showRange after having traveled north-northeastward from
in Fig. 3a. Most of the city of FCL recorded betweetentral New Mexico within the monsoonal flow. A
0.6 and 2 in. during this period. However, as much A2-h series of the cluster’s footprints, as determined
4 in. of rain fell over the far western part of FCL, anfilom Geostationary Operational Environmental Sat-
more than 9 in. of rain fell over a small area 12.8 kailite (GOES-§ infrared imagery, is shown in Fig. 5.
northwest of the center of FCL and immediately nortfithe northernmost footprint in Fig. 5 depicts the pe-
west of the town of Laporte. Rainfall accumulationsmeter of these cloud tops at 1800 MDT, just prior to
from the evening of the flash flood (28 July) are showthe onset of flooding rains in FCL and coincident with
in Fig. 3b. The observed rainfall accumulations for thésrengthening convection located in the Denver area
5.5-h period exceeded 10 in. over extreme southwehfat shortly thereafter evolved into a bow echo (cf.
ern FCL (and over Spring Creek in particular; Fig. 3lsections 5, 6). Whether or not the cold cloud tops were
and were in excess of 6 in. over most portions of wedimnamically linked with the shortwave trough men-
ern FCL. A striking rainfall gradient was present tboned earlier is unclear.
the southeast of the point of maximum precipitation,
where rainfall totals decreased from 10 in. to less thian Surface
2 in. in a distance of only 4 km. At the surface, a cool and exceptionally moist Ca-

nadian air mass was lodged against the eastern face

4. The synoptic environment
2Although the 500-hPa analysis from the National Centers for

. Environmental Prediction depicts winds of 2.5-10hoger the

a. M|dtroppsphere southern Rockies, data from the ACARS indicate winds in the up-
Expansive high pressure lay over the west-centfal troposphere approached 23#just south of Fort Collins at

United States during the final days of July 1997 asout 1800 MDT 28 July (Fig. 6).
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few hundred kilometers to the east. The
slow-moving cool front that led the Ca-
nadian air mass was located almost
8% 700 km to the south in northeastern New

- Mexico and northern Texas (Fig. 5). In
northeastern Colorado and southeastern
Wyoming, anticyclonic flow from the
Canadian air mass produced northeast-
erly to southeasterly winds of 2.5-8th s
over the high plains. This synoptic pat-
tern is also similar to those observed for
the RC and BT storms (Maddox et al.
1978), with one important exception: the
surface front in the case of the FCL storm
was located much farther south of the
flood area than were the fronts associated
with the RC and BT cases.

c. Soundings

The nearest sounding to FCL was
Fic. 4. 500-hPa analysis for 1800 MDT 28 July 1997 (0000 UTC 29 July 1948ken by the NWS at Denver (DNR, 85 km

Isolines of geopotential height (solid) are contoured at an interval of 30 m. ..
Isotherms (dashed) are contoured at an interval of 2°C. Shaded regions indlgtélltjth southeast of FCL) at 1800 MDT

dewpoint depressions 6°C. on 28 July (Fig. 6). In an attempt to infer
conditions closer to FCL, we have in-
cluded a vertical profile of temperature

of the Rockies in Colorado and Wyoming (e.g., 18Ghd wind transmitted via the Aircraft Communication
MDT 28 July 1997; Fig. 5). Dewpoints were 16°-Addressing and Reporting System (Benjamin et al.
18°C (61-64°F) along the foothills and 18°-20°C ¥991). The 14 wind and temperature measurements
that compose the ACARS sounding were taken within
+1 h of 1800 MDT and within a circle defined by FCL
at the center and DNR at the perimeter; this ensured
that the aircraft data were at least as near to the flooded
area as was the sonde launch site. The ACARS sound-
ing is broadly consistent with the DNR sounding, with
a few exceptions. Lower temperatures from 400 to
500 hPa in the ACARS sounding may reflect aircraft
penetrations of clouds. Further, the ACARS winds
were much stronger than the sonde winds from 300 to
400 hPa, perhaps because of mesoscale variability and
local storms.

The third sounding in Fig. 6 depicts the mean ver-
tical temperature profile of the atmosphere overlying

Fic. 5. Schema of synoptic and mesoscale features for 28 J tropical .WeStem PaC.Iflc.: War”.‘ pool .as calculated
1997. Two large Xs represent the locations of a 500-hPa vorticifM soundings made within the intensive flux array
maximum. Closed solid contours indicate pertinent regions @tiring the intensive observing period of the Tropical
cloud top colder thar20°C for 1-h intervals between 0600 andDcean and Global Atmosphere Coupled Ocean—At-
1800 MDT. The yvide shaded line sho_ws the northwestern e%‘ﬁJsphere Response Experiment (TOGA COARE).
of surface dewpoints 15.5°C (60°F). Wind barbs are for the.sur-l-he remarkable similarity between the TOGA
face; short barbs are 2.5 m,dong barbs are 5 nt’s Synoptic .
fronts are indicated by solid lines; mesoscale boundaries by b%QARE_ sounding and thosg from near FCL attests to
ken lines with pairs of dots. Times are (a) 0600, (b) 1200, (c) 1880€ tropical nature of the environment that fostered the
and (d) 2400 MDT. flash flood.
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The DNR sounding shows very o0, 0000 UTC 20 July 1967
moist conditions throughout the tro |
posphere, with no lower-tropospheri
inversion or cap above the boundatr
layer. Midtropospheric winds were
weak to moderate and southwesterl|
and winds from the surface to 750 hF
were east to southeasterly. The total pr
cipitable water below 500 hPa at DNF
was 3.4 cm; the July average is 1.9 ¢
and values exceed 2.8 cm only 5% ¢ ,
the time. The soundings proximate t
the RC and BT storms exhibited simi
larly high values of precipitable wate!
(Maddox et al. 1978; Caracena et &
1979).

Table 1 lists some of the thermo
dynamic variables calculated from th
DNR sounding. Note that the therma
dynamic parameters were relativel
insensitive to methods of mixing the
boundary layer and to inclusion 0';gools

surface conditions at Fort Collins. A"

tsxt). The respective soundings are labeled in the upper left corner of the figure. Wind

from near the surface to .8.10 hPa. Thnarbs are plotted in knots; full wind barb = 10 kt (5# kalf barb = 5 kt (2.5 n79.
troposphere was conditionally un-

stable from 810 to 500 hPa and from

460 to 400 hPa. Convective available potential enengythe FCL flood differs markedly from the highly
(CAPE) was relatively small at 868 J kgassuming unstable profiles of the RC and BT floods, for which
pseudoadiabatic ascent of a parcel with the mean thiée lifted indices were-7 and-6, respectively
modynamic characteristics of the lowest 1 km of t{#Maddox et al. 1978; Caracena et al. 1979). The small
sounding). The relatively small negative lifted indedewpoint depressions for the FCL storm produced a
of —2.8 also indicates only a slightly unstable tropdew lifting condensation level (LCL) of 764 hPa and
sphere. The modest instability of the troposphere prevtow level of free convection (LFC) of 690 hPa. The
0°C level in the DNR sounding was located at a height
of approximately 3.6 km above ground level (AGL)

TaeLe 1. Denver sounding characteristics. (570 hPa).
Precipitable water through 500 hPa 3.4 cm (179%)
(% climatology) 5. Surface mesoanalyses
Precipitable water through 100 hPa 3.8cm Surface streamline mesoanalyses from 1800 to

2100 MDT 28 July 1997 are shown in Figs. 7 a—d. The

Lifting condensation level (LCL) 764 hPa analyses are based on National Weather Service, Colo-

Level of free convection (LFC) 690 hPa rado Agricultural Meteorological, and Colorado De-
partment of Transportation surface stations. Positions

Environmental 0°C level 570 hPa of outflow boundaries are based on radar data and sur-
face observations (e.g., wind shifts, temperature

CAPE 868 J kg drops).

Lifted index o3 For most of the afternoon of 28 July the surface

flow field over northeastern Colorado resembled that
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Fic. 7. Hourly mesoscale analyses for 1800-2100 MDT 28 July 1997 (0000-0300 UTC 29 July 1997). Surface streamlinesarein
solid arrows. Wind barbs plotted as in Fig. 6; temperature and dewpoints in °C. Mesoscale boundaries are indicated as in Fig. 5.
Regions of radar reflectivity = 35 dBZ are shaded: (g) 1800 (0000), (b) 1900 (0100), (c) 2000 (0200), and (d) 2100 MDT (0300 UTC).

showninFig. 7a. Generally east-to-southeasterly flow
prevailed over the Front Range, except in thevicinity
of Denver, where aDenver cyclonewasevident. This
cyclonic circulation commonly devel ops when south-
easterly flow impinges on the Palmer Lake Divide
(Szoke et al. 1984; Blanchard and Howard 1986;
Brady and Szoke 1989). Itsformation has been attrib-

uted to avariety of mechanisms (see Davis 1997 for
a review). This convergence associated with the
Denver Cyclone (e.g., Wilczak and Christian 1990)
appearsto have played aroleininitiating abow echo
inthe Denver areaafter 1800 MDT, which then moved
onto the plainsat 8 m s™* over the next 3 h (Figs. 7a—
d). However, the bow echo was also coincident with
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the passage over the Denver area of the long-livedThe roles of preconditioning and
convective feature traceable in infrared satellite im- triggering in the storm environment
agery all the way back to central New Mexico (Fig. 5).

The development of the bow echo in the weakly Surface upslope flow was the primary precondi-
sheared environment illustrated in Figs. 7c—d is pdiener for the FCL storm because the high humidity
tially consistent with modeling simulations discusseabsociated with the easterly winds meant that relatively
by Weisman and Davis (1998). The Weissman alitle lifting was necessary to raise boundary layer air
Davis study indicates that bow echoes can developants LFC at 690 hPa (compared to an LFC of 620 hPa
environments of weak vertical wind shear (e.gfor the BT storm; Caracena et al. 1979). Unlike the BT
10 m s%2.5 km) where there is large CAPE (2500storm, where a front combined with orographic lift
4500 J kg"). However, such values of CAPE welprovided the primary trigger for convection (Caracena
exceed those associated with the environment of #teal. 1979), the only apparémtigger for the initial
FCL flood (868 J kgf). The bow echo in this case dicarea of convection associated with the FCL storm was
not produce the strong surface winds that are often thee foothills. For example, considering only the east-
sociated with such phenomena (Przbylinski 1995).dily component of the wind profile (approximately or-
did, however, exhibit a rear-inflow jet and weak cithogonal to the foothills) presented in Fig. 6, it can be
culation features that resembled bookend vorticesiiéerred that the lowest 1-1.5 km of the troposphere
lower-tropospheric cyclonic circulation on the nortlvould have been lifted upon encountering the foothills
end and an anticyclonic circulation on the south; cowest of FCL (Fig. 2). This situation contrasts somewhat
firmed by dual-Doppler observations and discussedviith the BT flood; namely, the lower LFC in the FCL
section 7b) consistent with previous studies of bovase would have permitted generation of heavy rain-
echoes (Fujita 1978; Weisman 1993). fall as the flow reached its first pronounced orographic

During the 4-h period represented in Figs. 7adift on the west side of FCL. Of course, it is too sim-
there is a remarkable contrast between the convecittistic to think of forcing throughout the storm only in
to the south of FCL, characterized by the mobile baerms of the foothills orography. It is likely that other
echo, and that over FCL, characterized by quagkctors such as outflow boundaries (which played a
stationary convection. What accounted for this differele in cell initiation near FCL later in the event; cf.
ence is unclear. However, convergence associagedtion 7), latent and sensible heating gradients, and pres-
with the Denver cyclone and the convective featusere perturbations also played roles in the distribution of
visible on infrared satellite imagery (Fig. 5) crossingonvection and heavy rainfall along the Front Range.
the Denver area from the southwest may have helpedin the few hours before the flood, the wind profiler
to initiate the transitory convective phenomenon in tire Platteville, Colorado (about 45 km southeast of
Denver area. The flow in the FCL area was not inflé~CL), registered a 5—8 m*swind that veered from
enced by the Denver cyclone as it arrived unimpedsautheasterly to southerly over the lowest 2 km of the
by this topographic circulation throughout the periatoposphere. Satellite-derived cloud-drift wind vector
of the flood. However, it does appear to have been fields (at approximately 1 km AGL) were calculated
fluenced somewhat by the bow echo that passed tofttwen GOES-9visible imagery for two periods on 28
south. Comparison of analyses at 2000 and 2100 MDily (1400-1423 and 1700-1723 MDT; Figs. 8a,b)
(Figs. 7c—d) indicates an acceleration of the eassing three images per period. Consistent with the
southeasterly flow between these two times, apparind profiler data, at 1416 MDT (Fig. 8a) the cloud-
ently in response to the surface downdraft outflogrift winds also indicate the presence of a 5hosv-
behind the bow echo. Further, winds in the immedevel southeasterly wind. However, at 1715 MDT
ate vicinity of FCL became more easterly during th{§ig. 8b) the cloud-drift winds suggest that the winds
period, implying an increase in the component of thacked slightly, becoming more east-southeasterly and
flow normal to the north—south-oriented foothills jushcreasing in speed by 5 m.sThe increase in upslope
west of FCL. These changes increased the moistfioev over the plains of northeastern Colorado (also
flux into the FCL area at approximately the same time
that the third, and heaviest, rainfall episode developsw_

. e nearest resolvable front was almost 700 km south when
(Fig. 1). the Fort Collins storm developed. It is possible that a proximate
boundary did exist but was not apparent in the conventional

observations.
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monsoonal flow likely promoted high
precipitation efficiencies due to mini-
mal entrainment of dry air with its
associated evaporation in developing
convection. Further, the depth of the
“warm” layer between the cloud base
(~700 m AGL) and the freezing level
(~3.6 km AGL) was nearly 3 km, fa-
cilitating the production of rainfall via
warme-rain collision—coalescence.
Once formed, high boundary layer hu-
midities coupled with low cloud bases
likely prevented substantial evapora-
tion of precipitation below cloud base.
Additionally, the Fort Collins

storm formed in a region characterized
by 1) focusing mechanisms for con-
vection such as orography and outflow
interactions; 2) a veering wind profile
between the surface and 3 km; 3) mod-
erate southwesterly flow aloft (Fig. 6);
and 4) low-level advection of moist,
high-6, air by an increasing upslope
flow (Figs. 8a,b). From a convective
organization viewpoint, these factors
led to an environment that was highly
conducive to the development of “train-
ing” convection (cf. section 7a) and
the development of a quasi-stationary
rainfall system (e.g., Miller 1978;
Chappell 1986; Doswell et al. 1996).

7. Radar observations

Fic. 8. Cloud drift winds derived frorBOES-9,28 July 1997: (a) 2016 (1416) Data collected by the KCYS~—
1. 8. Cloud drift winds derived fro -9,28 July S(a .
and (b) 2315 UTC (1715 MDT). Winds barbs are plotted in knots; half barb = It:'XRAD (closest NE_XRAD to FCL;
(2.5m sY), full barb = 10 kt (5 m-3). The location FCL is indicated. -min volume scans; VCP-11 mode)
and the CSU—CHILL (dual-polarized

volume scans, 5-15-min intervals)
observed in the BT case; e.g., Caracena et al. 19#8)ars were used to document 3D precipitation struc-
was nearly coincident with an increase in convectioure, evolution of the low-level mesoscale wind field
along the northern and central sections of the Frgatkm height level), and to create storm total rainfall
Range (Fig. 8a,b) and just prior to the first pulse ofaps using a variety of radar rainfall estimators for
rainfall over the FCL area (e.g., Fig. 1). comparison to the rain gauge data (e.g., Fig. 3b).

Numerous precursors in the storm environment

shaped the character and motion of the convectien, Overview of storm evolution on the evening of 28
including a warm, moist south-southwesterly flow July 1997
above the boundary layer, a low-level east-southeast-The first two episodes of heavy rainfall on the
erly wind, a relatively low CAPE and LFC, and higlevening of 28 July 1997 occurred between 1800 and
humidity through the depth of the sounding. The moi2000 MDT (e.g., Fig. 1) in association with two small
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(20 kmx 20 km) groups of northward-moving convecThese observations describe the storm clouds as
tive cells, which were separated in time by approximatélyriginally spreading northeastward, but then con-
1-1.5 h. The final and heaviest period of rainfall odensing into a small but ominous cloud mass over and
curred over FCL between 2000 and 2215 MDT in asest of the city” (Doesken and McKee 1998). After
sociation with convection originally located along th2100 MDT (Fig. 9e), heavy rainfall possessing maxi-
foothills southwest of FCL that moved north-northeastum reflectivities of 58 dB (indicated by the CSU-
and eventually became quasi stationary over the ciBHILL) and core diameters on the order of 1-2 km
Constant Altitude Plan Position Indicatorgontinued to form on the southern and southeastern
(CAPPIs), constructed from KCYS reflectivity datdlanks of the storm and move toward the northeast,
and covering approximately the last two hours of thidrectly down the Spring Creek drainage.g.,
flood event, are presented in Figs. 9a—i. These figukdgs. 9e—i). This pattern of cell regeneration, move-
emphasize heavily raining convection located directhigent, and merger over a given location has been ob-
over FCL, with the origin of the coordinate systerserved in many previous flash flood events (Caracena
located at the intersection of Taft Hill and Draket al. 1979; Miller 1978, Chappell 1986; Smith et al.
Roads. Note that the area of moderate to heavy ra#i96; Doswell et al. 1996). The production of new
(reflectivities> 40 dB?) in each of the panels is relaconvective cells ceased over FCL at approximately
tively small, and that the maximum reflectivities (652215 MDT (not shown), and the rainfall stopped
58 dBZ) are not out of the ordinary for a typicakhortly thereafter (around 2230 MDT).
summertime thunderstorm over the northeastern plainsThere was no hail or severe weather (strong winds,
of Colorado. tornado, or funnel clouds, etc.) reported or detected in
Several spatial and temporal features of the precigssociation with the storm. Further, in contrast to sev-
tation that were highly relevant to the resultant floodireyal previous studies of flash flood events that have
can be discerned in Fig. 9. Near 2000 MDT (Fig. 9ajoted copious amounts of cloud-to-ground (CG) light-
the final round of heavy rain developed over the aling (e.g., Holle and Bennet 1997; Bauer-Messmer
ready saturated ground of southwestern and centahl. 1997; Soula et al. 1998), only 20 CG lightning
FCL. As time progressed, convective elements in tflashes were detected by the NLDN in the vicinity of
northern part of the storm continued to move slowRkCL over the 5-h duration of the event (Fig. 11; cf.
toward the north-northeast, dissipating as they moveettion 7c¢). During the final two hours of the storm, a
north of town (e.g., Figs. 9c—f). However, the soutlperiod associated with 4—6 in. of rainfal§0% of the
ern extension of the convection continually regenes-h total), only 7 CGs were detected by the NLDN.
ated west of FCL over both the foothills and a wealightning (Fig. 11), radar (e.g., Figs. 8a—d), and sat-
outflow boundary (Fig. 10). The outflow boundary (ellite imagery (e.g., Fig. 8b) all indicated the presence
=-7-1; y =—3-0; Fig. 10) was generally confined tef larger, more intense areas of convection to the
levels< 1 km AGL, but created a zone of convergen@utheast of FCL. Indeed, when viewed instanta-
and new cell growth on the south-southeastern flankously and on a regional scale (e.g., Fig. 7), the con-
of the storm where the ambient east-southeasterly fleaction located over FCL on the night of 28 July 1997
(V. > 0) encountered the westerly compon&h(0) was rather innocuous in appearance.
of the outflow (e.g., Fig. 13; x = 0, y=1.5). Once
initiated, the new cells moved northeastward (~220°kat Dual-Doppler observations of the horizontal
6—8 m s') and down the Spring Creek basin, producing wind field
heavy rainfall as they merged with the larger echo mass.Surface mesoscale analyses presented in section 5
Between 2030 and 2100 MDT, and coincident withrovided a regional view of the low-level horizontal
new cell development occurring on the southern afidw field evolution. Interestingly, the mesoscale
southeastern flanks of the storm, the echo area cetieamline analyses (Figs. 7c—d) suggest that surface
tracted in size (heavy rainfall became concentrated ineasterly winds increased in magnitude between 2000
area< 10x 10 kn®), increased in intensity, and becamand 2100 MDT near and to the southeast of FCL, co-
quasi stationary over southwestern FCL (Figs. 9e#rident with the northeastward movement of a band
Fig. 10). The area contraction of the storm, most ewf convection originally situated to the south of FCL.
dent in the radar imagery after 2100 MDT (e.gThe relatively coarse resolution of the surface wind
Figs. 9e-i), is consistent with visual observations data in the mesoanalysis makes it difficult to isolate
the convection taken east of FCL around 2030 MDihe role that the increase in easterly wind had on the
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Fic. 9. CAPPIs of radar reflectivityZ(= 2 km) from the KCYS NEXRAD radar for 2000-2200 MDT 28 July 1997. The grid
origin (0, 0) is centered on the intersection of Taft Hill and Drake Road in FCL (cf. Fig. 3). A portion of Spring Creiglaisdnd
by the bold line that begins near its headwaters, nearly intersects the origin, and ends just east of the “X” locatiofrgh@wn in
(a) 2000, (b) 2015, (c) 2030, (d) 2045, (e) 2100, (f) 2115, (g) 2130, (h) 2145, and (i) 2200 MDT.

small area of convection located over FCL. Indeesihuthwestern FCL become stationary and intensify
given a finer temporal and spatial resolution, one quesking thdast1.5 h of the event (e.g., Figs. 9e—i)? For

tion that analysis of the low level wind-field could adexample, if system motion can be represented as a
dress is, why did the third pulse of convection oveector sum of cell movement and system propagation

202 Vol. 80, No. 2, February 1999



due to a new cell growth (e.g 28 JULY 97 2115 MDT dBZ Z=1.2 km; VR Z=.3 km

Chappell 1986), how migh

changes in the low-level flov e iprpy———

have affected the sum of the: 9
two vectors in the vicinity of
FCL to produce zero net storl
movement?

Availability of Doppler ra-
dar data from the CSU-CHILI
and KCYS—-NEXRAD radars
facilitated an examination of th
coevolving horizontal wind
field and precipitation structur:
using combined radial velocit
estimates in a dual-Doppler sy
thesis (Figs. 12a,b). Due to tt
80-km baseline between CSL
CHILL and KCYS, the 70-km
distance between KCYS an
FCL, and beam curvature/re
fractivity considerations, the
lowest level for which horizon:
tal winds could be synthesize
was 1 km. Reflectivity and ra 9
dial velocity data for both radat 9 -6 3 0 3 6 9
were interpolated to a Cartesi: E-W of Taft and Drake (KM)

grid L!Slng a honzonta_l (vertical) Fic. 10. CSU-CHILL 2115 MDT 28 July 1997: radial wind velocity (shaded innas

spaC|_ng of _2 (1) k_m’ Fhen the300-m AGL and radar reflectivity (1.2 km AGL) contoured every Z deginning at

two-dimensional wind field was 20 dez. The CSU-CHILL radar is located at an azimuth of 116° and ~40-45 km from the

computed for the 1-km heightorigin (as in Fig. 9). Warm colors indicate outbound radial velocities (~easterly, southeast-

level using CEDRIC software erly), cool colors indicate inbound (~westerly) radial velocities. A portion of Spring Creek

(Mohr and Miller 1983). Note is also indicated by the bold blue line running through the origin. Note that wind data are
missing on the west side of the figure where elevated terrain is located.

w

N-S of Taft and Drake (KM)
o =

'
=)

thatonly the horizontal winds
were computed in the dual-Dop-
pler synthesis, andnly the 1-km level will be dis- with winds near the 750-hPa level in Fig. 6). However,
cussed in this study. No attempt was made to compater 2000 MDT scattered convection located along the
vertical velocity due to the long baseline and inconfieothills of the Front Range to the south of FCL
plete sampling of cloud tops by CSU-CHILL (maxi{Figs. 7a—d) began to organize and move slowly north-
mum elevation angle 8°). eastward, taking the form of a bow echo (e.qg., Fujita
Perhaps the most intriguing result of the dual978; Weissman 1993; Weissman and Davis 1998).
Doppler analysis is the apparent influence of a bd»ual-Doppler analyses (e.g., Figs. 12a,b) suggest that
echo system (located 60-80 km southeast of FQhg low-level winds backed slightly in an area located
Figs. 12a,b) on the mesoscale flow field affectirgjong and to the west of the northern edge of the bow
convection located over western FEPrior to echo system (e.g., Figs. 12a,b, X = 40-60,~26-5
2000 MDT, radar-measured winds in the vicinity aind X = 0-15, Y = 5-10) as it passed to the southeast
FCL were southeasterly at the 1-km level (consistenftthe CSU-CHILL radar. The change in low-level
flow forced by the bow echo, combined with inflow
associated with the convection over FCL, resulted in

“In the storm-relative framework of the bow echo (not shown), a ibb 1l domi d b h d
cyclonic vortex existed on the northern end of the bow echo, wﬁhnarrOW riobon of flow dominate y an enhance

aweaker, but discernible anticyclonic vortex located on the sou@asterly wind component that terminated in convec-
ern end. tion located over Spring Creek (Fig. 13).
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28 JULY 1997 NLDN wind and rain mass flux after 2030 MDT,
o T Yy NGRS FOS=10  consistent with the hypothesis that local
: L enhancements in the easterly wind re-
] [ sulted in a corresponding increase in
- - heavy rainfall over FCL. Caracena et all.
(1979) noted a similar correlation be-
40 = | tween changes in the easterly flow and
i [ corresponding changes in rainfall for the
BT flood.
The resultant quasi-stationary nature
| of the storm during the last 1.5 h of the
- event appeared to be the result of an in-
crease in the magnitude of the system
| propagation vector, which, in the net, ex-
tended toward the south-southwest. The
appearance of new cells and heavy rain
along the southern flank of the storm was
k likely the result of interaction between
F o9~ the enhanced, moist east-southeasterly
] - L e E flow, a weak low-level outflow bound-
80 e ﬁ,_,_,_'_;_h_ ary (Fig. 10), and local topography
-40 -20 0 (Fig. 2). Hence, the sum of cell move-
Distance E-W from Taft and Drake (km) ment and SyStem prOpagation vectors
o resulted in a quasi-stationary storm (e.g.,
Fic. 11. Cloud?to-g_ro_und Il_ghtr_ung detected between 1800 and 2300 MDTI\(?mleI’ 1978; Chappell 1986).
28 July 1997. Grid origin as in Fig. 9. Colors represents CG flash locations de-
tected in 1-h intervals: 1800-1900 (blue), 1900—-2000 (purple), 2000-2100 (green), . . .
2100-2200 (red), and 2200-2300 MDT (black). The locations of negative &nd COmbined polarimetric and
positive polarity CG flashes are indicated by-pand &), respectively. The cG ~ NEXRAD observations of storm
flash counts by polarity are indicated in the upper-right corner of the figure. The vertical structure
small box embedded within the larger grid encloses the area plotted in Fig. 9.  Opservations of deep convection us-
ing dual-polarized radar have provided
Radar reflectivity data (Figs. 9d—i) indicate that theew insights into the microphysical and electrical de-
last group of convective cells and heavy rainfall beelopment of convective clouds (e.g., Goodman et al.
gan to stall over southwestern FCL after 2030 MDT988; Bringi et al. 1997; Jameson et al. 1996;
nearly coincident with the onset of increased low-leveamachandran et al. 1996; Carey and Rutledge 1996,
east-southeasterly flow. To further illustrate the rela998). Combinations of multiparameter variables such
tionship between the increased easterly wind compas differential reflectivity Z_ ), specific differential
nent and the onset of heavy convective rainfall aftehaseK_.), and linear depolarization ratio (LDR) pro-
2030 MDT, a time series (2032—2215 MDT) of linevide information on hydrometeor size, shape, and ther-
averaged easterly wind speeds and the relative devisdynamic phase (the presence of oblate raindrops,
tion of those speeds from the value at 2032 MDT whail, melting, etc.; cf. Jameson and Johnson 1990;
computed utilizing the dual-Doppler analyses. THeoviak and Zrnic 1993), thereby reducing the ambi-
mean easterly wind components were computed alangties involved with inferring cloud microphysical
a 25 km long north—south-oriented line, located atpxoperties based solely on radar reflectivay, (
= 15 and extending from y = 10-15 in Fig. 12. The For exampleZ__ is the ratio (expressed in dB) of
relative deviation and mean of the easterly wind comeflectivity measured at horizontal polarizatidh
ponent for each time was then overlaid on a time ge-that of vertical polarization and provides informa-
ries of rain mass flux for the FCL storm computeiion on the reflectivity-weighted mean hydrometeor
from CSU-CHILL polarimetric radar data (cf. sectiomxis ratio. The presence of large, oblate particles (e.g.,
7d). The resultant time series (Fig. 14) exhibits a hitdrge raindrops) tends to increase e from near
positive correlation (r = 0.91) between the eastertgro to several decibels. TKg, (expressed in degrees
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per kilometer) is proportional to the
product of the mass-weighted hydron
eteor axis ratio and the precipitatio
liquid water content (Jameson 1985
and is derived from the range derivativ
of the differential propagation phas:
between vertically and horizontally po
larized radiation. AlsoK, tends to in-
crease from 0° km to several degrees
per kilometer in regions of substantie
precipitation liquid water content.
Qualitatively, LDR provides informa-
tion on the hydrometeor phase, shag
and orientation by measuring the relativ
amount of depolarized power (in dB) re
turned from scatterers in a given rad;
pulse volume. Pulse volumes with mix 3
tures of liquid water and ice (e.g., mixe 2
phase) or canted, irregularly shaped p:
ticles all act to increase the LDR. In th
case of the FCL flood ., K., and LDR
were collected by the CSU-CHILL ra
dar and when combined with reflectiv
ity and CG lightning data, provide
insight into the microphysical charactel
istics of the flood convection.

To set the framework for discussic
of the polarimetric observations, firs
consider the time—height series of KCY
mean radar reflectivity computed for
stationarycylindrical volume (10-km
radius, 14-km height) centered on Tz
Hill and Drake Roads in FCL, shown i
Fig. 15 (28 July 1997 1725-2225 MDT
Note that Fig. 15 also includes a tin
series of rain mass flux (CSU-CHILI
radar estimate; see section 7d) and me
indicating the time of occurrence of ir
dividual CG lightning flashes. Three pr
mary pulses in convective rainfa
separated in time by approximately :
1.5 h are apparent in Fig. 15 (peaks
minutes 85, 155, 260). The life cycle «

stance N-S from Taft and Drake (km)

Distance N-5S from Taft and Drake (km)

Fic. 12. Dual-Doppler—derived horizonte
wind vectors (m¥) and radar reflectivitgshaded)
for the 1-km height level at (a) 2110 MDT 28ly
1997 and (b) 2130 MDT 28 July 1997. Grid ol
gin as in Fig. 9. Vector scale (rm)sis indicated
in the upper-right corner.
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28 JULY 1997, 2130 MDT: U-WIND (Z=1 KM) One interesting characteristic of the
] | | . convection was the marked reduction in
108 o B 8 i siassauaaa lightning activity’ as compared to that of
N | convection located 40—-80 km southeast
] | of FCL (e.g., the bow echo system:;
— Fig. 11). For example, theeakin CG
- lightning activity for the FCL event oc-
| curred between 1930 and 2015 MDT
- (minutes 120-165, Fig. 15), yet CG flash
rates were only 0.5 flashes per minute.
Conversely, peak CG flash rates of 3—4
T per minute were typical of the cells lo-
— cated southeast and east of FCL in
[ Fig. 11. During the heaviest rainfall of
the evening (2125-2205 MDT, minutes
240-280 in Fig. 15), only 5 CG flashes
occurred over a 40-min time period. The
relative reduction in CG lightning activ-
i ity, coincident heavy convective rainfall,
60 L and observed thermodynamic structure
] [ of the troposphere (Fig. 6; section 4c)
; suggest the presence of a rainfall process
T T T T T T s e 1o Similar to that characteristic of tropical
i i environments (e.g., Rutledge et al. 1992;

Williams et al. 1992; Zipser and Lutz
Fic. 13. Dual-Doppler—derivagiwind component (shaded) for the 1-km heigh1994; Zipser 1994; Petersen et al. 1996;
level at 2130 MDT 28 July 1997. Positive (negative) valuas are contoured Petersen et al. 1999)

every 2 m 3§ using a solid (dashed) line. Grid origin as in Fig. 9. .
y g ( ) g g Indeed, the mean vertical structure of

reflectivity associated with the flood con-
several individual cells embedded within the broadeection (Fig. 16) bears somesemblance to that ob-
envelope of these pulses (e.g., minutes 25, 120, 2d8jved in tropical monsoon—oceanic convection (cf.
can be summarized as follows. Szoke and Zipser 1986; Williams et al. 1992; Zipser
and Lutz 1994; DeMott and Rutledge 1998). For ex-
1) t = 0 min: Development of radar echo below themple, in Fig. 15, although echo tops often exceeded
3.5-4-km level% 0°C). 12 km, mean reflectivities 35 dBZ were generally
2) t=10-20 min: Peak in echo-top elevation betwetatated near or below the height of thE0°C level
9 and 13 km. In the minute 120 and 240 rainfglb.5 km). The decrease in the normalized vergca
pulses, CG lightning (albeit infrequent) occurredientof radar reflectivity at temperatures lower than
with penetration of 30—-35 dBmean reflectivities 0°C (Fig. 16) in the FCL case is similar to that reported
(maximum reflectivities 40 dBZ) into regions of for convective cores over the tropical Atlantic Ocean
the cloud colder thar10°C. The occurrence ofduring the Global Atmospheric Research Program
larger reflectivity in the cold region of the cloud i§GARP) Atlantic Tropical Experiment (GATE) (e.qg.,
indicative of a more vigorous updraft and a moi®zoke and Zipser 1986) and only slightly smaller than
robust ice process, both of which are conducivettmat observed over the western Pacific during TOGA
enhanced electrification processes (e.g., SaundéBARE (DeMott and Rutledge 1998). As in the tropi-
1995; Williams 1995).
3) t = 25-40 min: Descent of the echo “core,” peak

in the surface rain mass flux, and continued °In addition to the small number of CG flashes detected by the

“ghmmg (mlnu'[es ]_'20' 240)'_ NLDN, a multitude of observers in FCL noted a distinct lack of
4) t = 40-60 min: Rainfall begins to decrease. Cfghtning and thunder after sunset during the period of heaviest
lightning ceases. rainfall.

60—

Bl

Distance N-5 from Taft and Drake (km)
1

Distance E-W from Taft and Drake (km)
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07/28/97 (2032-2215 MDT) thresholds observed in New Mexico convection by

Deviation of Easterly Wind and Rain mass flux Dye et al (1989)
80 o145 | o Microphysical characteristics, especially those re-
60 2130 . - = umsy a0 lated to the rainfall process, can be further discerned
’ by examining vertical cross sections (Figs. 17a,b; 2108
? 401 MDT) of the polarimetric and radial velocity fields.
£ 20 15 The northwest to southeast cross sections shown in
g, ) Figs. 17a—c are representative samples of convective
§ 2032 - - - RainRel. Dev. . core reflectivities, radial velocity__, andK__ ob- '
-20 1 U. Rel. Dev N\ 5 [ served by the CSU-CHILL radar along a 295° radial

(parallel to the low-level flow) during development of

0 2215 5 the final, heaviest episode of rainfall (Fig. 15). The
-60 FrrrrrrreTTTTTTTTTTTTTTTRTTTTTYYTYTY - highest elevation angle in the CSU-CHILL volume

0 15 30 45 60 75 90 105 scans never exceeded 9°, hence echo tops above ~8 km
Time from 2032 MDT (min.) were not sampled by the CSU-CHILL radar. The

Fic. 14. Time series of the relative deviation (%) of the medhCY S—NEXRAD volume scan measured an echo top
easterly wind component and rain mass flux, from values comf approximately 13 km near this time located approxi-
puted at 2032 MDT (left ordinate). Actual values of easterly winghately 5-10 km northeast of the storm core.
speed and rain mass flux are indicated on the right ordinaté (m s First note that the diameter of the heaviest raining
and kg &, respectively). . . .

portion of the convective core (48-514)Bn Fig. 17a
was only 1 km wide, a characteristic common to the
cal cases, the lovevel convective echo centroid in theconvective cores of the final rainfall pulse in this event.
FCL case coupled with a large gradient in reflectivifyeak reflectivities in the cell were 57 4Rnd were
above 0°C likely suggests that warm-
rain/collision—coalescence was an impor-
tant rainfall production mechanism28 JULY 1997: TIME-HGHT-dBZ(AVG) 1725-2225L

relative to ice-based processes, more ooy sy

commonly associated with precipitation 10 20 25 30 35 40 45
production in high plains thunderstorms 14 — 22
(e.g., Dye et al. 1974; Dye et al. 1986; ] — 20
Knight et al. 1974; Heymsfield et al. 18,
1979). _ 10 " 6 2
Though heavy rainfall occurred in_ " " 4 0
cells producing little or no lightning dur-g ¢ _ [ 7 =
ing the FCL event, when pulses in thgf« | —12 7
convection extended mean (maximumg, ¢ | ' ' — 10 £
reflectivities of=35 dBZ (40 dBZ) to 3 2
temperatures colder thatt0°C (indica- 4— 6 =
tive of enhanced mixed phase micro- E

physics and therefore electrification 2
processes; e.g., Williams 1995), CG
lightning occurred shortly thereafter 0
(Fig. 15). These observations aomsis- 0 60 120 180 240 300
tent W|t_h previous §tud|es of lightning- Time after 1725 L (min)
producingconvection observed over

tropical continents and oceans (Rutledge Fic. 15. Time-height series of mean reflectivity (KCYS) for 1725-2225 MDT
et al. 1992; Williams et al. 1992; Zipser8 July 1997. Height (km) is plotted on the left ordinate, time (minutes after 1725
and Lutz 1994: Petersen et al 199%2T) on the abscissa. A time series of rain mass fluxK@G?*; bold solid line)

! . ’ CSU—CHILL blendedR(K,, Z,) estimate; see text] is plotted on the right ordi-
Pete_rsen et al. 1999) and, in the case te. Marks (O) are placed along the abscissa to indicate relative times of CG flash
maximum reflectivities (not shown), alsoyccurrence in the analysis volume. The approximate height eLOf€ level is
consistent with electrification onsetindicated by a bold dashed line at the 5.5-km height level.
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Normalized dBZ profiles: 7/28-Bold; COARE-light; GATE-dash freezing in a mixed_phase environment (e.g., Bringi
14 et al. 1996; Bringi et al. 1997; Jameson et al. 1996).
:z: The raindrops were lofted through the freezing
1 level along a northwestward trajectory and as they
10 froze likely underwent substantial accretional growth
0] prior to descending on the northwest side of the convec-
P tive core. The location of the 57 dBeflectivity core
7- near and just above the 3.8-km level, situated in horizon-
= tal gradients of radial velocity, . andK_, suggests
5 that the descending ice particles were likely growing
4+ by accretion before they melted. Microphysically, the
37 observations for the FCL case seem conceptually simi-
27 lar to that of an “accumulation zone” model of precipi-
19 tation production. This concept, which involves
0 o or od e  0s 11, efficient precipitation production through a coupling
Norm.-Reflectivity of warm-rain and ice-particle accretion processes, has
been previously invoked to explain hail growth (e.g.,
Fic. 16. Height profiles of normalized radar reflectivity (norg|akvelidze et al. 1967) and microphysical observa-

malized to profile maxima) for the FCL case (bold, solid line), a . . . . . .
the mean convective profiles from the TOGA COARE (Iighrtﬁjons of rainfall production in tropical cumulonimbi

solid; DeMott and Rutledge 1998) and GATE (dashed; Szoke a‘%g’ Takah_aSh' 199_0; Takahashi and Kuhara 1993)'
Zipser 1986) tropical oceanic regimes. Short solid horizont& Similar microphysical process was proposed by
(dash) lines indicate the heights of the 0° a@@°C temperature Bringi et al. (1996) in their multiparameter radar study
levels for the (tropical oceanic) FCL environment. of a storm that produced heavy rain, hail, and minor
flooding in Fort Collins in June 1992.
situated near and just above the height of the 0°C level. A horizontal cross section &, Z__, andK__, at
Reflectivities of 35 d& extended to temperatured.2 km AGL (Fig. 18a) during the time correspond-
colder than-10°C at this time, with the first detectedng to Figs. 17a—c reveals interesting microphysical
CG lightning occurring 15 min later. Cross sectiorsgructure that is relevant to the radar estimation of rain-
of Z,, andK_, in Fig. 17a combined with the crosdall (Fig. 18b). Cells of high reflectivity exceeding
section of radial velocity in Fig. 17b suggest that 20 dBZ were approximately collocated with cores of
3-mm diameter raindropZ(_.'s approaching 2 dB, elevated > 1.5 dB, suggesting the presence of drops
with K__'s of 2.5° km*; e.g., Bringi et al. 1996) werein excess of 3 mm (Herzegh and Jameson 1992).
being formed between the 2- and 3-km levels Gomparison of Figs. 17b and 18a reveals that these
=1 km, Fig. 17b) in the updraft located on the eastagells containing large raindrops, likely resulting from
edge of the convective core (x = 0.5-1.5). The ver#-collision—coalescence process, were located in the
cal extent ofZ__ values> 1 dB andK_, values updraft along the leading edge of the convective com-
> 1° knT* also suggests that millimeter-sized raindrogaex. In contrast, the largest valuekgf (= 1.5° knt")
were being lofted by the updraft to temperatures coldeere centered primarily in the downdraft and further-
than 0°C, followed by freezing (Bringi et al. 1996), asiore were displaced to the northwest of the peak val-
indicated by reflectivities near 50 @Bn the updraft ues ofZ, andZ__ in the updraft by 1-4 km. This
and a rapid falloff in th&, andK, above the 4-km juxtaposition between maximai),, andz /Z__has
level. To investigate this drop freezing process furth@mportant implications for storm microphysics and the
we calculated the reflectivity-weighted ice fractibh ( radar estimation of rainfall, as further discussed below.
usingZ, andZ__ as outlined in Carey and Rutledge The corresponding horizontal cross section of radar-
(1996). As shown in Fig. 17t ncreased from 0.1 to derived rainfall rate is presented in Fig. 18b. We uti-
0.5 just above the 4-km level in the updraft. Howevdize the NEXRADZ-R and a blendeB(K ., Z.)/Z-R
mixed-phase precipitation existed up to at least 5 katgorithm utilizing CSU-CHILL polarmetric data (cf.
as indicated by the 0.9 ice fraction line (and hence @dction 7d). The blendeR(K ., Z,.) estimate pro-
rain fraction). This observation is further supported luced peak rain rates of 110 mm, kvhile the peak
the presence of an “LDR cap” 623 to—24 dB over- rain rate from th&@—Ralone is only 75 mm In ad-
lapping the top of th&__ core, consistent with dropdition, the region of heavy raiR¢ 50 mm h') is sig-

Height (km)
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nificantly larger for thdr(K__, Z_.) product comparec
to theZ-R. As expected from Fig. 18a, the peak ri
rate from the blended polarimetric algorithm is loca
in the downdraft several kilometers to the northw
of the pealZ—R.

As discussed in Jameson (1985), ~W(1 - %)
whereW is rain mass mixing ratio arkdis the mass-
weighted rain drop axis ratio. Note that the value
K, at the peaR(K,, Z,.) in Fig. 18b is only slightly
higher than at the peak-R. HoweverZ__ is at least
0.5 dB less at the peaR(K,,, Z,.). SinceZ ~
[10@PR19-GM (Jameson 1991), the location of the pe
R(K,p Z,z) must contain a larger number of smal
drops relative to the location of the maximdmZ ...
Of course, thez-R relationship places the pes
rain rate at this point. Studies such as Blanchard
Spencer (1970) suggest that in heavy rain the con
tration of smaller dropdX ~ 1-2 mm) may increas
with increasing rain intensity. This behavior of t
drop size distribution in heavy rain can resultin an
derestimation of the peak rain rate estimated by
NEXRAD Z-R (e.g., Smith et al. 1996) and cau
errors in the location of the pekinferred rain rates
since reflectivity is biased by the presence of la
drops. Although we have insufficient high-resoluti
rain gauge data to prove that the polarimetric rain
estimate was more accurate in rainfall amount
location at this time, we will demonstrate in t
following section that the blendd(K ., Z,.) algo-
rithm did provide a better estimate of storm cumt
tive precipitation.

d. Radar-estimated rainfall

The reflectivity g) data collected by NEXRAL
(e.g., KCYS) and CSU—-CHILL radars can be c¢
verted to rain rate using reflectivity—rainfal«R)
relationships (e.g., Battan 1973). Importantly, pc
rimetric techniques (cf. Doviak and Zrnic 1993) ¢
also be utilized with the CSU-CHILL data. In opel

Fic. 17. CSU-CHILL 2108 MDT 28 July 1997. Northwes
southeast cross sections taken along a 295° radial from C
CHILL. (a) Reflectivity (shaded)Z , (black contour), and,
(light blue contour); contour interval 0.5° Knf0.25 dB) forK
(Z,) starting at 1° kit (1 dB). (b) Reflectivity and radial veloc
ity; receding (approaching) radial velocities are contoured u
solid (dashed) lines at an interval of 3 m $c) Reflectivity
(shaded), precipitation-sized ice fractidn tflack contour), anc
LDR (blue contour). Ice fraction contoured at 0.1, 0.5, and
LDR contours at23.5 and-24.5 dB. The approximate height
the 0°C level is indicated by a bold hash maikat3.6 km. Grid
origin as in Fig. 9.
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e N B tional settings, especially warn-

10 20 30 35 40 45 50 54 58 ing situations, extensive data
a. CSU-CHILL 2108 MDT: DBZ, KDP (White), ZDR(Black) processing and/or tuning of ra-
-'- - dar rain-rate relationships in real
time is impractical. Therefore it
is necessary to examine the rela-
tive accuracy of radar-rainfall
measurements in postevent pro-
cessing. Here the word “accu-
racy” refers to the amount of
rainfall measured by the radar
compared to that measured by
the rain gauge network.

Herein, we briefly discuss
several radar estimates of the
maximum Storm Total Precipi-
tation (STP) for the FCL flood
(Table 2). The rainfall estimates
were computed using KCYS
Level Il reflectivity data, and
CSU-CHILL reflectivity and
polarimetric data. The data were
b. CSU-CHILL 2108 MDT: blended R(Kdp,Zdr), R(Zh) (contour) gridded with a horizontal spac-

SR ' | ing of 500 m at an elevation of
approximately 1 km. Reflectivity-
based rain rates were computed
for each grid point using the
NEXRAD Z-RrelationshipZ =
300R*4) applied to both untrun-
cated and truncated reflectivity
(53 dBZ) values. Given the ap-
parent tropical nature of the
convection, two tropicaZ-R
relationships (Table 2) were
also utilized (Short et al. 1997;
Rosenfeld et al. 1993) for com-
parative purposes. Rain rates
were integrated over the 5-h du-
ration of the storm to compute
the STP. Level Il data from
1T the Denver NEXRAD radar
9 -8 -7 6 -5-4-3-2-10123 4546 7 8 9 (KFTG) were unavailable dur-

E-W of Taft and Drake (KM) ing the initial phase of the analy-

P p——— = sis, though a recent service
1 10 20 30 40 50 70 90 110

Fic. 18. Horizontal cross section at 1.2 km AGL of CSU-CHILL radar data at 2108 MDT 28 July 1997. (a) Reflectivity (shaded),
Z_ ., (black contour), an#{_, (white contour). Th&__ is contoured every 0.3 dB starting at 1.2 KB, is contoured every 0.5° kin
starting at 1° krrt. (b) Rainfall rate in mm+ The blendedR(K_,, Z,.) rain-rate product is shaded as shown and the NEXRAD
rain rates are contoured at the same rainfall intensities for direct comparison (1, 10, 20, 30, 40, 50, 70, 90, and)1 Thenphaime
of the vertical cross sections shown in Fig. 17 for the same time are indicated by a dashed blue line.

S = N W ok th 3 a x

.
—

N-S of Taft and Drake (KM)
o

-3

9 876 -5-4-3-2-10123 456 789
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assessment report from the Department
of Commerce (NOAA 1997) suggests TasLE 2. Radar rainfall estimates of STP max (1725-2225* MDT).

that the KFTG 6-h STP maximum was

on the order of 6 in. (cf. KCYS and  Radar Method STP Max (in.y*
CSU-CHILL estimates; Table 2).
In addition toZ-R estimates, the KCYS R Zf300';; 5.0
CSU-CHILL data permitted a variety of Z_Rj Z i 139 7.9
. o : Z-R: Z=250R? 10.8
polarimetric rainfall estimates to be com-
puted using multiparameter variables in-csu-cHILL Z-R: Z = 300R* 6.5
cludingK_, andZ__ (Doviak and Zrnic Z-R Z=139R*% 10.2
1993; Ryzhkov and Zrnic 1995). For Z-R:Z = 250R* oo e 14.9
brevity, only the polarimetric estimates R(Kop, Zpg) =52 K *%Z ™ 8.6
R(K,» Z,)/Z-R 8.0

of STP computed using combinations of
K, andK . (Ryzhkov and Zrnic 1995)
andK_,, Z,., andZ (e.g., a “blended
product”) are shown in Table 2. Theoreti-
cally, the use of botK_, andZ__ in the
same rain-rate relationship (Table 2) should bett8TP maxima. The tropic&-R relationships yielded
account for spatial and temporal variation in the dr&@T P distributions and amounts that were similar to the
size distribution (cf. Ryzhkov and Zrnic 1995). gauge analysis (Fig. 3b). However, the Rosenfeld et al.
A subjective comparison of radar STP estimates({t093)Z-R relationship produced a marked overesti-
rain gauge STP was conducted. The criteria for evatoate (factor of 1.5) of the area-integrated STP relative
ating the various radar techniques relative to th@the gauge network using CSU-CHILL reflectivity
gauges involved a comparison of the location addta.
value of the STP maximum and the overall pattern of The multiparameteR(K__, Z_) technique yielded
the rainfall. TheR(K,,, Z,;) technique provided thea maximum STP of 8.6 in., approximately 85% of the
best match to the gauge STP using an equation preyauge value, and a spatial distribution of rainfall con-
ously cited in the literature, with no tuning, and aistent with that of the gauges (Fig. 3b). Over the en-
minimum in processin¢e.g., spurious data ati, tire coverage area, th(K_,, Z ) estimate was
bias were removed). Two other polarimetric teclpproximately 10%—-25% lower than the gauge totals.
niques cited in the literature were also utilized [e.grhough the STP computed from R, Z ) rela-
R(K,p), andR(Z, Z .); cf. Doviak and Zrnic 1993] but tionship was reasonably accurate, sevirstanta-
provided little improvement over the NEXRAB-R neougain-rate estimates at given grid points over the
relationship in an absolute sense. Detailed discussih duration of the event were contaminated by noisy
of radar—rainfall measurement us@of the poten- K__ andZ_, values in regions of moderate to high re-
tial polarimetric variables/techniques and their applfiectivity (e.g., 30-50 dB).
cation to this case is beyond the scope of this paperTo correct theR(K_, Z_.) rainfall estimates for
but is the subject of several ongoing studies. sampling errors and noise at light to moderate rainfall
Examining the STP estimates in Table 2, thates € 15 mm ht), we created a blended rainfall prod-
NEXRAD Z-R applied to both KCYS (Fig. 19a) anduct that utilized th&¥(K ., Z_.,) estimate in moderate
CSU-CHILL reflectivity data produced maximumnto heavy rain when 2 38 dBz, a linearly weighted
STPs of 5 and 6.5 in., respectively, only 50%—-65% B{K ., Z..)/Z-R estimate of rain rate in regions of light
the gauge total (as was the KFTG estimate; NOA&AiIn when 3% Z < 38 dBzZ, and pureZ-R estimate in
1997). Truncation of the reflectivity values to an upeflectivities< 35 dBZ and/or for data points where the
per limit of 53 dEZ, the maximum reflectivity used inK_, orZ__ were below predetermined noise thresholds.
the NEXRADZ-R algorithm, had little effect on the The noise thresholds f&, andZ_ were determined
calculated STP. The spatial distribution of the KCYBy examining collocated grid points Kf_, Z,., and
(Fig. 19a) and CSU-CHILL STPs are broadly consi&- By visual inspection, the noise thresholds were con-
tent with the gauge analysis (Fig. 3b). However, tiservatively determined to be ~0.3° ®rfor K__ and
CSU-CHILL STP maximum was located some 500-0.5 dB forZ__, both thresholds occurring at a reflec-
1000 m southeast of the KCYS and gauge netwdikity of 38 dBZ. These thresholds are similar to the

*1725-2215 for the CSU-CHILL.
*Gauge STP maximum 10 in.
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KCYS: 28 July 1997 1730-2225 MDT CHILL: 28 July 1997 1730-2215 MDT
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Fic. 19. Storm-total rainfall (in.), 1725-2215 MDT 28 July 1997. (a) NEXRAR estimate using KCYS reflectivity data. (b)
CSU-CHILL blended R(K,, Z,.) estimate. The contour interval in (a) and (b) is 1 in. The origin (“O”) is located as in Fig. 9. FCL
street grid and location of Spring Creek are also depicted as in Fig. 9. Note the change in scale for shading of raitgafi éaphoun
and (b).

standard errors of the estimators reported in Bringsed(Table 2). This is not surprising given the strong
et al. (1996) for the CSU-CHILL radar. The “tropifunctional dependence @tR-computed rain rates on
cal” Z-Rrelationships shown in Table 2 (Short et akampling error, radar calibration, and variations in the
1997; Rosenfeld et al. 1993) were utilized in tharop size distribution (cf. Doviak and Zrnic 1993).
blended product (Fig. 19b). Sensitivity tests suggest A previously publishedR(K_,, Z__) relationship
that the blended product was relatively insensitive épplied to the data in both pure and blended forms
the tropicalZ-R relationship used and also to smale.g., combined with the COARE tropicalR) pro-
changes (e.g., 0.1° kin0.1 dB, 1 d&) intheK ,Z ., vided a reasonable estimate of the STP with minimal
and reflectivity thresholds chosen. Relative to thaning (low by a factor of 0.8). It is hypothesized that
R(K,.» Z,.) estimate, the blended rainfall product (Fighe combined phase and power information contained
19b) exhibited a slight decrease (7%) in the maximumthe R(K_, Z_.) estimate better accounted for spa-
STP, but smoother (spatially) instantaneous rain ratgal and temporal variations in the raindrop size dis-
In summary, the NEXRALZ-R relationship ap- tribution (e.g., Ryzhkov and Zrnic 1995).
plied to both KCYS and CSU—CHILL radar reflectiv-
ity data produced STP maxima that were only
50%—65% of the gauge STP maximum (similar to uB. Summary
derestimates of rainfall by the NEXRAD in the Madi-
son County, Virginia, flash flood of 1995; Smith etal. Extensive meteorological sampling of the environ-
1996). While good agreement was attained betwement, convection, and heavy rainfall associated with
gauge-measured STPs and STPs computed usingieg~ort Collins flash flood provided key insights into
(Short et al. 1997) Rosenfeld et al. (1993) tropictie physical processes responsible for the flood event.
Z-R relationship with the (CSU-CHILL) KCYS From a meteorological perspective the Fort Collins
NEXRAD data, the relative degree of agreement bease occurred under the influence of many classic syn-
tween theZ-R-computed STP and the gaugeas optic signatures (e.g., Maddox et al. 1978; Maddox
clearly a function of both the radar and relationshigt al. 1980; Caracena et al. 1979; Doswell et al. 1996).
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Those signatures included 1) the presence of a neganding on both the radar and the relationship
tively tilted 500-hPa ridge over the area and some desed Alternatively, multiparameter radar rainfall es-
gree of forcing associated with a weak shortwavenation techniques such as tR&, Z_..) method,
trough that moved northward in the western side of thnich incorporates more information on the tempo-
ridge; 2) postfrontal moist easterly upslope flow at loval and spatial variation of the drop size distribution,
levels; 3) a veering, but weak to moderate, moigtrovided a reasonable estimate (20% low) of the storm
south-southwesterly flow aloft; 4) slow system movéetal precipitation with a minimal amount of tuning.
ment and training convection; and 5) a deep, moaist,
warm layer in the sounding conducive to precipitation
production via warm-rain/collision—coalescence pr&®. Topics for future research
cesses. However, unlike the 1976 Big Thompson flood
(Caracena et al. 1979), the environment of the Fort Although sampling of the FCL storms was quite
Collins flood possessed only modest thermodynanggtensive, several questions and topics for further re-
instability and a lower LFC. This situation led to storreearch have arisen out of the analysis conducted thus
development where the easterly flow encounteredfigs and include the following.
first abrupt lift on the western side of Fort Collins, as
opposed to the Big Thompson flood, where parcely Radar estimation of rainfall: (a) The NEXRAD
required lifting to higher elevations in order to reach Z-Rrelationship provided a significant underesti-
the LFC. mate of the STP maximum regardless of the radar
Intensive radar sampling coupled with gauge and used. Application of two tropic@-R relationships
lightning observations provided a detailed view of the provided either accurate, excessive, or slight un-
cloud and precipitation morphology. For example, the derestimates of the STP maximum depending on
heaviest convective rainfall occurred in an area on the the radar and relationship used. Can ancillary me-
order of 10x 10 kn¥; the heaviest precipitation cores teorological data be used in real time to provide
were only 1-3 km wide. Relatively little lightning and guidance for the selection of an appropriat®
no hail occurred in association with the storm over Fort relationship? If so, over what temporal and spatial
Coallins, consistent with the presence of only modest scales might this work? To what extent could real-
thermodynamic instability and the tropical nature of the time lightning information be used in this process?
sounding. Polarimetric radar observations sughast  (b) While polarimetric techniques such as the
a coupling between warm-rain/collision—coalescence R(K,, Z ) and the blended product yielded rea-
processes and precipitation ice processes played arsonable estimates of STP for the FCL flood case
important role in the rainfall production associated with minimal processing, multiparameter tech-
with the flood convection. Dual-Doppler observations niques such aR(K,) did not appear to work as
and mesoscale wind analyses revealed that the low-well. What are the sensitivities of each technique
level mesoscale flow field associated with a bow echo to changes in the assumed drop size distribution,
may have caused a brief acceleration in the easterlydrop shape, and the spatial variability of rainfall?
wind component at low levels during the last 1.5 h of How did the method of calculatini§_, (e.g.,
the storm. The enhanced easterly flow apparently in- Hubbert et al. 1993) fdhis case affect thR(K
teracted with convection over Fort Collins, resulting andR(K_,, Z,.) precipitation estimates?
in quasi-stationary convection and heavy rainfall. 2) Physical processes: The coexistence of both mov-
Radar estimates of storm total precipitation were ing (storms to the south of Fort Collins) and quasi-
computed using the NEXRAR-R relationship and  stationary (the Fort Collins storm) convective sys-
both CSU-CHILL and KCYS NEXRAD reflectivity  tems in the same synoptic environment presents a
data. The resultant NEXRAB-R estimates of the  formidable challenge for forecasting. To what ex-
maximum rainfall accumulation were approximately tent did mesoscale processes, topographic effects,
one-half of that measured by the rain gauge network. interactions between mesoscale convective systems,
Two tropicalZ-R relationships were also utilized to  or other factors, influence the quasi-stationary char-
estimate the storm’s accumulated rainfall. Application acter of this storm? What factors control whether
of the tropicaZ—R’s yielded a mixed result (e.g., Table flash floods along the east slopes of the Rocky
2), as either lower, equal, or higher rainfall totals Mountains occur at the base of the foothills or far-
were produced relative to the rain gauge netvaderk ther up in the mountains? The strength of the

DP)
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upslope flow? The degree of saturation at low lev=—, and ——, 1998: Electrical and multiparameter radar ob-
els? Others? Can this distinction be made in flashservations of a severe hailstorth. Geophys. Res103,

flood watches? It obviously affects populations the.thle’ 979-14 000.

houl Ki ; appell, C. F., 1986: Quasi-stationary convective evéfes.
should be taking precautionary measures. soscale Meteorology and Forecastify,S. Ray, Ed., Ameri-
. can Meteorological Society, 289-310.
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