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ABSTRACT

Drop size distributions observed by four Particle Size Velocity (PARSIVEL) disdrometers during the 2013
Great Colorado Flood are used to diagnose rain characteristics during intensive rainfall episodes. The analysis
focuses on 30 h of intense rainfall in the vicinity of Boulder, Colorado, from 2200 UTC 11 September to 0400
UTC 13 September 2013. Rainfall rates R, median volume diameters D, reflectivity Z, drop size distributions
(DSDs), and gamma DSD parameters were derived and compared between the foothills and adjacent plains
locations. Rainfall throughout the entire event was characterized by a large number of small- to medium-sized
raindrops (diameters smaller than 1.5 mm) resulting in small values of Z (<40 dBZ), differential reflectivity
Z4: (<1.3dB), specific differential phase Kg, (<1°km™"), and D, (<1 mm). In addition, high liquid water
content was present throughout the entire event. Raindrops observed in the plains were generally larger than
those in the foothills. DSDs observed in the foothills were characterized by a large concentration of small-sized
drops (d < 1 mm). Heavy rainfall rates with slightly larger drops were observed during the first intense rainfall
episode (0000-0800 UTC 12 September) and were associated with areas of enhanced low-level convergence and
vertical velocity according to the wind fields derived from the Variational Doppler Radar Analysis System. The
disdrometer-derived Z-R relationships reflect how unusual the DSDs were during the 2013 Great Colorado
Flood. As a result, Z-R relations commonly used by the operational NEXRAD strongly underestimated rainfall
rates by up to 43%.

1. Introduction

Extreme events such as the 2013 Great Colorado Flood
are difficult to forecast since their weather patterns and
atmospheric processes do not resemble the standard
conditions of a region for which forecasting and now-
casting systems may have been tuned. Nevertheless,
evaluating model performance and analyzing the in-
teraction between dynamical and microphysical pro-
cesses provides interesting insights, which might be
applicable to other regions. The Great Colorado Flood
was triggered by an atypical weather pattern that trans-
ported large amounts of warm and moist air over several
days between 11 and 15 September from the Gulf of
Mexico, the Caribbean Sea, and the tropical eastern
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Pacific Ocean into the Front Range of northern Colo-
rado. A detailed overview of the meteorological and
hydrological conditions during the Great Colorado Flood
and an evaluation of several quantitative precipitation
estimates, quantitative precipitation forecasts, and hy-
drological forecast products can be found in Gochis
et al. (2015).

Friedrich et al. (2015) analyzed the spatial and vertical
structure of clouds and precipitation during the intensive
rainfall episodes between 2200 UTC 11 September and
0400 UTC 13 September 2013 using radar reflectivity
from the operational NEXRAD at Denver, Colorado
(also referred to as KFTG). That study shows that the
strongest rainfall occurred along the lower parts of the
Colorado Front Range at ~1.6km MSL. Friedrich et al.
(2015) also concluded that rainfall type and distribution
are strongly linked to mesoscale upslope strength in ad-
dition to smaller-scale and short-lived low-level conver-
gence that resulted from the interaction with the local
terrain (e.g., cyclonic circulation in the early hours of
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12 September, also referred to as mesovortex; Friedrich
et al. 2015; Gochis et al. 2015; Morales et al. 2015). The
generating mechanisms of the low-level convergence
and mesovortex are still being investigated, but first re-
sults hint toward the role of latent heat release and the
influence of local topography (Morales et al. 2015). These
smaller-scale and short-lived periods of convergence and
the mesovortex, and their interaction with the local ter-
rain, in conjunction with the larger-scale, persistent up-
slope flow, have been identified as the main driving
mechanisms for the distribution, amount, and vertical
structure of clouds and rain during the 2013 Great Col-
orado Flood. Mesoscale surface features directed the
moisture to very localized areas, triggering convective
and enhancing orographic precipitation over many hours
that resulted in the devastating floods. The mesovortex, a
mesoscale, counterclockwise circulation that developed
over Denver in the late evening on 11 September, was
one of those notable features. In the early hours of
12 September, this circulation, accompanied by several
bands of enhanced surface convergence, moved north-
westward toward the Boulder, Colorado, area and farther
up the mountains. During weak low-level forcing, rain at
and below the melting layer was produced through
collision—coalescence processes. During stronger low-
level forcing, higher cloud tops with layers of super-
cooled liquid favored graupel production. During this
time, lightning was observed along the Front Range be-
tween 0330 and 0634 UTC 12 September [Fig. 13 in
Friedrich et al. (2015)]. Eight hours of intense rainfall
between 0000 and 0800 UTC 12 September (hereafter
also referred to as the first episode) was observed in the
foothills between Golden and Estes Park, mainly as a result
of the convergence bands and their interaction with the
local terrain. On the evening of 12 September, low-level
easterly flow persisted for over 8 h and resulted in a second
episode of intense rainfall mainly over the foothills between
2000 UTC 12 September and 0400 UTC 13 September
(hereafter also referred to as the second episode). No
lightning was observed during the second episode.
Friedrich et al. (2015) and Gochis et al. (2015) focus
on the meteorological and hydrological setup and the
temporal and spatial distribution of rainfall on a larger
spatial scale. In contrast, the present study analyzes the
spatial and temporal evolution of drop size distributions
(DSDs) and rain characteristics (intensity, mean di-
ameter, and number concentration) measured by optical
disdrometers at four locations along the Colorado Front
Range during the intensive rainfall episodes. DSDs
observed during the first and second intense rainfall
episodes are compared and analyzed with respect to the
low-level convergence field and the microphysical pro-
cesses. In addition, DSDs from two lower-elevation
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FI1G. 1. Relative frequency of Z > 15 dBZ observed at each radar
range gate from the surface to 500 m AGL between 2200 UTC 11
Sep and 0400 UTC 13 Sep. Reflectivity was observed every 5 min
by the operational WSR-88D at Denver resulting in a total of 360
radar scans (100%). Black lines denote terrain height contours at
1.5, 2, 3, and 4km MSL. Crosses with numbers indicate the ap-
proximate town and city center locations (names of cities are
shown below) and instrument locations at Marshall, CU campus,
Melvina Hill, and Sugarloaf.

stations on the plains are compared to two stations in
the foothills to investigate the effects of the local terrain
on the rainfall characteristics.

2. Instruments and methods
a. Disdrometers

A total of four OTT Particle Size and Velocity
(PARSIVEL; Loffler-Mang and Joss 2000; Tokay et al. 2014)
optical disdrometers collected data during the Great
Colorado Flood, with their locations shown in Fig. 1. Two
first-generation OTT PARSIVELs were located at the
University of Colorado (CU) campus in Boulder (1663 m
MSL; hereafter referred to as CU campus) and at the
National Center for Atmospheric Research (NCAR) fa-
cility at Marshall ~5km south of CU campus (1742m
MSL; hereafter referred to as Marshall; Rasmussen et al.
2012), respectively. Two first-generation PARSIVEL
disdrometers operated by NCAR were deployed within
the Fourmile Canyon ~5 km west of CU campus close to
Sugarloaf Mountain (2225 m MSL; hereafter referred to
as Sugarloaf) and Melvina Hill (2431 m MSL). Obser-
vations were conducted continuously at Sugarloaf, CU
campus, and Marshall. Because of a power failure, the
disdrometer at Melvina Hill only operated from 2300
UTC 11 September to 0800 UTC 12 September and at
1800-1900 and 2100-2330 UTC 12 September 2013.
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The PARSIVEL disdrometers use a 650-nm laser with a
power of 3MW (Loffler-Mang and Joss 2000; Loffler-Mang
and Blahak 2001). The laser produces a horizontal sheet of
light 30 mm wide and 180 mm long, resulting in a horizontal
sampling area of 54 cm?. Particles passing through the hor-
izontal sampling area cause a reduction of the light intensity
that is proportional to the particle size. The particle velocity
is estimated from the duration of the reduction in light in-
tensity and the particle size from the magnitude of the re-
duction, with the assumption that the particles are spherical
[Fig. 1 in Loffler-Mang and Joss (2000)]. The particle size
and fall velocity of each particle are sorted into 32 velocity
classes ranging between 0.05 and 20ms ! and 32 particle
size classes ranging between 0.062 and 24.5 mm. Because of
the small signal-to-noise ratio, no particles are recorded in
the smallest two size classes, resulting in a minimum de-
tectable size of about 0.312mm. The class width is finer for
smaller- and medium-sized particles and broadens for larger
particles [see Fig. 1 and Table Al in Yuter et al. (2000)].
During the 2013 Great Colorado Flood, the four dis-
drometers operated with different temporal sampling in-
tervals: CU campus sampled at 30s, Marshall at 1 min, and
Sugarloaf and Melvina Hill at 5min. A detailed description
and specification of the instrument’s hardware and data
analysis are found in Loffler-Mang and Joss (2000), Loffler-
Mang and Blahak (2001), Yuter et al. (2006), Friedrich et al.
(2013a,b), and Tokay et al. (2014, and references therein).
Differences in uncertainty relevant for this study are dis-
cussed in the appendix.

b. Methods for disdrometer analysis

Various error sources have been identified that affect
the quality of the PARSIVEL disdrometer observations,
for example, instrument background noise, large un-
certainties for rainfall rates >20mmh ™!, mixed-phase
precipitation, strong winds and turbulence, margin fallers,
and splashing of raindrops on the instrument housing (e.g.,
Nespor et al. 2000; Krajewski et al. 2006; Thurai et al. 2011;
Jaffrain and Berne 2011; Tokay et al. 2013, 2014, and ref-
erences therein). A quality-control procedure described in
Friedrich et al. (2013a,b) was applied to the recorded par-
ticle size distributions, which removed margin fallers,
splashing drops, and particles misclassified because of
strong wind and heavy precipitation effects. The resulting
number concentrations were used to calculate the mo-
ments of the DSD, including reflectivity Z, rainfall rate
R, liquid water content W, median volume diameter D,
total number concentration N7, and the generalized
intercept parameter Ny at a temporal resolution of
1min (CU campus and Marshall) and 5min (Sugarloaf
and Melvina Hill), as described in Friedrich et al.
(2013b) and following Ulbrich (1983), Testud et al.
(2001), Bringi et al. (2003), and Yuter et al. (2006).
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After quality control, a global scaling analysis was
conducted (see Sempere Torres 1994, 1998; Uijlenhoet
et al. 2003) and a gamma function was fit to each rain-
drop size distribution following the method of moments
(Tokay and Short 1996). The DSD function parameters
[i.e., the shape w (unitless), slope A (mm '), and in-
tercept No (mm ' ~#m™>)] are derived from the third,
fourth, and sixth moments of the DSD using Egs. (3)-(5)
in Tokay and Short (1996). In addition, the transition (T)
matrix method (Vivekanandan et al. 1991; Bringi and
Chandrasekar 2001) was used to compute differential
reflectivity Z4, for S-band (2.89 GHz) and specific dif-
ferential phase K, for both S- and X-band (9.39 GHz)
frequencies for each 60-s time step from the DSDs
observed by the disdrometers. The drop shape model
from Beard and Chuang (1987) was chosen. Note that
only raindrops were observed at the disdrometer sites.

Rainfall rates and reflectivity calculated directly from
the measured DSD were compared to rain gauge ob-
servations and measurements from the operational
WSR-88D at Denver (i.e., KFTG), respectively (see the
appendix). A detailed description of the KFTG radar
operation during the Great Colorado Flood can be
found in Friedrich et al. (2015). The rain gauges
include a Geonor T-200B gauge at Marshall, an Envi-
ronmental Technology Instruments (ETI) gauge at CU
campus, and a tipping-bucket rain gauge at Melvina Hill
[see, e.g., Rasmussen et al. (2012) for instrument type
descriptions]. More information about the performance
of the PARSIVEL disdrometer comparing the DSDs
to a Joss—Waldvogel disdrometer (Joss and Waldvogel
1967) and rain gauges can be found in Tokay et al. (2013,
2014, and references therein).

c. Variational Doppler Radar Analysis System

Wind vector fields from the Variational Doppler
Radar Analysis System (VDRAS; Sun and Crook 1997,
1998, 2001) were used to evaluate the dynamical forc-
ing at lower versus higher elevations during the first
and second intense rainfall episodes. VDRAS is a 4D
variational data assimilation (4DVar) system that
produces wind analyses using a mesoscale model
background and observational data from radars and
surface networks. In this study, the model background
was provided by hourly forecasts generated by the
Weather Research and Forecasting (WRF; Skamarock
et al. 2005) Model run at a horizontal grid spacing of
3km. Data from the operational observing networks
were assimilated in VDRAS, including operational
S-band polarimetric Doppler radar information from
the radars at Denver, Colorado; Pueblo, Colorado; and
Cheyenne, Wyoming; and NOAA’s Meteorological
Assimilation Data Ingest System (MADIS) surface
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FIG. 2. Median (a),(c) convergence and (b),(d) vertical velocity from 2 to 8 km AGL based on VDRAS (top)
between 0000 and 0800 UTC 12 Sep or (bottom) between 2000 UTC 12 Sep and 0400 UTC 13 Sep. White lines
denote terrain height contours at 1.5, 1.6, 1.7, 1.8, 2, and 2.5 km MSL. Crosses approximate town and city center
locations and instrument locations at Marshall, CU campus, Melvina Hill, and Sugarloaf.

observations (Sun and Crook 2001). The 4DVar was
cycled every 10 min with a horizontal resolution of 3 km
and a vertical resolution of 300m, assimilating all
available radar and surface observations within the
10min assimilation window to produce an analysis
valid at the end of that time window. The accuracy of
VDRAS was verified against aircraft data (Sun and
Crook 1998), profiler and surface data (Sun et al. 2010),
and dual-Doppler synthesis (Crook and Sun 2002). The
system has been used in operational settings in selected
regions since 1998 (Sun and Crook 2001).

3. Spatial and temporal variability of rainfall
characteristics

a. Spatial variation of rainfall and DSDs

The greatest and most persistent rainfall during the
Great Colorado Flood was recorded during 11-13 Sep-
tember 2013 along the lower parts of the Colorado Front
Range, as shown in the frequency analysis of intense
rainfall in Fig. 1. As suggested in Friedrich et al. (2015)

using Doppler velocity fields, the rainfall distribution
was strongly linked to low-level upslope flow interacting
with the terrain. Fields of median convergence and
vertical velocity derived from VDRAS in Fig. 2 show
enhanced convergence and vertical velocity linked to
the local terrain. Enhanced convergence and upward
vertical motion occurred as the terrain height increased
from 1.5 to 1.7km MSL between CU campus and
Longmont. At higher elevations (>2km MSL), the
strongest convergence and upward motion occurred
from south of Sugarloaf to north of Jamestown (Fig. 2).
During the first intense rainfall episode, strongest
(weakest) median convergence was observed at Sugar-
loaf and Melvina Hill (Marshall), while CU campus
experienced moderate median convergence and vertical
velocity. However, the maximum convergence was ob-
served at CU campus (figure not shown), where the
greatest accumulated rainfall (113 mm; Table 1) was also
observed. The weakest maximum convergence was ob-
served at Marshall, which only recorded ~40mm of
accumulated rainfall during the first episode (Table 1).
During the second episode, median convergence and
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TABLE 1. Rainfall characteristics at the four disdrometer locations during the first and second intensive rainfall episodes: time of occurrence, number of 5-min samples, accumulated

rainfall, and mean rainfall rates.

Melvina Hill

No. of 5-min Accumulated

Sugarloaf

Marshall

No. of 5-min Accumulated

CU campus

Mean rain
rate (mmh™?)

Mean rain
rate (mmh™?)

No. of 5-min Accumulated

Mean rain
rate (mmh ™ ?)

Mean rain
rate (mmh ™ ?)

First episode 0000-0800 UTC 12 Sep

No. of 5-min Accumulated

rain (mm)

samples

rain (mm)

samples

rain (mm)

samples

rain (mm)

samples

61.6 8.1 94 83 7.3

5.5 84

39.3

112.8 122

93
Second episode 2000-0400 UTC 12-13 Sep

5.4

17.8

40

323

96

9.2

73.5

96

9

71.6

96

FRIEDRICH ET AL. 57

vertical velocity were only slightly greater at the higher-
elevation stations compared to the lower-elevation
stations. However, while Marshall and CU campus ac-
cumulated ~70mm during the second episode, accu-
mulated rainfall at Sugarloaf was only 30 mm.

Large concentrations of small-sized raindrops were
recorded throughout the event (Gochis et al. 2015). The
abundance of small raindrops was characteristic of the
DSDs observed at both the lower- and higher-elevation
stations (e.g., CU campus vs Sugarloaf) as shown in Fig. 3.
At Sugarloaf, large concentrations (~10*mm>m™") of
small-sized drops (d < 1mm) were observed, with
smaller concentrations (up to 10°mm > m ') of medium-
sized drops (d ~ 1-3mm). Raindrop diameters >3 mm
were only recorded during a few time periods at Sugar-
loaf (0500-0700 UTC 12 September, denoted as 6 and 7
in Fig. 3b, and around 0300 UTC 13 September, denoted
as number 12), resulting in significant increases in rain-
fall rate (R > 40mmh~!). The DSDs at CU campus
showed similar characteristics, with a slightly smaller
(larger) concentration of small (medium)-sized raindrops
compared to Sugarloaf. Individual episodes of increased
drop diameters and concentrations (denoted as 1-5 and 8-
11 in Fig. 3a) resulted in intense rainfall (R > 40mmh™').

In general, the disdrometer-observed rainfall charac-
teristics were unusual for precipitation in Colorado.
These unusual characteristics include relatively small
drops with median volume diameters mainly below
1.5mm and W often exceeding 1gkg ' (Figs. 4bc).
Based on the disdrometer data, the abundance of small
raindrops led to small median reflectivity (Z ~ 24—
30dBZ; Fig. 4a) and small median diameters (Dg ~ 0.86—
0.93 mm; Fig. 4b) over the entire event. Drop diameters
and, as a result, radar reflectivity, were, on average,
slightly larger at the lower-elevation sites CU campus and
Marshall (0.92-0.93mm) compared to the higher-
elevation sites Melvina Hill and Sugarloaf (0.86—
0.88mm). Despite the abundance of small raindrops,
liquid water content and rainfall rates at CU campus,
Marshall, and Sugarloaf peaked at 1.8gkg ' and
70mmh !, respectively (Figs. 4c,d). Although the lower-
and higher-elevation stations both observed large
concentrations of small raindrops, the slightly higher
concentration of medium-sized raindrops led to some-
what higher rainfall rates, accumulated total pre-
cipitation, reflectivity, and liquid water content at the
lower-elevation stations (CU campus and Marshall) rel-
ative to the foothills stations Melvina Hill and Sugarloaf
(Fig. 4). However, during individual periods (e.g., 0500—
0700 UTC 12 September at Sugarloaf and 0400-
0700 UTC 12 September at Melvina Hill) rainfall rates and
liquid water content reached values at the higher-elevation
stations that are comparable to the values observed at CU
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FIG. 3. Raindrop concentration accumulated over 5 min (color coded) as a function of time and
diameter measured by the disdrometer at (a) CU campus and (b) Sugarloaf. Thick black lines
represent rainfall rates based on 5-min DSD. Numbers indicate rainfall maxima discussed in the
text. The first and second episodes of intense rainfall are indicated by gray-shaded background.
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FIG. 4. Surface observations between 2200 UTC 11 Sep and 0400 UTC 13 Sep 2013: (a) reflectivity, (b) median
volume diameter, (c) liquid water content, and (d) rainfall rate. Data are based on disdrometer observations at CU
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FIG. 5. Vertical profiles of (a),(b) reflectivity observed by the KFTG radar (color coded) and rainfall (solid black
lines) observed by the disdrometer at CU campus and (c)-(h) parameters based on VDRAS at CU campus:
(c),(d) vertical velocity; (e),(f) across barrier wind speed; and (g),(h) convergence for the (left) first and (right)
second intensive rain episode. The time of lightning observations at CU campus are indicated in (a). Horizontal

dashed lines indicate the 0° and —15°C isotherms.

and vertical velocity were observed during the first
compared to the second episode together with larger
accumulated rainfall and deeper clouds both at Sugar-
loaf and CU campus (Table 1; Figs. 2, 5, 6). Note
that lightning was observed during the first episode,
while no lightning occurred during the second
episode. During the second episode, enhanced surface
convergence >0.2ms 'km ' only occurred occasion-
ally (e.g., 2315, 2345, 0015, and 0130 UTC at CU campus
in Fig. 5h), leading to a slightly enhanced updraft
of >1ms~ ' (Figs. 5d, 6d) that was much weaker com-
pared to the first episode at CU campus and Sugarloaf.

Interestingly, stronger easterly surface flow was ob-
served during the second compared to the first episode
[Figs. Se,f and 6e,f; see Fig. 9 in Friedrich et al.
(2015)], which had no effect on the strength of
the convergence. Enhanced low-level convergence
of >0.3ms 'km ™' (<6km MSL) was more persistent
in time at Sugarloaf compared to CU campus. Since the
dynamical forcing is different between the first and
second intensive rain episodes and between the lower-
and upper-elevation stations, the DSD analysis, pre-
sented in the following sections, will focus on these two
time periods separately at CU campus and Sugarloaf.
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FIG. 6. As in Fig. 5, but for the Sugarloaf site.
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FIG. 7. (a),(c) Rainfall rate (solid black lines) as a function of time at Sugarloaf and CU campus and
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Sep and 0400 UTC 13 Sep. Numbers indicate rainfall maxima discussed in the text. The locations of Sugarloaf and
CU campus are indicated as vertical black lines in (b) and (d).

Rainfall during the intense precipitation episodes
was characterized by several bands of enhanced reflec-
tivity or rainfall rates, which were more pronounced at
CU campus than at Sugarloaf (Figs. 3, 4). Five rainfall
maxima (R > 40mmh~!; denoted as 1-5 in Fig. 2)
lasting up to 45 min were observed at CU campus. Sug-
arloaf also recorded two maxima with R > 50mmh ™"
between 0600 and 0700 UTC (numbers 6 and 7 in Fig. 2).
During the first episode, several convergence bound-
aries affected the distribution and intensity of the rain-
fall in the observational domain (Fig. 7a). Prior to
0600 UTC 12 September, the convergence boundaries
formed 10-20 km upwind and reached the observational
domain, but primarily remained in the lower foothills
close to Boulder, as shown in the Hovmoller diagrams of
maximum convergence in Fig. 7a. At higher-elevation
stations, enhanced convergence (>0.5ms™ 'km ') was
not observed until 0430 UTC (Fig. 7a). Intense rainfall
at CU campus and Sugarloaf correlate with the passage
of areas of enhanced vertical velocity and convergence
between 0000 and 0500 UTC. After 0500 UTC, intense
rainfall at CU campus and Sugarloaf might have been
related to the passage of the mesovortex. It developed
north of Denver around 0400 UTC and traveled north-
westward toward Boulder [Fig. 6 in Friedrich et al.
(2015); Morales et al. 2015]. Note that with a 3-km res-
olution, intrinsically VDRAS is only capable of re-
solving physical features >20km and was therefore
unable to fully resolve the structure of the mesovortex.

During the second episode, rainfall was also organized
in bands of intense rainfall that lasted more than 10 min
at the disdrometer sites (Fig. 3). CU campus recorded
four maxima with R > 30mmh ' (denoted as 8-11 in

Fig. 3), while Sugarloaf recorded only one maximum of
R>30mmh ! (denoted as 12 in Fig. 3). Contrary to the
first episode, median convergence and vertical velocity
at CU campus and Marshall had almost the same mag-
nitude (Figs. 2c¢,d). As a result, accumulated rainfall
(Table 1) and rainfall intensity at CU campus and Mar-
shall were similar during the second episode, in stark
contrast to the large differences seen during the first episode.
Maximum convergence was stronger (>0.6ms ™ 'km™')
at the lower-elevation stations compared to the higher-
elevation stations (<0.5ms ™ 'km '), resulting in lower
accumulated rainfall.

Convergence and vertical velocity are not as clearly
correlated to the maxima in rainfall in the second epi-
sode compared to the first episode (Fig. 7). As sum-
marized by Rotunno and Houze (2007), orographic
precipitation is governed by 1) moisture flux toward the
mountains, 2) mesoscale orographically induced lift reg-
ulated by the shape and steepness of the mountain and
the low-level flow characteristics, and 3) precipitation
efficiency related to thermodynamic and microphysical
processes. Thus, using convergence and vertical velocity
as a proxy for maxima in rainfall might address synoptic-
and mesoscale processes. However, precipitation effi-
ciency, advection rate, feedbacks through latent heating
or cooling, and smaller-scale processes are not accounted
for in the study.

In general, large concentrations of drops with d <
1.5mm were observed at all times when rain was falling
(Fig. 3). After 0000 UTC 12 September, the number
concentration shifted toward an increase in medium-
sized drops (d ~ 2-4mm), with a corresponding de-
crease in the concentration of small drops, compared to
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FIG. 8. Global scaling analysis for DSD data observed at CU campus for the (a) first (0000-0800 UTC 12 Sep) and
(b) second intensive rain episodes (between 2000 UTC 12 Sep and 0400 UTC 13 Sep). Asterisks and plus signs
represent the exponents of the power law between log(R) and the mth order of moments of the DSD (in steps of
0.5). Solid (dashed) lines show the linear regression line for R > 10mmh ' (R > 25 mm h™'); the dash—dotted line
shows the linear regression for R > 50mmh~. Following Uijlenhoet et al. (2003), scaling exponents are only
calculated between the second and sixth moment. Scaling exponents are listed in Table 2.

before 0000 UTC and between 0800 and 2000 UTC
12 September, when rainfall was mainly less than
20mmh~! at CU campus and Sugarloaf. A slightly
larger concentration of medium-sized drops, larger
accumulated rainfall, and larger values of liquid
water content were observed by the disdrometers at
CU campus and Sugarloaf during the first episode
(0000-0800 UTC 12 September) compared to the
second episode (from 2000 UTC 12 September to
0400 UTC 13 September). The disdrometer at CU
campus (Sugarloaf) observed the largest values of W
exceeding 1 gkg ™' 23% (6%) of the time during the first
episode, compared to 11% (0%) of the time during the
second episode (Fig. 4). The disdrometer at Marshall
observed the largest values of W exceeding 1 gkg ™' 38%
of the time during the second episode, compared to
0.4% of the time during the first episode. However, on
average, the disdrometers at Marshall and Sugarloaf
observed slightly larger W during the first compared
to the second episode, with average values of 0.35
(0.25) gkg™ ! compared to 0.19 (0.17) gkg ™' at Marshall
(Sugarloaf).

¢. Microphysical considerations

Several studies have identified three microphysical
modes that relate rainfall intensity fluctuations to spe-
cific variation of DSDs: 1) DSD fluctuation is controlled
by a variation in N7 (number controlled with constant
w and Dyg), 2) DSD is controlled by a variation in rain-
drop sizes (size controlled with constant Nrand w), and
3) DSD is controlled by a mixture of varying drop
density and drop sizes (Smith 1993; Smith and Krajewski

1993; Uijlenhoet et al. 2003; Steiner et al. 2004).
Number-controlled conditions can be found in warm
rain process—dominated environments like tropical
rainfall, severe thunderstorms, or persistent intense
orographic rainfall. Under those conditions, it is as-
sumed that collision—coalescence processes and rain-
drop breakup are in balance (e.g., Srivastava 1971; List
et al. 1987; Hu and Srivastava 1995; Steiner et al. 2004,
and references within). On the other hand, size-
controlled conditions can be expected in steady
stratiform-like drizzle with R < 1mmh ' similar to the
warm rain process—dominated orographic rainfall in
Hawaii (Blanchard 1953; Fujiwara 1967). Under those
conditions, collision—coalescence and breakup do not
play a dominant role in the enhancement and weakening
of rainfall. Waldvogel (1974) also related changes in
both raindrop size and number density under constant
rainfall rates to microphysical conditions. Breakup of
raindrops and onset of riming can be expected when D,
decreases and Ny increases, leading to an increase in Ny
(also referred to as an Ny jump by Waldvogel). He fur-
ther associated rapid growth with an increase in co-
alescence and aggregation, which can be observed as an
increase in Dy and a decrease in N and N,

To further assess the dominant processes that con-
tributed to DSD variation, a global scaling analysis
following Sempere Torres et al. (1994, 1998) and
Uijlenhoet et al. (2003) was performed on the DSDs
measured at CU campus during the first and second in-
tensive rain episodes [see Fig. 1 in Uijlenhoet et al.
(2003)]. Figure 8 and Table 2 show the global scal-
ing analysis for the DSD data when R > 10mmh™ ..
The scaling exponents («, B) for the first and
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TABLE 2. Results from the global scaling analysis following Sempere Torres et al. (1994, 1998) and Uijlenhoet et al. (2003) for the first
and second intensive rain episodes: scaling components («, 8), exponent of the power-law Z-R relationship b calculated from scaling
components (a, B) as b = a + 7B, correlation coefficient r* between the exponents v, of power-law relationships between the mth order

moment of the raindrop size distribution (for 0 = m = 6, in steps of 0.5; regression line in Fig. 8), and number of samples 7.

First episode

Second episode

R>10mmh™! R>25mmh™! R>50mmh™! R>10mmh™! R>25mmh™!
a 0.11 -0.06 0.99 0.14 0.24
B 0.23 0.29 -0.03 0.23 0.20
b 1.72 1.97 0.99 1.75 1.80
7 0.99 0.98 0.39 0.99 0.97
n 484 191 25 314 70

second episodes are quite similar for R >10mmh ™' and
R >25mmh !, resulting in a comparable exponent for
the power-law Z—R relationship. Larger values of 8 suggest
the variation of the DSD might be mainly, although not
exclusively, controlled by size, which might have been the
case for DSDs with R > 10mmh ' and R > 25mmh !
during the first and second episodes. With increasing
rainfall rates (R > 50mmh™') and an increase in
number concentrations of medium-sized raindrops,
B increases toward number-controlled DSDs during
the first episode. For DSDs with large rainfall rates
(R > 50mmh '), B decreases rapidly, suggesting that
the variations in the DSDs are primarily related to
varying raindrop concentrations, which can also be
interpreted as an equilibrium between coalescence and
raindrop breakup. It seems that the increased conver-
gence yielded enhanced updrafts that effectively con-
verted moisture into rainfall by primarily warm-rain
processes at lower levels. This produced high concen-
trations of small- to moderate-sized raindrops, which
the scaling analysis of Uijlenhoet et al. (2003) reveals as
“number controlled” fluctuations in DSD. Note that

— 1stepisode
2nd episode

a 107
E i
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c 100!
o ]
=] i
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104 . . " L " " R L . .
0 1 2 3 4 5

6 0 1
Diameter (mm)

the confidence limit is quite low for R > S0mmh '
because of the small sample size.

4. General DSDs characteristics during the first and
second episodes

a. Mean size spectra

To further investigate the changes in DSDs between
the first and second episodes, mean size spectra of the
DSD were derived from 5-min samples. Figure 9a shows
the mean raindrop size distribution for the four in-
strument locations accumulated over the first and sec-
ond episodes. Overall, the foothills stations Melvina Hill
and Sugarloaf observed a larger number of smaller
raindrops (d < 1.5mm), while the lower-elevation sta-
tions (CU campus and Marshall) observed a larger
number of medium- and large-sized drops (d > 3.2 mm).
At CU campus, the concentration of small drops was
similar during the first and second episodes, while larger
concentrations of large drops were observed during the
first compared to the second episode. At Marshall,
concentrations of drops with d < 2mm were similar

—  —

R>25mmh’
* R<25mmh?

1st episode Y
2nd episode

o

2 3 4 5

FIG. 9. (a) Mean DSD at CU campus (black lines), Marshall (dark gray lines), Melvina Hill (light gray lines), and
Sugarloaf (medium gray lines) during the first (solid lines) and second (dashed lines) intensive rain episodes.
(b) Mean DSD at CU campus for rainfall >25 mm h ™! (solid lines) and <25 mm h ! (dashed lines) occurring during
the first (medium gray lines) and second (black lines) intensive rain episodes.
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FIG. 10. Frequency distribution (solid lines) and cumulative frequency (dashed lines) of (a) reflectivity,
(b) median volume diameter, (c) liquid water content, and (d) rainfall rate based on disdrometer data observed at

CU campus during the first (blue) and second intensive rain episodes (red) and the entire episode between
2200 UTC 11 Sep and 0400 UTC 13 Sep (black). Median values are shown with those for Sugarloaf in parentheses.

during the first and second episodes (Fig. 9a). However,
the largest concentration of larger drops was observed
during the second episode (dashed dark gray line).
While the DSDs observed at Marshall and CU campus
were quite different during the first episode, the ob-
served concentrations were similar during the second
episode. At the higher-elevation stations (Melvina Hill
and Sugarloaf) the DSDs have similar shapes. At Sug-
arloaf, the largest concentration of both small- and
medium-sized drops was observed during the first com-
pared to the second episode. At Melvina Hill, the con-
centrations are almost identical during the first and
second episodes.

The difference in DSDs during the intense pre-
cipitation periods when R > 25mmh~! compared to
times when R < 25mmh ' is shown in Fig. 9b based on
the data from CU campus. This threshold was chosen to
separate the intense rain episodes denoted as 1-12 in
Fig. 3 from the rest of the rain during the first and second
episodes. During the first and second episodes, the
concentration of drops with d < 1 mm was similar for the
intense (R > 25mmh™') and less-intense (R <
25mmh ') precipitation periods (Fig. 9). Larger con-
centrations of medium- and large-sized drops (2 = d <
4mm) were observed during the intense rainfall com-
pared to the less-intense precipitation periods. During

the intensive rainfall periods, larger concentrations of
medium- and large-sized drops were observed during
the first episode compared to the second episode. In
addition, smaller concentrations of small-sized drops
(d < 2mm) were observed during the first compared to
the second episode.

b. Frequency distributions at CU campus

Although mean size spectra differ between the first
and second intensive rain episodes as discussed in sec-
tion 4a, the question remains as to how the median
values of Z, Dy, W, and R and the gamma fit parameters
(No, w, and A) differ between the two intense rainfall
episodes. Figure 10 shows the frequency distribution
of rain parameters (Z, Doy, W, and R) at CU campus,
which observed the most intense rainfall of the four
disdrometer locations. Rain parameters were calculated
based on the 1-min values for the entire event (black
lines), the first episode (blue lines) with average rainfall
rates of 122mmh ' over 8h, and the second episode
(red lines) with average rainfall rates of 9mmh ™' over
8h (Table 1). Median values for the higher-elevation
station at Sugarloaf are shown in parentheses in Fig. 10.

The comparison of rain parameters between the first
and second episodes revealed slightly larger median
reflectivity values (where angle brackets indicate
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FIG. 11. As in Fig. 10, but for the (a) generalized intercept parameter and the gamma distribution fit parameters,
(b) intercept, (c) slope, and (d) shape parameter.

median values; Fig. 10a: (Z) = 36 dBZ during the
first episode vs (Z) = 32dBZ during the second epi-
sode), slightly larger median diameters (Fig. 10b:
(d) = 0.95 mm during the first episode vs (D) = 0.92mm
during second episode), larger median liquid water con-
tent (Fig. 10c: (W) = 0.35gkg ™" during the first episode vs
(W) =021 gkg " during the second episode), and heavier
median rainfall rates (Fig. 10d: (R) = 6.5mmh™ ' during
the first episode vs (R) = S4mmh ' during second
episode) during the first episode. Median values over the
entire 30h between 2200 UTC 11 September and 0400
UTC 13 September were influenced by DSDs dur-
ing the 14h of light rain between 0800 and 2000
UTC 12 September (Fig. 4) and, as such, all values were
smaller compared to the intense rain episodes (black
numbers and lines in Fig. 10). Larger values during the
first episode compared to the second episode and the
entire period were also observed at the higher-elevation
station at Sugarloaf (Fig. 10, values in parentheses), al-
though the median values were much smaller compared
to CU campus.

Figure 11 shows the frequency distribution of the in-
tercept, normalized intercept, slope, and shape param-
eters based on 1-min data observed at CU campus.
Fitting the DSD to a gamma distribution shows that the
frequency distribution of Ny, A, and p are similar during
the first and second events, with the median value being
smaller during the intense rain episodes compared to the

entire event (Figs. 11b—d). This tendency suggests that
drops observed during the intense rain episodes were
larger in size with a smaller concentration of small-sized
drops compared to the entire event. However, the
overall shape of the DSDs between the first and second
episodes is quite similar, although more convective
rainfall with larger concentration of medium-sized drops
was observed occasionally during the first episode. The
median values of the normalized intercept parameters
were quite similar for the first and second episodes as
well as for the entire event (Fig. 11a).

c. Z—R relationships

Now that we showed that DSDs, rainfall parameters,
and the gamma function parameters differ between the
first and second episodes, one may wonder how that
affects the Z-R relationship. The 1-min-sample DSDs
from CU campus were used to compute Z—R relation-
ships for the entire event and the first and second epi-
sodes (Fig. 12). Note that time averaging and sample size
notably affect the Z—R relationship, as shown by Steiner
and Smith (2000, 2004). Heavier rainfall and higher re-
flectivity occurred during the first episode compared
to the second episode. During the first episode, R >
10mmh~' was observed over 148min and R >
25mmh ! was observed over 82min. The maximum
rainfall rate during the first episode was 7Immh~'. A
large spread in rainfall rates from 0.01 to 10mmh ™’
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FIG. 12. Scatterplots of Z—R from DSD datasets measured at CU
campus every minute for the first (light gray crosses) and second
intensive rain episodes (dark gray crosses), and during the entire
event (black cross signs). The regression shown above was
computed between log(R) and 10log(Z) using a least-absolute-
deviation fit. The mean of the absolute deviation is indicated in
parentheses.

with maximum rainfall of 59mmh~' occurred dur-
ing the second episode. Intense rainfall with R >
25mmh~! was observed over 33min, while R >
10mmh ™! occurred over 155min during the second
episode. As a result, the Z-R (Z = aR"; with a and
b being empirical constants) relationships for the first
and second episodes are quite different, with a = 122
compared to a = 155 during the second episode. In-
terestingly, the Z—R relationship derived from the
data observed over 131min of intense rain (R >
25mmh ') revealed a much smaller a (a = 56) and a
higher b value compared to values derived during the
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first and second episodes and the entire event. Nev-
ertheless, these a values were much smaller than the
values of the “‘standard”” NEXRAD Z-R relationship
for nontropical convective precipitation (Z =
300R'*), resulting in an underestimation of radar-
based rainfall by 29%-36% at CU campus as shown
in Table 3. Table 3 compares the accumulated rainfall
based on the disdrometer observations with the R
derived from various Z-R relationships using the
disdrometer-based Z. The a values during the second
episode were closer to the Z-R relations sometimes
used for orographic precipitation by the WSR-88D
network (Z = 200R"®; Marshall and Palmer 1948).
The larger exponent in the Marshall-Palmer relationship
still yielded an underestimation of rainfall (36%-38%).
Interestingly, the Z-R relationship for tropical rain
events (Z = 250R"% Rosenfeld et al. 1993) yielded an
overestimation of rainfall at CU campus (10%-34%).

5. Discussion
a. Importance of DSDs for rainfall nowcasting

As shown in section 4c, the standard NEXRAD Z-R
relationship for nontropical rainfall underestimated
rainfall by over 30%. In addition, the dominance of
mainly small spherical raindrops resulted in low differ-
ential signal between the horizontal and vertical polar-
ization, making it difficult to use dual-polarization
variables such as Zg4, and Ky, for accurate rain-rate es-
timation. Figure 13 shows the relationship between ra-
dar- and disdrometer-based Zy,, Kqp, and reflectivity
derived over CU campus. While both systems suffer
from large uncertainties and errors, which we will not
address here, both reveal the same trend of small Zg,
and Kg, values. For more information on uncer-
tainties and errors sources of dual-polarization mea-
surements and T-matrix retrieval algorithm, see
Ryzhkov and Zrni¢ (1995), Ryzhkov et al. (2005a,b,c),
Vivekanandan et al. (1991), Bringi and Chandrasekar
(2001), and Kalina et al. (2014, and references therein).
The radar-based dual-polarization variables were

TABLE 3. Rainfall accumulations observed by the disdrometer at CU campus for the first and second intensive rain episodes and the
entire event from 2200 UTC 11 Sep to 0400 UTC 13 Sep. The disdrometer-observed Z values are used as input to the NEXRAD Z-R
relationships, which are commonly used by the operational radars. Percentages of the disdrometer-observed accumulations are shown in

parentheses.

Accumulated R using
Z from the disdrometer
and Z = 300R™*

Accumulated R from
disdrometers (mm)

Accumulated R using
Z from the disdrometer
and Z = 200R"

Accumulated R using
Z from the disdrometer
and Z = 250R"®

First episode 107.8
Second episode 71.6
From 2200 UTC 11 Sep 233.1

to 0400 UTC 13 Sep

76.3 (71%)
46.1 (64%)
150.5 (64%)

69.1 (64%)
44.9 (63%)
145.1 (62%)

144.1 (134%)
79.2 (110%)
264.3 (113%)
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FI1G. 13. Dual-polarization variables as a function of reflectivity at CU campus (a),(b) observed by the KFTG radar
at 0.5° elevation angle and (c),(d) derived from the disdrometer observations using the T-matrix scattering program:
(left) Zq, and (right) Kgp as a function of Z for the first (magenta crosses) and second (blue crosses) intensive rain
episodes and the entire episode (black crosses) between 2200 UTC 11 Sep and 0400 UTC 13 Sep. In (d), K values were
derived for S- (crosses) and X-band (diamonds) wavelengths. Gray shading indicates times when dual-polarization

values could have been used for rain-rate estimation based on the CSU-HIDRO algorithm.

mainly less than 1dB (1°km ). The disdrometer-based
dual-polarization variables, which were derived from
the T-matrix scattering program, support the radar ob-
servations. Larger oblate droplets with larger Zg,
(>1dB) and K4, (>1°km™') were observed primarily
during the first episode. Nevertheless, only 17% (55%)
of the 1-min data that were observed during the first
episode showed a significant signal with Z4, > 1dB
(Kgp>1° km ™ 1). As a result, rainfall algorithm methods
such as the Colorado State University—-Hydrometeor
Identification Rainfall Optimization (CSU-HIDRO;
Cifelli et al. 2011) or the National Severe Storms Lab-
oratory (NSSL) algorithm developed during the Joint
Polarization Experiment (JPOLE; Ryzhkov et al. 2005b,c),
which both use dual-polarization variables to determine
rain rate, were unable to fully utilize the dual-polarization

capability. For example, following the criteria of the CSU-
HIDRO algorithm [see Fig. 3 in Cifelli et al. (2011)], only
2% (11%) of the radar (disdrometer) data for the entire
event would meet the criteria for using either the R(Kp) or
R(Kap, Zgr) algorithm and 30% (23%) of the radar
(disdrometer) data for the entire event would qualify for
use of the R(Zg,) algorithm for rain-rate estimation during
the entire event between 2200 UTC 11 September and
0400 UTC 13 September. Theoretical modeling with ex-
perimental raindrop size distributions indicates that
because of non-Rayleigh resonance effects, K, values
at X band are, on average, a factor of 3.7 greater than at
S band (Matrosov et al. 2006). Therefore, Ky, mea-
surements at X band are less noisy and larger compared
to Ky, measurements at S band for light rainfall, as
shown when comparing disdrometer-based Kg, at S
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versus X band (Fig. 13d). Since, Kqp, at X band is greater
than at S band, slightly more time steps could have been
used for rainfall estimation when an X-band radar had
been deployed during the Great Colorado Flood. Since
the standard radar-based rainfall algorithms derived
rainfall that was much less than rainfall observed by rain
gauges, the question remains how important DSD ob-
servations may be for rainfall nowcasting applications.
Several studies have already emphasized the importance
of capturing the spatial and temporal variability of DSD
using disdrometers in addition to radars (e.g., Miriovsky
et al. 2004; Lee and Zawadzki 2005; Lee et al. 2007).
Certainly, during the Great Colorado Flood, dis-
drometer observations could have helped explaining the
discrepancy between rainfall derived by radar and ob-
served by rain gauges.

b. Comparison of DSDs characteristics to other
events

Many studies have combined dynamical (stratiform vs
convective) and microphysical (continental vs maritime)
processes to explain the variation of DSDs within a
storm, between storms, and across climate regimes (e.g.,
Fabry and Zawadzki 1995; Waldvogel et al. 1995;
Barthazy et al. 1998; Steiner and Smith 1998; Uijlenhoet
et al. 2003; Bringi et al. 2003; Dolman et al. 2011;
Munchak et al. 2012, and references therein). However,
the coupling between dynamical and microphysical
processes is highly complex because of the feedback of
latent heat release and/or cooling on the dynamics and
microphysics (Miltenberger et al. 2015). Larger concen-
trations of smaller-sized raindrops (diameters <2mm),
similar to what was observed during the Great Colorado
Flood, have been observed primarily in tropical regions
(e.g., Amazon of Brazil, Florida, and Kwajelein Island)
where warm-rain formation processes dominate (Tokay
and Short 1996; Carey et al. 2001; Bringi et al. 2003;
Munchak et al. 2012). For instance, Tokay and Short
(1996) analyzed ~127 h of disdrometer observations from
the Tropical Ocean and Global Atmosphere Coupled
Ocean-Atmosphere Response Experiment (TOGA
COARE; Webster and Lukas 1992). Larger concentra-
tions of small- to medium-sized drops (2 = d < 4 mm) with
fewer larger drops (d = 4mm) were observed during
convective events accompanied by an increase in liquid
water content and a decrease in medium volume diameter
and reflectivity. As a result, radar reflectivity—rainfall re-
lationships (Z = aR") showed smaller intercept param-
eters (i.e., @) and larger exponents (i.e., b) compared to
stratiform raindrop spectra (e.g., Steiner and Smith
1998). During the Great Colorado Flood, the intercept
parameters derived from the DSDs (56 < a < 155) were
also much smaller compared to the intercept parameters
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used for the standard Z-R relationship in the mid-
latitudes (200 < a < 300). Large concentrations of small-
to medium-sized raindrops have also been observed in
orographic rainfall; for example, during the 1997 Fort
Collins flood (Petersen et al. 1999; Bringi et al. 2003),
along the California coast (Martner et al. 2008), and in
Hawaii (Blanchard 1953). Martner et al. (2008) ob-
served shallow warm rain (also referred to as non-
brightband rain) along the California coast, which
produced rainfall rates up to 10mmh~'. They also
concluded that because of the large concentration of
small raindrops, the Z—R relationship changes to Z =
56R"S for nonbrightband rain compared to Z = 166R"®
for clouds extending far above the melting layer.

6. Conclusions

Drop size distributions observed by four PARSIVEL
disdrometers during the Great Colorado Flood from 11
to 13 September 2013 at two stations in the foothills
(Melvina Hill and Sugarloaf) and two stations located
on the plains east of the foothills (Marshall and CU
campus) were examined. DSD parameters (R, Z, Dy,
and W) and gamma distribution parameters were de-
rived and compared between the foothills and plains
locations during different rainfall episodes. In contrast
to Friedrich et al. (2015), where the spatial and tem-
poral distributions of radar variables were emphasized,
this study focused on changes in disdrometer-measured
drop size distributions as a function of location, alti-
tude, and time.

Rainfall throughout the entire event was character-
ized by a large number of small- to medium-sized
raindrops (d < 1.5mm), resulting in small values of
Z (<40dBZ) and Dy (<1 mm). In addition, high moisture
content was present throughout the entire event. While
high moisture content is not so unusual for heavy rain
events in Colorado, the longevity (several days) of high
moisture is unusual in Colorado (e.g., Gochis et al. 2015).
Raindrops observed at the lower-elevation stations were
generally larger compared to those in the foothills.
DSDs observed in the foothills were characterized by
larger concentrations of small-sized drops (d < 1 mm).
The first and second intense rainfall episodes showed
substantial differences in the wind fields with stronger
convergence and vertical velocity observed during the
first episode. The dynamical forcing is also reflected in
the DSDs. Larger raindrops (d ~ 1-2.5mm; Fig. 4b)
were observed during the convective phase (0300-0500
UTC 12 September) of the first intensive rain episode
when deeper clouds, lightning, and supercooled liquid
were observed compared to the rest of the first episode
and the second episode.

Unauthenticated | Downloaded 11/12/25

08:05 AM UTC



68 JOURNAL OF HYDROMETEOROLOGY

The heaviest rainfall rates (>40mmh~"), with total
accumulated rainfall of 113 mm over 8h at CU campus,
occurred during the first intense rainfall episode. Times of
intense rainfall were linked to several low-level conver-
gence zones and a mesovortex. The center of the meso-
scale circulation approached the observational domain
around 0300 UTC and continued to move northwestward.
During the early hours, the circulation generated
deep convective clouds and periods with intense rain-
fall at CU campus (R > 25mmh ') and Marshall
(R > 15mmh ™). Later (after 0600 UTC), the circula-
tion moved farther northwestward and intense rainfall
(R > 20mmh™') was observed at Melvina Hill and
Sugarloaf. Rainfall rates at the higher-elevation stations
were lighter compared to the values observed at CU
campus and Marshall. A global scaling analysis revealed
how the DSD fluctuations were controlled by changes in
drop sizes and number concentration. During the first
episode, the controlling mechanism for the DSDs changed
from primarily, but not exclusively, size controlled (R >
10, 25mmh ') to number controlled (R > 50mmh 1),
with deeper convective rain being primarily number
controlled.

The second episode led to smaller total accumulated
rainfall of 70mm over 8h at Sugarloaf and 80 mm
(70mm) at CU campus (Marshall). Times of intense
rainfall were linked to several low-level convergence
zones. Rainfall parameters (Z, Dy, W, and R) were
slightly smaller compared to the first episode. Values at
the foothills stations were even smaller compared to
the lower-elevation stations. During the second epi-
sode, the DSDs with R > 25mmh™" at CU campus
were primarily number controlled, resembling condi-
tions in warm rain—-dominated environments with
similar DSDs and rainfall rates at the lower-elevation
stations. The latter might be related to the location and
strength of the low-level convergence zones.

The disdrometer-derived Z—R relations and radar
variables reflect how unusual the DSD was during the
2013 Great Colorado Flood. As a result, Z-R re-
lations commonly used by operational NEXRAD
strongly underestimated rainfall rate by up to 26%-
38% at CU campus, and the signals in the dual-
polarization radar variables were too weak to be
useful for rain-rate estimations. Even though the
Great Colorado Flood was an outlier event compared
to other floods in Colorado, these findings are note-
worthy since they show the strong effects of low-level
convergence zones on precipitation formation and
also rainfall estimation because of peculiar raindrop
size spectra. The rainfall types and the distribution
of intense rainfall strongly depended on the strength
and location of the low-level convergence and how it
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interacted with the terrain. Since enough moisture was
available, the depth of the clouds and the microphysical
processes primarily depended on the vertical velocity,
that is, to which altitudes the moisture was lifted. The
large availability of moisture prevented small drops from
evaporating before they reached the surface, which under
normal conditions in Colorado would have evaporated.
The persistent production of small drops allowed for
large amounts of precipitation to be generated. The
question remains whether the large concentration of
small drops and the lack of medium-sized drops at the
foothills stations were due to spatial variability (i.e., how
far convergence zones may travel into the valleys and
how they interact with the mountains), high number
concentrations that led to high drop interaction (colli-
sions) that limited drop size (larger drops would break
up), or the distance between the melting layer and the
ground. Future studies should identify the role of low-
level convergence on the precipitation formation in the
mountains. It would be interesting to determine the de-
gree to which observations may be able to quantify and
track low-level convergence and assess how well numer-
ical models might reproduce the kinematic field.
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APPENDIX

Comparison among Disdrometer, Rain Gauges, and
Radar

Several studies have addressed the sampling un-
certainties related to the PARSIVEL disdrometer.
Jaffrain and Berne (2011) determined the sampling
uncertainty of R and D, as a function of temporal
resolution. Based on that study, the relative sampling
uncertainty for a 1-min sampling interval of R (D)
ranging between 10 and 20mm (1-1.5mm) was about
10%-12% (6%-7%). Comparisons between the first- and
second-generation PARSIVEL with a Joss—Waldvogel
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FIG. Al. (a)-(c) Accumulated rainfall at CU campus, Melvina Hill, and Marshall sites be-
tween 2200 UTC 11 Sep and 0400 UTC 13 Sep. Gray lines indicate measurements obtained by
the disdrometer and black lines indicate measurements from a collocated rain gauge.

disdrometer and rain gauges conducted by Tokay et al. accumulated disdrometer-based rainfall measurements
(2014) revealed that the first-generation PARSIVEL were compared to rain gauge observations from collo-
disdrometers underestimate (overestimate) drop con- cated rain gauges for the observation period, as shown in
centrations for d < 0.76 mm (d > 2.4 mm). To validate the ~ Fig. Al. Rainfall measurements from the disdrometers
quality of the PARSIVEL disdrometer observations, located on CU campus and Melvina Hill agree well with

= Disdrometer + KFTG @ 0.5deg ) ) ) ) ) o
[ a) cuU Campus Correlation: 0.7

40 —

Z (dB2)

60 “b) Melvina Hill

40|

Z (dB2)

20} ¢
0! ,
60 ) Sugarloaf

40 |

Z (dBZ)

Correlation: 0.76

Z (dB2)

o
+ i R 3
'f- + !
h W o
o B fﬁg& W B
4 06 08 10 12 14 16 18
Time (UTC)

F1G. A2. Reflectivity measurements at four disdrometer sites at (a) CU campus, (b) Melvina
Hill, (c) Sugarloaf, and (d) Marshall between 2200 UTC 11 Sep and 0400 UTC 13 Sep. Data include
radar reflectivity over the instrument site measured by the Denver NEXRAD at (0.5° elevation
angle (gray plus signs) and reflectivity derived from the PARSIVEL disdrometer DSDs (solid
black lines). The center of the radar beam at 0.5° elevation angle is located at 590 m AGL at CU
campus, 440 m AGL at Marshall, 125 m AGL at Melvina Hill, and 80 m AGL at Sugarloaf.
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the ETI weighting gauge and the Hydrological Services
tipping-bucket rain gauge (Figs. Ala,b). Note that the
ETI gauge at CU campus stopped recording after 0700
UTC 12 September, while the tipping-bucket gauge did
not operate between 0900 and 1700 UTC 12 September
and after 1900 UTC 12 September. The PARSIVEL
disdrometer located at the NCAR Marshall site ob-
served the same general trend in rainfall as the Geonor
rain gauge. Accumulated rainfall based on the rain
gauge is about ~9mm (5%) lower compared to the
disdrometer.

In addition to the rain gauge data, the reflectivity
derived from the disdrometer data is compared to the
reflectivity measured by the KFTG radar (Fig. A2;
black lines and gray plus signs). The radar reflectivity at
the lowest elevation angle at 0.5° was averaged over an
array of 3 X 3 radar range gates centered on the in-
strument site. Even though the radar reflectivity is oc-
casionally off by a few decibels, the increase and
decrease in reflectivity as the rainbands passed over the
instruments are well represented by the disdrometer
measurements. The correlation coefficient between the
radar reflectivity and the disdrometer-based re-
flectivity ranges between 0.6 (Marshall) and 0.7 (CU
campus). Note that the radar covers an area of
0.75km X 1.6km (3 X 0.25km in range and 3° X 0.5° in
azimuth). In addition, the lowest elevation is prone to
contamination from ground clutter.
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