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Abstract. The character of precipitation detected at the sur-
face is the final product of many microphysical interactions
in the cloud above, the combined effects of which may be
characterized by the observed drop size distribution (DSD).
This necessitates accurate retrieval of the DSD from remote
sensing data, especially radar as it offers large areal cover-
age, high spatial resolution, and rigorous quality control and
testing. Combined instrument observations with a UHF wind
profiler, an S-band polarimetric weather radar, and a video
disdrometer are analyzed for two squall line events occur-
ing during the calendar year 2007. UHF profiler Doppler
velocity spectra are used to estimate the DSD aloft, and are
complemented by DSDs retrieved from an exponential model
applied to polarimetric data. Ground truth is provided by the
disdrometer. A complicating factor in the retrieval from UHF
profiler spectra is the presence of ambient air motion, which
can be corrected using the method proposed byTeshiba et al.
(2009), in which a comparison between idealized Doppler
spectra calculated from the DSDs retrieved from KOUN and
those retrieved from contaminated wind profiler spectra is
performed. It is found that DSDs measured using the dis-
trometer at the surface and estimated using the wind profiler
and polarimetric weather radar generally showed good agree-
ment. The DSD retrievals using the wind profiler were im-
proved when the estimates of the vertical wind were included
into the analysis, thus supporting the method ofTeshiba et al.
(2009). Furthermore, the the study presents a method of in-
vestigating the time and height structure of DSDs.
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1 Introduction

Of fundamental importance in characterizing precipitation
processes from remote measurements is accurate retrieval of
the underlying drop-size distribution (DSD), which is also re-
lated to other microphysical parameters such as coalescence,
accretion and evaporation rate (Pruppacher and Klett, 1997).
The recent application of polarimetric radar to this problem
has yielded promising results for measurements at S band
(Brandes et al., 2004), C band (Illingworth and Thompson,
2005), and X band (Gorgucci et al., 2008), as polarimetric
parameters are highly dependent on the shape, and by exten-
sion the size, of sampled hydrometeors.

Similarly, wind profilers may be employed for microphysi-
cal studies as they are capable of detecting backscattered sig-
nals from turbulent variations in the atmosphere’s refractive
index structure functionC2

n (Bragg scatter), and from falling
precipitation particles (Rayleigh scatter). The DSD may
be derived from the Doppler spectrum, which is a power-
weighted distribution of radial velocities in the resolution
volume (Doviak and Zrnic, 1993), by applying an appro-
priate fallspeed relationship, but this process is complicated
by the presence of vertical air velocity and turbulence. A
recently proposed analysis (Teshiba et al., 2009) is imple-
mented to alleviate this issue.

A frequently occurring precipitation system in Oklahoma
is the mesoscale convective system (MCS), characterized by
a narrow region of intense convection along its leading edge,
broad stratiform precipitation, and a transition zone that sep-
arates these two regimes (Smull and Houze, 1987). The large
temporal and spatial scales of such systems often results in
significant precipitation accumulations in affected areas. Mi-
crophysical processes responsible for rain formation in the
different regimes have a profound impact on the distribution
and intensity of rainfall at the surface. Furthermore, storm-
scale circulations can affect the hydrometeor species aloft,
which impacts the development of the precipitation as it
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nears the surface. Additionally, these systems provide an ex-
cellent opportunity to observe rain microphysics in both con-
vective and stratiform type precipitation environments and
quantify errors in the retrieval process inherent to individual
precipitation regimes.

The remainder of this paper focuses on the application
of combined dual-polarimetric weather radar and wind wind
profiler observations of precipitation associated with MCS
conditions. A brief introduction of the radar systems is first
presented along with an outline of the method described in
(Teshiba et al., 2009) for combining these data sets in order
to retrieve information pertaining to the properties of the pre-
cipitation and the environment in which it is observed. The
present study extends the work ofTeshiba et al.(2009) and
places a greater emphasis on the investigation of precipitation
microphysics. Next data collected during two MCS events
occurring in Oklahoma are analyzed. The two cases were
specifically chosen to illustrate the effect of different radar
scanning strategies on the retrieval algorithms discussed. Fi-
nally a summary of the findings is presented.

2 Observational techniques

In collaboration with the NOAA National Severe Storms
Laboratory, the University of Oklahoma’s Atmospheric
Radar Research Center (ARRC) has installed a suite of re-
mote sensing and in-situ measurement systems in central Ok-
lahoma to better understand the microphysical processes re-
sponsible for rain formation. These include a UHF wind
profiler (ARRC profiler) and a Joanneum Research two-
dimensional video disdrometer (2DVD), which can be used
in conjunction with the prototype polarimetric WSR-88D
(hereafter referred to as KOUN). Since 2005, the ARRC
profiler and 2DVD have been deployed at the University of
Oklahoma’s Kessler Farm Field Laboratory (KFFL), a re-
mote instrumentation site located 28.5 km south of KOUN
(Chilson et al., 2007) that has been used in conjunction with
various related precipitation studies in the Norman meteo-
rological community. Additionally, the separation between
KFFL and KOUN is such that the resolution volumes of the
two radars are of approximately the same size at lower al-
titudes. When sampling at a height of about 600 m above
KFFL and for the radar configurations used during the ex-
periments presented here, the radial and transverse resolu-
tions of the ARRC profiler are about 200 m and 100 m, re-
spectively. The radial and transverse resolutions of KOUN
when probing the same region of space are 250 m and 500 m,
respectively.

2.1 UHF wind profiler

The ARRC profiler is a UHF (λ=32.79 cm) wind profiling
radar, also classified as a boundary-layer radar (BLR) as it
is designed to operate to a maximum height of about 3 km

Table 1. Typical operating parameters of the ARRC profiler.

Parameter Value

Wavelengthλ (cm) 32.79
Frequencyf (MHz) 915
Range resolutionδr (m) 210
Pulse widthτ (µs) 1.4
Beamwidth (degrees) 9
FFT points 128
Coherent integrations 100
Dwell time (s) 24
Peak power (W) ∼600

in clear air. Table1 lists the typical operating parameters
for the ARRC profiler for the observations presented here.
The profiler uses a phased-array microstrip antenna capable
of electronically beam steering in up to 5 directions (Carter
et al., 1995), though during the precipitation events discussed
below the profiler was operated solely in a vertical mode to
allow maximum microphysical data to be obtained. That is,
the profiler was used to sample the atmosphere along reg-
ularly spaced sampling volumes (or range gates) in height.
Due to the relatively long wavelength of the transmitted radio
waves, even the largest raindrops will scatter in the Rayleigh
regime. Pruppacher and Beard(1970) note that drops with
diameters greater than 10 mm tend to break up, imposing a
practical limit on the size of the falling raindrops. For a drop
of this size, the ratioD/λ is only about 0.03 and it is assumed
that the backscattering cross sectionσb is proportional to the
sixth power of the diameter (Battan, 1973), allowing for di-
rect retrieval of the drop size distribution from UHF Doppler
velocity spectra (Balsley and Gage, 1982).

The radar reflectivity factorZ (mm6 m−3) is proportional
to the sixth power of the diameters of illuminated raindrops,
expressed by (Doviak and Zrnic, 1993):

Z =

∫
∞

0
D6N(D)dD (1)

in whichN(D) (mm−1 m−3) is the total number of drops per
unit volume with diameters (mm) betweenD andD +dD.
Under the assumption that the resolution volume is com-
pletely filled with liquid raindrops of sufficiently small size
that the Rayleigh scatter assumption is valid and the effects
of noise have been removed, the total backscattered power at
the reciever from a resolution volume at ranger (m) can be
expressed in terms ofZ as

P(r) = C
Z

l2r2
(2)

wherel is a unitless loss factor due to attenuation by precip-
itation and atmospheric gases, andC is a constant related to
various physical parameters of the radar hardware and choice
of operating parameters. Alternatively, the returned power
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may be expressed in terms of the Doppler spectrumS(v),
a power-weighted distribution of radial velocities inside the
resolution volume (Doviak and Zrnic, 1993) as

P(r) =

∫
∞

−∞

S(v)dv. (3)

S(v) is the energy backscattered by targets with radial ve-
locities (m s−1) betweenv andv + dv. Assuming the loss
factor l to be constant across the range of fallspeeds and ac-
counting for range and calibration effects, Eqs. (2) and (3)
define a closed form expression for the returned power in
terms of both the drop size distribution and the Doppler spec-
trum. The two may be equated, yielding an expression for the
drop size distribution:

N(D) =
Src(v)

D6

dv

dD
. (4)

using the notation thatSrc(v) is the calibrated, range-
corrected Doppler spectrum,D (mm) is the raindrop diam-
eter, anddv/dD (m s−1 mm−1) represents the coordinate
transformation from velocity space to diameter space and is
derived from the fallspeed relation, first proposed byBrandes
et al.(2002):

v(D) = −0.1021+4.392D−0.9551D2
+

0.07934D3
−0.002362D4 (5)

in which v(D) is the terminal velocity (m s−1) of a rain-
drop with diameterD (mm). A density correction factor of
(ρ0/ρ)0.4 may be appended to the above relationship to ac-
count for the vertical decrease of air density in the standard
atmosphere, whereρ andρ0 (kg m−3) are the densities aloft
and at the surface, respectively (Foote and duToit, 1969).
The vertical density structure may easily be calculated from
a nearby representative radiosonde observation. In the case
of the events presented in the current work, the 12:00 UTC
soundings from the Norman National Weather Service Of-
fice were utilized.

2.2 KOUN

As part of the ongoing effort to modernize the United
States weather agencies and realizing the need for ongo-
ing research, the National Weather Service provided the
components necessary for assembly of a research WSR-
88D under the care of the National Severe Storms Labo-
ratory (NSSL), to be used for developing advanced radar
techniques and advancing operations (Doviak et al., 2000).
The KOUN radar is an S-Band (λ=10.9 cm) dual-linear-
polarization weather radar that simultaneously transmits ver-
tically and horizontally-polarized radio waves. It has been
used extensively for the development of methods to im-
prove acquisition time, reduce range and velocity ambiguity
(Sachidananda and Zrnic, 2006), identify polarimetric sig-
natures in supercell thunderstorms (Kumjian and Ryzhkov,
2008; Ryzhkov et al., 2005b), and improve quantitative

Table 2. Typical operating parameters of the KOUN polarimetric
radar.

Parameter Value

Wavelengthλ (cm) 10.9
Aliasing velocityVa (m s−1) 27.595
Aliasing rangera (km) 150
Pulse repetition frequency (Hz) 1012
Pulse widthτ (µs) 1.5
Beamwidth (degrees) 1
Peak power (Watts) 750 000

precipitation estimation during periods of intense rainfall
(Ryzhkov et al., 2005a). The success of this radar has
prompted the NOAA officials to upgrade the national WSR-
88D network to include polarimetric capability (Saffle et al.,
2007). Typical operating parameters for KOUN during pre-
cipitation events are listed in Table2.

Polarimetric radar is capable of retrieving the DSD param-
eters of an assumed functional form of the DSD due to its
sensitivity to both size and shape effects. Numerous meth-
ods have been proposed in the literature (Seliga and Bringi,
1978; Zhang et al., 2001; Cao et al., 2007) to retrieve pa-
rameters of an exponential or gamma raindrop distribution.
Here, we fit polarimetric data to the two-parameter exponen-
tial DSD model: (Laws and Parsons, 1943):

N(D) = N0exp(−3D), (6)

whereN0 is a concentration parameter (mm−1 m−3) and3

is a slope parameter (mm−1). Implications of using the expo-
nential DSD can be found inZhang et al.(2006, 2008); Cao
et al.(2007). Then-th momentMn of the exponential DSD
is given by:

Mn = N00(n+1)3−(n+1), (7)

where0(·) denotes the complete gamma function. Taking
the ratio of any two moments eliminatesN0, and gives3 in
terms of this ratio. Given the value of3, N0 can then be
calculated from any moment.

Seliga and Bringi(1976) propose a method to retrieve the
two parameters of the exponential DSD of the form

N(D) = N0exp

(
−3.67D

D0

)
(8)

from ZH (mm6 m−3) and ZDR (dB) measured at S band,
based on theGans(1912) extension to the classical Rayleigh
scatter theory. HereD0 is the median volume diameter given
by∫ D0

0
D3N(D)dD =

1

2

∫
∞

0
D3N(D)dD. (9)
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The radar reflectivity factorZHV at horizontal or vertical po-
larization may be expressed as

ZHV =
λ4106

π5|K|2

∫ Dmax

0
σHV (D)N(D)dD, (10)

whereσHV (cm2) is the backscattering cross section at hor-
izontal or vertical polarization,λ (cm) is the radar wave-
length,|K| (unitless) is the dielectric constant of liquid wa-
ter,D is the drop diameter (cm),Dmax is set to 1 cm, and the
factor of 106 convertsZHV to mm6 m−3. Differential reflec-
tivity ZDR (dB) is given by

ZDR = 10log10
ZH

ZV

, (11)

in which ZH andZV (mm6 m−3) are the radar reflectivity
factors at horizontal and vertical polarizations, respectively.
From Eqs. (8–11), D0 can be calculated through substitution
of Eq. (10) into Eq. (11), andN0 may be solved from Eq. (10)
givenD0.

In addition to the differential reflectivityZDR, values of
correlation coefficientρHV are considered in this study. The
value of ρHV expresses the degree to which the average
backscattered horizontal and vertical returns are correlated.
The correlation coefficient is often used as a discriminator
when classifying precipitation by type, e.g., liquid phase or
frozen phase or when identifying sources of noise in dual-
polarimetric radar data (Ryzhkov et al., 2005a).

2.3 2DVD

Since rain microphysics are retrieved from the two radars
based on remote sensing data, it is important to provide
ground truth to these measurements to increase confidence
in their accuracy. The 2DVD provides such a capability by
directly sampling falling hydrometeors as they pass through
a pair of parallel light sheets, casting shadows onto a pair
of orthogonally-viewing line-scan cameras. The orthogonal
views allow the 2DVD software to determine the axial ra-
tio, oblateness, and equivalent diameter of each drop, and
the time delay between the drop passing through the two
sheets gives the fallspeed. The 2DVD records this informa-
tion along with an image of the drop from the two cameras.
The cameras on which the shadows are projected are of fi-
nite size, so the DSD measured by the 2DVD is discretized
instead of continuous. The minimum drop diameter the in-
strument can resolve is 0.19 mm. During the post-processing
of the raw data, sampled drops are partitioned into 41 di-
ameter bins of 0.2 mm width between 0.1 and 8.1 mm, and
DSD data are provided at 1 min intervals. A more complete
description of the 2DVD system is given byKruger and Kra-
jewski (2002). Fitting of the observed DSD to a model may
be achieved either through a least-squares process or by a
moment method as described above.

2.4 Retrieval comparison

To assess the relative accuracy of the DSD retrieval methods
and quantify the differences between precipitation regimes,
radar reflectivity factorZ, mass-weighted mean diameter
Dm, and rainfall rateR are calculated from the data collected
by each instrument and compared. Vertical profiles of the po-
larimetric and DSD data from KOUN are extracted from the
RHI or PPI scans and interpolated onto a grid that matches
the range gate spacing of the wind profiler (Teshiba et al.,
2009). For the data presented in this study, wind profiler
and KOUN data from the third range gate above the profiler
(600 m a.g.l.) are presented due to a signal processing error
that corrupted data at the lowest two range gates. Compari-
son of radar data from the lowest possible elevation and the
2DVD ensures the proper behavior of the retrievals, increas-
ing the confidence in the retrievals at greater altitudes.

Direct comparison between the retrieved exponential
DSDs is made using the mass-weighted mean diameterDm

(mm), which in terms of an exponential distribution is ex-
pressed (using Eq.7) as

Dm =
M4

M3
=

N00(5)3−5

N00(4)3−4
=

4

3
. (12)

Here, Dm is selected as it is inversely proportional to the
slope parameter3 and its behavior is much more intuitive
physically.

2.5 Vertical velocity estimation

One of the complications that arises in the retrieval of the
raindrop size distribution from wind profiler Doppler spec-
tra is the bias which is introduced in the presence of verti-
cal air motion (Rogers, 1967). Previous investigators (Waka-
sugi et al., 1986; Cifelli et al., 2000; Schafer et al., 2002)
have utilized combined UHF and VHF wind profiler data
to deconvolve the Bragg scattering portion of the observed
Doppler spectrum under the simplifying assumption of Gaus-
sian turbulence (Tennekes and Lumley, 1973). Here, we uti-
lize a method first proposed byTeshiba et al.(2009) in which
the fallspeed relation given by Eq. (5) is applied to the re-
trieved DSD from polarimetric parameters and compared to
that measured by the UHF profiler. The first moments (v̄r ) of
both spectra are calculated and the difference between them
is attributed to vertical air motion. The UHF Doppler spec-
tra are then corrected and the DSD is retrieved. Figure1
graphically depicts the retrieval process and interdependency
between the data collected by the instruments. Preliminary
studies of this method (Morris et al., 2008; Morris, 2008) ap-
plied to MCS events in Oklahoma indicate the algorithm is
robust and produces results consistent with idealized models
of such storms.
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Fig. 1. Flowchart demonstrating the retrieval process from various instruments.

3 Case study – 11 March 2007

On the morning of 11 March 2007, a mature squall line
impacted much of central Oklahoma and presented an op-
portunity to examine its microphysical structure with the
combined instrumentation. During this event, KOUN col-
lected polarimetric data in a range-height indicator (RHI)
mode above KFFL, while the ARRC profiler and 2DVD
provided continuous data for the duration of the event. A
total of 38 mm of precipitation was recorded by the Ok-
lahoma Mesonet installation at Washington, located about
320 m south-southeast of the ARRC profiler. The structure
of the squall line also allowed for testing of the DSD and
vertical velocity retrieval algorithms in convective and strat-
iform precipitation cases.

The 11 March 2007 squall line did not exhibit classic
squall line structure, as the stratiform precipitation in the
rear of the system was not expansive and the presence of a
mesoscale convective vortex resulted in north-south asym-
metry (Houze, 1993). However, the extent of the stratiform
precipitation was sufficient to gather a significant amount
of data from KOUN, the ARRC profiler, and the 2DVD.
Range-time-intensity (RTI) plots displaying various param-
eters measured by the ARRC profiler and KOUN during the
duration of the event are provided in Fig.2. The leading edge
of the convection can be seen as a region of enhanced signal-
to-noise ratio (SNR) from approximately 11:00 to just after
11:30 UTC and extending above 6 km in height. Significant
velocity aliasing resulting from intense updrafts can be seen
around 11:30 UTC. The polarimetric variables presented in
the figure (ZH , ZDR, andρHV ) are consistent with the mea-
surements from the profiler, as large reflectivity values near
the surface are indicative of heavy precipitation cores. En-

hancedZDR values near the surface indicate the presence of
large drops, which tend to be more frequent in convective
clouds due to strong vertical motion and rapid growth near
the cloud base (Tokay and Short, 1996). Estimates of the ver-
tical air motion within the precipitation region are presented
in Teshiba et al.(2009).

Behind the leading convection, average vertical velocity
decreases as precipitation particles travel through the transi-
tion zone to the stratiform region, while SNR measured by
the ARRC profiler decreases as a result of the decrease in in-
tensity of precipitation. This region corresponds to the time
interval from just after 11:30 till just before 12:00 UTC. An
associated decrease inZH andZDR measured by KOUN in-
dicates this is a classic transition zone. A second region of
enhanced SNR and vertical velocity is observed behind this
transition zone at about 11:45 UTC, coincident with a down-
ward depression in theρHV field and enhancedZDR near
2 km a.g.l., which may be caused by compensatory subsi-
dence in the wake of the intense leading convection, and con-
sistent with the results presented bySmull and Houze(1987)
andHouze and Rappaport(1984). Again, the reader is re-
ferred toTeshiba et al.(2009) for estimates of the vertical air
motion within the precipitation region.

In the trailing stratiform region of the squall line, the melt-
ing layer is clearly evident from the strong fallspeed gradi-
ent at around 2.5 km a.g.l., its height consistent with the 0◦C
isotherm from the 12:00 UTC Norman sounding. In the fig-
ure this region corresponds to the period just before 12:00
through 14:30 UTC. The radar bright band is also clearly
evident in theZH values measured by KOUN, indicating
the rapid melting of snowflakes. A well-defined region of
decreasedρHV between 2.5 and 3 km a.g.l. indicates the
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Fig. 2. Time-height cross sections of data collected during 11 March 2007 squall line event. Elevation is in kilometers above ground
level, time is in UTC. Presented data fields are (from top to bottom): KOUNZH (dBZ), KOUN ZDR (dB), KOUN ρHV , ARRC profiler
signal-to-noise ratio (dB), and ARRC profiler mean vertical velocity (m s−1).

presence of mixed-phase particles in the melting layer, and
intermittent regions of enhancedZDR may be indicative of
itermittent periods of heavy (largeZDR) and light (small
ZDR) precipitation.

3.1 DSD parameters

A time history ofZ, Dm, andR for the 11 March 2007 event
is presented in Fig.3. Data from KOUN, the 2DVD, and the
ARRC profiler are plotted together for comparison. Profiler
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Fig. 3. Time histories ofZ, Dm, andR for data collected during the 11 March 2007 rain event. The 2DVD data were collected at the surface
and the radar data correspond to a height of 600 m a.g.l.

data with and without the vertical air velocity correction ap-
plied are plotted to illustrate the improvement in the retrieval
from the Doppler spectra. DSD data from the profiler and
KOUN are from the third gate above ground level (∼600 m)
and the 2DVD data are recorded at the surface.

Both KOUN and the ARRC profiler are independently
calibrated. The radar reflectivity factorZ for KOUN is
matched to those reported for the operational WSR-88D sys-
tem KTLX. In addition to the standardZ calibration, KOUN
additionally requires aZDR calibration. This is achieved by
requiring thatZDR values obtained immediately above the
bright band have a value of 0.2 to 0.3, which is character-
isitic of theZDR of the dry aggregated snow that is typically
found in that region. The wind profiler has been calibrated
using the 2DVD during a period of precipitation. Bearing
this in mind, theZ values from each instrument agree rather
well (see the upper panel of Fig.3). Gage et al.(2000) have
proposed that wind profilers be used to independently cali-
brate scanning radars for combined instrument studies, and
the data shown in Fig.3 support this claim. Were theZ val-
ues to be in considerable disagreement, the mathematical ba-

sis for the conversion from velocity space to diameter space
would be erroneous and some of the subsequent data would
be of little value.

The different retrieved time histories ofDm shown in
Fig. 3 generally show good agreement; although, some devi-
ations do exist. For example, prior to∼13:30 UTC, the val-
ues ofDm calculated using the retrieved DSDs from KOUN
and the profiler are slightly lower than those from the 2DVD.
After ∼13:30 UTC, the agreement in the estimates ofDm

andR tend to improve. Interestingly, a discrete jump can
be seen in the time history ofDm observations at about this
time. This can be attributed to the increased presence of em-
bedded showers in the stratiform rain characterized by fewer
observed small drops. Although not well documented in the
literature, the trailing precipitation associated with MCSs ob-
served in Oklahoma are known to be non-uniform. It is not
clear at this point if these two features in the data are related
to one another or not. Some of the fluctuations inDm re-
trieved prior to∼11:25 UTC are possibly the result of weak
signal-to-noise ratio (Fig.2).
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Fig. 4. RTI plots ofDm for an exponential DSD retrieved from KOUN (upper panel) and the ARRC profiler (lower panel) during 11 March
2007 rain event. Units are in mm. Data above the melting layer not presented.

Rainfall rate data shown in Fig.3 are an indication of the
improvement of the profiler DSD retrieval algorithm when
the vertical velocity algorithm is applied. During the leading
convection, strong upward air motion is present even though
the rain rate is rather low. The uncorrected profiler spec-
trum yields a maximum rain rate in excess of 20 mm h−1,
while the other three data sources agree that the actual rain
rate is closer to 15 mm h−1. Furthermore, improvement
is more noticeable during an intense downdraft observed
near 12:00 UTC. Without the vertical velocity correction, the
downward transport of hydrometeors is not detected by the
ARRC profiler, so it yields rain rates less than 10 mm h−1

while the corrected data produce rates of 15–20 mm h−1.
However, the 2DVD and KOUN data present rain rates in
excess of 20 mm h−1, and as high as 40 mm h−1. Teshiba
et al.(2009) speculate that in this region melting graupel and
small hail above the melting layer generates additional neg-

ative buoyancy, accelerating the growth of descending rain-
drops. In the stratiform region of the MCS, the vertical air
motion is negligible and the retrieved rain rates are in good
agreement between each of the instruments.

Table3 lists the total rainfall accumulations measured by
the ARRC profiler, KOUN, the 2DVD and the Oklahoma
Mesonet site at Washington for the interval 11:15 UTC to
14:48 UTC 11 March 2007. It is clear that the vertical veloc-
ity correction improves the profiler-based rainfall accumula-
tion, as the corrected value is within 2.5 mm of the Mesonet
observation, while the uncorrected data produce less than
20 mm of total precipitation. Both KOUN and the disdrome-
ter slightly overestimate the rainfall rate, but this may be a re-
sult of the relative sampling times of each instrument (1 min
for KOUN and the 2DVD, 5 min for the Mesonet).

Time-height plots of the mass-weighted mean diameter
Dm for a fitted exponential distribution and the associated
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Fig. 5. Time history plots ofDm for an exponential DSD retrieved from KOUN and the ARRC profiler during 11 March 2007 rain event at
2 km a.g.l. (upper panel) and 1 km a.g.l. (lower panel).

Table 3. Total rainfall accumulations for the 11 March 2007 event.

Instrument Total rainfall

Oklahoma Mesonet 27.69 mm
KOUN 30.16 mm
Profiler – uncorrected 19.3 mm
Profiler – corrected 25.2 mm
2DVD 29.36 mm

time histories at 1 and 2 km a.g.l. are shown in Figs.4 and5,
respectively. These representations of the data are not only
useful for investigating time and height variations ofDm, but
also for identifying areas of departure between the different
estimates (from KOUN, the ARRC profiler, and the 2DVD).
For example, as seen in Figs.4 and5 just prior to 12:00 UTC,
some values ofDm estimated from the ARRC profiler data
are two to three times larger than those from KOUN. Errors
in the estimation of DSD parameters from profiler data can
occur if the ambient vertical wind is not properly accounted

for (Kanofsky and Chilson, 2008). However, an overestima-
tion of Dm is expected for unaccounted for upward wind ve-
locity. For the period in question, a downward velocity has
been observed (Teshiba et al., 2009). It is also possible that
values ofDm from KOUN are underestimated. Currently, the
cause of the sharp difference is not known.

Bearing the above discrepancies in mind and proceeding
with caution, it is still possible to draw some conclusions
from the results shown in Figs.4 and 5. In the convec-
tive regime, values ofDm are typically greater than 3 mm
in the convective cores and near 1 mm in the downdrafts,
suggesting rapid drop growth and large-drop spectra in the
convective regime while the downdrafts contain concentra-
tions of smaller drops. This is consistent with the plot of
Dm in Fig. 3, which indicates a rapid decrease in the mass-
weighted mean diameter in the wake of the convection (af-
ter∼11:30 UTC). The values ofDm here are consistent with
those presented byUijlenhoet et al.(2003) andMaki et al.
(2001) for squall lines observed in the United States and Aus-
tralia, respectively.
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Fig. 6. Time history ofZ, Dm, andR from 13 July 2007 rain event. The 2DVD data were collected at the surface and the radar data
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In the transition zone,Dm values of approximately 1 mm
indicate small drop spectra, while in a convective downdraft
following the transition zone, characteristicDm values in-
crease to 2.5 to 3 mm. It is likely that the settling of rem-
nant hydrometeors from the convective region produces the
larger drops that are observed in this case. The change in
Dm is similar in concept to the change inN0 as the spec-
tra changes from small-drop spectra in the transition region
to intermediate-size spectra in the downdraft (Waldvogel,
1974).

In the stratiform region of the MCS, the fallstreaks of in-
creasedZDR observed in Fig.2are associated with largerDm

values and, by extension, large-drop spectra. However, there
is not an appreciable change in the mass-weighted mean di-
ameter apparent in Fig.3. These features indicate the pres-
ence of weak embedded convection in the stratiform regime,
which also produces the enhancedZH above the melting
layer observed in Fig.2.

4 Case study – 13 July 2007

A second mature squall line event occuring early in the morn-
ing of 13 July 2007 provided additonal opportunity to study
rain microphysics in much the same way as the 11 March
2007 case. During this event, KOUN collected polarimetric
data in standard plan-position indicator (PPI) mode as op-
posed to the RHI mode which was employed on 11 March,
but due to a network failure a substantial number of tilts are
missing before 10:00 UTC. However, the ARRC profiler and
2DVD provided continuous data for the duration of the event.

A total of 42 mm of precipitation was measured by the
Washington Oklahoma Mesonet installation during the pas-
sage of the system. This squall line event adhered more
closely to the “classic” MCS morphology, with an unbro-
ken line of leading convection, strong transition zone, and
extensive trailing stratiform precipitation. By contrast, the
leading convection of the 11 March event was slightly more
cellular in appearance and the system was attended by a mi-
dlevel mesoscale convective vortex that is often observed in
asymmetric squall lines.
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Fig. 7. RTI plots ofDm for an exponential DSD retrieved from KOUN (upper panel) and the ARRC profiler (lower panel) during 13 July
2007 rain event. Units are in mm. Data above the melting layer are not presented.

4.1 DSD parameters

The time histories of radar reflectivity factorZ, mass-
weighted mean diameterDm and rainfall rateR is presented
for the 13 July event in Fig.6. Data from all three instruments
are presented to facilitate intercomparison, and the retrieved
DSDs from the ARRC profiler with and without the vertical
velocity correction applied are plotted to show improvement
in the retrievals. As in Fig.3, DSD data from the profiler and
KOUN are from the third gate above ground level (∼600 m)
and the 2DVD data are recorded at the surface.

The upper panel of Fig.6 indicates that the radar reflectiv-
ity factor is nearly the same for the 13 July data and the strat-
iform precipitation portion of the 11 March squall line, with
observed values falling between 35 and 40 dBZ. A lull in
precipitation is clearly evident as a period of reflectivity fac-
tor values below 20 dBZ between 14:30 UTC and 15:00 UTC

and rainfall rate values of 0 mm h−1 (lower panel of Fig.6).
It is notable that theZ values agree well for the majority of
the event as the calibration constant used for the 11 March
2007 case was also appropriate for this event.

Table4 lists the rainfall accumulations recorded during the
interval 11:00 UTC–16:00 UTC 13 July 2007. Overall, rain-
rates and associated accumulations were lower for this event
than the 11 March event as most of the rain was stratiform in
nature. Only the 2DVD overestimated the rainfall accumu-
lation in this case, and it was only by 1.4 mm. All the other
instruments produced slight underestimates of the rainfall ac-
cumulation, but the results agree well nonetheless.

Figure7 displays time-height plots of the mass-weighted
mean diameter for a fitted exponential DSD, and Fig.8shows
a time history at 1, 2, and 3 km a.g.l. Compared to the strat-
iform region of the 11 March MCS, both the profiler and
KOUN indicateDm values between 1 mm and 2 mm and are
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Table 4. Total rainfall accumulations for the 13 July 2007 event.

Instrument Total rainfall

Oklahoma mesonet 14.48 mm
KOUN 12.49 mm
Profiler – uncorrected 10.1 mm
Profiler – corrected 13.97 mm
2DVD 15.88 mm

consistent with the small-drop (i.e., lowZDR) regions of the
stratiform rainfall. The extreme values at the beginning and
end of the event are associated with spurious retrieval in re-
gions of low signal-to-noise ratio.

5 Summary and discussion

In this paper, we present two case studies of continental
squall lines, demonstrating the utility of polarimetric radar

data to improve wind profiler-based microphysics retrieval,
and assess the degree of error in both polarimetric and wind
profiler retrievals compared to a video disdrometer. Data
were collected during the spring and summer of 2007, and
the behavior of the events chosen for this analysis is believed
to be representative of the types of systems that frequently
impact central Oklahoma during these periods. The present
study stands as an indirect validation of the vertical velocity
retrieval method outlined byTeshiba et al.(2009). First, esti-
mates of the vertical air motion obtained using the procedure
described inTeshiba et al.(2009) are calculated. The effects
of the updrafts and downdrafts are then removed from the ob-
served Doppler spectra using a vertically pointing UHF wind
profiler. The resulting Doppler spectra correspond to the ter-
minal fall speeds of the rain drops. Applying the correction
improved the microphysics retrieval during convective rain.

Tables5 and6 display the bias of each dataset relative to
the 2DVD for the parametersZ, Dm, andR. The values
shown are averages calculated over the observation times.
For the 11 March rain event, the data shown in the table cor-
respond to a sampling interval of about three and a half hours
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Table 5. Bias of retrieved parameters relative to 2DVD observations from 11 March squall line.

Parameter (units) KOUN Profiler – uncorrected Profiler – corrected

Z (dBZ) 0.1074 −0.3588 −0.3588
Dm (mm) −0.0912 −0.209 −0.0631

R (mm h−1
−2.3240 −4.2715 −3.2116

Table 6. Bias of retrieved parameters relative to 2DVD observations from 13 July squall line.

Parameter (units) KOUN Profiler – uncorrected Profiler – corrected

Z (dBZ) 0.7971 0.6012 0.6012
Dm (mm) 0.5460 −0.2931 −0.2462

R (mm h−1 0.3918 0.3210 −0.4218

(11:15–14:48 UTC). For the July 13 case, the sampling inter-
val was four hours long (11:00–16:00 UTC).

During the 11 March event, all three datasets exhibit a
slight low bias in the rainfall rates, which can be seen clearly
in Fig. 3, as there are two periods in the stratiform precipi-
tation regime where both radars underestimateR compared
to the 2DVD. In the convective regime, the better agreement
between KOUN and the 2DVD leads to the overall improve-
ment in agreement relative to the wind profiler, which even
with the vertical velocity correction still significantly under-
estimated the rainfall rate during this brief window. How-
ever, this may serve as a testament to its accuracy in the strat-
iform precipitation region, as the wind profiler performs best
when the vertical air motion is negligible. Additionally, there
is no way for the vertical velocity retrieval method to account
for bimodal spectra, which introduces some error in the mean
radial velocity estimate from the KOUN DSD data. A signif-
icant improvement in the retrieved mass-weighted mean di-
ameter (69.8%) was observed for the wind profiler data when
the vertical velocity correction was introduced, the major-
ity of which occured in the first half of the event, prior to
∼13:30 UTC.

During the 13 July event, errors from KOUN are greater
than those seen on 11 March, perhaps in part as a result of
the interpolation necessary to reconstruct 26 height gates (to
match the profiler) from a volume coverage pattern of 14
tilts. From Table6, it is apparent that KOUN and the UHF
profiler performed rather similarly in this case, but it must
be noted that stratiform rain was the dominant mode of pre-
cipitation observed on July 13, so it is expected that neither
instrument would have an inherent advantage over the other.
During this event, KOUN overestimated the mass-weighted
mean diameter by∼0.5 mm, while the wind profiler has un-
derestimated by∼0.25 mm, with only a slight improvement
observed with the vertical velocity correction. A confound-
ing result appears in the retrieved rainfall rates, as the un-
corrected wind profiler data overestimate the rainfall, while

the corrected data underestimate it, and to a slightly greater
degree.
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