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Abstract. The character of precipitation detected at the sur-1 Introduction

face is the final product of many microphysical interactions

in the cloud above, the combined effects of which may beOf fundamental importance in characterizing precipitation
characterized by the observed drop size distribution (DSD)processes from remote measurements is accurate retrieval of
This necessitates accurate retrieval of the DSD from remotehe underlying drop-size distribution (DSD), which is also re-
sensing data, especially radar as it offers large areal covelated to other microphysical parameters such as coalescence,
age, high spatial resolution, and rigorous quality control andaccretion and evaporation rafergppacher and KlgtL997).
testing. Combined instrument observations with a UHF windThe recent application of polarimetric radar to this problem
profiler, an S-band polarimetric weather radar, and a videdhas yielded promising results for measurements at S band
disdrometer are analyzed for two squall line events occur{Brandes et al.2004), C band (llingworth and Thompson

ing during the calendar year 2007. UHF profiler Doppler 2005, and X band Gorgucci et al. 2008, as polarimetric
velocity spectra are used to estimate the DSD aloft, and arparameters are highly dependent on the shape, and by exten-
complemented by DSDs retrieved from an exponential modekion the size, of sampled hydrometeors.

applied to polarimetric data. Ground truth is provided by the  Similarly, wind profilers may be employed for microphysi-
disdrometer. A complicating factor in the retrieval from UHF cal studies as they are capable of detecting backscattered sig-
profiler spectra is the presence of ambient air motion, whichnals from turbulent variations in the atmosphere’s refractive
can be corrected using the method propose@idshiba etal.  index structure functiod’? (Bragg scatter), and from falling
(2009, in which a comparison between idealized Doppler precipitation particles (Rayleigh scatter). The DSD may
spectra calculated from the DSDs retrieved from KOUN andpe derived from the Doppler spectrum, which is a power-
those retrieved from contaminated wind profiler spectra isweighted distribution of radial velocities in the resolution
performed. It is found that DSDs measured using the dis-olume Qoviak and Zrni¢ 1993, by applying an appro-
trometer at the surface and estimated using the wind profilepriate fallspeed relationship, but this process is complicated
and polarimetric weather radar generally showed good agreeby the presence of vertical air velocity and turbulence. A
ment. The DSD retrievals using the wind profiler were im- recently proposed analysi§gshiba et a).2009 is imple-
proved when the estimates of the vertical wind were includedmented to alleviate this issue.

into the analysis, thus supporting the methodeshibaetal. A frequently occurring precipitation system in Oklahoma
(2009. Furthermore, the the study presents a method of ins the mesoscale convective system (MCS), characterized by
vestigating the time and height structure of DSDs. a narrow region of intense convection along its leading edge,

i , broad stratiform precipitation, and a transition zone that sep-
Keywords. Meteorology and atmospheric dynamics (Pre- , oiac these two regime8rtull and Houzel987). The large
cipitation; Instruments and techniques) — Radio science (Regemnoral and spatial scales of such systems often results in
mote sensing) 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-
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nears the surface. Additionally, these systems provide an eXr e 1. Typical operating parameters of the ARRC profiler.
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 Parameter Value
precipitation regimes. Wavelengthi (cm) 32.79
The remainder of this paper focuses on the application Frequencyf (MHz) 915
of combined dual-polarimetric weather radar and wind wind Range resolutiodr (m) 210
profiler observations of precipitation associated with MCS Pulse W.'dthT (13) 1.4
. - . L Beamwidth (degrees) 9
conditions. A brief introduction of the radar systems is first FFT points 128
presepted along with an outll'nga of the method despnbed in Coherent integrations 100
(Teshiba et a).2009 for combining these data sets in order Dwell time (s) 24
to retrieve information pertaining to the properties of the pre- Peak power (W) ~600

cipitation and the environment in which it is observed. The
present study extends the work Téshiba et al(2009 and

plgcesagr.eateremphasis ontheinvest?gation ofprecipitatiogh clear air. Tablel lists the typical operating parameters
microphysics. Next data collected during two MCS eVentStor the ARRC profiler for the observations presented here.

oceurning in Oklahomq are analyzed. The tW.O Cases Wergpg profiler uses a phased-array microstrip antenna capable
specifically chosen to illustrate the effect of different radar of electronically beam steering in up to 5 directio@ater

scanning strategies on the retrieyal algorithms discussed. FEt al, 1999, though during the precipitation events discussed
nally a summary of the findings is presented. 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
In collaboration W'th_ the_ NOAA National Severe Storm_s waves, even the largest raindrops will scatter in the Rayleigh
Laboratory, the University of Oklahoma's Atmospheric regime. Pruppacher and Bea(d970 note that drops with
Radar Research Center (ARRC) has installed a suite of regiameters greater than 10 mm tend to break up, imposing a

mote sensing and in-situ measurement syst(_ams in central O yractical limit on the size of the falling raindrops. For a drop
lahoma to better understand the microphysical processes r i this size, the ratid /2 is only about 0.03 and it is assumed

sponsible for rain formation. These include a UHF wind y . e nackscattering cross sectigris proportional to the
p.rof|ler.(ARR(.: profl|ler) and a Joanneum. Research WO~y th power of the diameteB@attan 1973, allowing for di-
_d|men§|ona_l wdep disdrometer (2DVD), _vvhmh can be useCIrect retrieval of the drop size distribution from UHF Doppler

in conjunction with the prototype pQIar|metr|c WSR-88D velocity spectraBalsley and Gagel982).

(hereatfter referred to as KOUN). Since 2005, the ARRC 55, reflectivity factoZ (mmPf m=3) is proportional
profiler am,j 2DVD have been_ deployed at the University of to the sixth power of the diameters of illuminated raindrops,
Oklahpmas Kesslgr Fgrm Field Laboratory (KFFL), a re- expressed byloviak and Zrni¢ 1993:

mote instrumentation site located 28.5km south of KOUN

(Chilson et al.2007) that has been used in conjunction with 7 /OODGN(D)dD B
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 in which N (D) (mm~! m~3) is the total number of drops per
two radars are of approximately the same size at lower alnit volume with diameters (mm) betweéhand D +dD.
titudes. When sampling at a height of about 600 m aboveUnder the assumption that the resolution volume is com-
KFFL and for the radar configurations used during the ex-pletely filled with liquid raindrops of sufficiently small size
periments presented here, the radial and transverse resolthat the Rayleigh scatter assumption is valid and the effects
tions of the ARRC profiler are about 200m and 100 m, re-0f noise have been removed, the total backscattered power at
spectively. The radial and transverse resolutions of KOUNthe reciever from a resolution volume at ranggm) can be
when probing the same region of space are 250 m and 500 ngxpressed in terms ¢f as

respectively.

2 Observational techniques

P()=C-t @
2.1 UHF wind profiler I
wherel is a unitless loss factor due to attenuation by precip-
The ARRC profiler is a UHFX=32.79 cm) wind profiling itation and atmospheric gases, afids a constant related to
radar, also classified as a boundary-layer radar (BLR) as ivarious physical parameters of the radar hardware and choice
is designed to operate to a maximum height of about 3 kmof operating parameters. Alternatively, the returned power

Ann. Geophys., 27, 4438448 2009 www.ann-geophys.net/27/4435/2009/



M. P. Morris et al.: Microphysical retrievals from simultaneous polarimetric and profiling radar observations 4437

may be expressed ,in t.ern"-ns of the Doppler _S.pec.tﬂ{.m, Table 2. Typical operating parameters of the KOUN polarimetric
a power-weighted distribution of radial velocities inside the ;544

resolution volume@oviak and Zrni¢ 1993 as

00 Parameter Value
P(r) =/ S(v)dv. 3)
—c0 Wavelengthh (cm) 10.9
. . , i Aliasing velocityV, (ms™1) 27.595
S(v) is the energy backscattered by targets with radial ve Aliasing ranger, (km) 150

locities (ms ) betweenv andv +dv. Assuming the loss Pulse repetition frequency (Hz) 1012

factor! to be constant across the range of fallspeeds and ac- Pulse widthr () 15
counting for range and calibration effects, E(. énd @) Beamwidth (degrees) 1
define a closed form expression for the returned power in Peak power (Watts) 750 000

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: precipitation estimation during periods of intense rainfall

Sre(v) dv (@) (Ryzhkov et al. 20053. The success of this radar has
DS 4D’ prompted the NOAA officials to upgrade the national WSR-

using the notation thass,.(v) is the calibrated, range- 88D netwo_rk to include polarimetric capabilit@affle _et al.

corrected Doppler spectrun® (mm) is the raindrop diam- 2007- Typical operating parameters for KOUN during pre-

eter, anddv/dD (mstmm-1) represents the coordinate CiPtation events are listed in Tabke

transformation from velocity space to diameter space and is Polarimetric radar is capable of retrieving the DSD param-

derived from the fallspeed relation, first proposedogndes eters of an assumed functional form of the DSD due to its

N(D)=

et al.(2002: sensitivity to both size and shape effects. Numerous meth-
ods have been proposed in the literatuBeliga and Bringi
v(D) = —0.1021+4.392D — 0.9551D% + 1978 Zhang et al. 2001 Cao et al. 2007 to retrieve pa-
0.07934D3 —0.00236 D% (5) rameters of an exponential or gamma raindrop distribution.

) ] . ] ) . Here, we fit polarimetric data to the two-parameter exponen-
in which v(D) is the terminal velocity (ms!) of a rain- tial DSD model: Laws and Parsond943:
drop with diameterD (mm). A density correction factor of

(po/p)%* may be appended to the above relationship to ac-N (D) = Noexp(—AD), (6)
count for the vertical decrease of air density in the standard

atmosphere, wherg and po (kg m~23) are the densities aloft whereNg is a concentration parameter (mfmm=3) and A
and at the surface, respectiveljopte and duTojt1969. s a slope parameter (mmh). Implications of using the expo-
The vertical density structure may easily be calculated fromnential DSD can be found iBhang et al(2006 2008; Cao
a nearby representative radiosonde observation. In the cas# al.(2007). Then-th momentM,, of the exponential DSD
of the events presented in the current work, the 12:00 UTGs given by:

soundings from the Norman National Weather Service Of-

fice were utilized. M, = NoT' (n+ 1) A~ "+, 7

2.2 KOUN whereT'(-) denotes the complete gamma function. Taking
the ratio of any two moments eliminatd®, and givesA in

As part of the ongoing effort to modernize the United terms of this ratio. Given the value @f, Ny can then be

States weather agencies and realizing the need for ongq:a|culated from any moment.

ing research, the National Weather Service provided the Seliga and Bring{1976 propose a method to retrieve the
components necessary for assembly of a research WSRy,q parameters of the exponential DSD of the form
88D under the care of the National Severe Storms Labo-

ratory (NSSL), to be used for developing advanced radar —-367D
techniques and advancing operatioBeyiak et al, 2009. N(D)= NOeXp<—)
The KOUN radar is an S-Bandi£10.9cm) dual-linear-

polarization weather radar that simultaneously transmits verfrom z, (mmfm=3) and Zpz (dB) measured at S band,

tically and horizontally-polarized radio waves. It has beenpased on th&ans(1912 extension to the classical Rayleigh

used extensively for the development of methods to im-scatter theory. Her® is the median volume diameter given
prove acquisition time, reduce range and velocity ambiguitypy

(Sachidananda and Zrni2006, identify polarimetric sig-
natures in supercell thunderstorm&mjian and Ryzhkoy bo o © .
2008 Ryzhkov et al. 20050, and improve quantitative /0 D N(D)dDZE/O DN(D)dD. ©)

8)
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The radar reflectivity factoZ gy at horizontal or vertical po- 2.4 Retrieval comparison
larization may be expressed as

g MO

To assess the relative accuracy of the DSD retrieval methods
Dmax . . .. . .
/ orv(D)N(D)dD, (10) and quantn‘y.the differences betwegn preC|p|tat|on_reg|mes,
0 radar reflectivity factorZ, mass-weighted mean diameter
D,,, and rainfall rateR are calculated from the data collected
whereoyy (cnv) is the backscattering cross section at hor- by each instrument and compared. Vertical profiles of the po-
izontal or vertical polarizationy (cm) is the radar wave- |arimetric and DSD data from KOUN are extracted from the
length, |K| (unitless) is the dielectric constant of liquid wa- RH| or PPI scans and interpolated onto a grid that matches
ter, D is the drop diameter (cmPmaxis setto 1¢m, and the  the range gate spacing of the wind profil@eghiba et aJ.
factor of 18 convertsZ v to mnP m=3. Differential reflec- 2009, For the data presented in this study, wind profiler

tivity Zpg (dB) is given by and KOUN data from the third range gate above the profiler
(600m a.g.l.) are presented due to a signal processing error

Zpr = 10|0910Z—H, (11) that corrupted data at the lowest two range gates. Compari-
Zy 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 dianigter
(mm), which in terms of an exponential distribution is ex-
pressed (using EQ) as

in which Zyz and Zy (mmP m~3) are the radar reflectivity
factors at horizontal and vertical polarizations, respectively.
From Egs. 8-11), Dg can be calculated through substitution
of Eq. (L0) into Eg. (L1), andNg may be solved from Eq10)
given Do.

In addition to the differential reflectivityZ pg, values of
correlation coefficienpyy are considered in this study. The
value of pyy expresses the degree to which the average My NoI(5A™> 4
backscattered horizontal and vertical returns are correlated”™ = 372 = N r@)A—4 A’
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 dataRyzhkov et al.20053.

(12)

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

2.3 2DVD

2.5 \Vertical velocity estimation
Since rain microphysics are retrieved from the two radars
based on remote sensing data, it is important to provideOne of the complications that arises in the retrieval of the
ground truth to these measurements to increase confidengaindrop size distribution from wind profiler Doppler spec-
in their accuracy. The 2DVD provides such a capability by tra is the bias which is introduced in the presence of verti-
directly sampling falling hydrometeors as they pass throughcal air motion Rogers1967). Previous investigatord\aka-
a pair of parallel light sheets, casting shadows onto a paisugi et al, 1986 Cifelli et al., 2000 Schafer et al.2002
of orthogonally-viewing line-scan cameras. The orthogonalhave utilized combined UHF and VHF wind profiler data
views allow the 2DVD software to determine the axial ra- to deconvolve the Bragg scattering portion of the observed
tio, oblateness, and equivalent diameter of each drop, an®oppler spectrum under the simplifying assumption of Gaus-
the time delay between the drop passing through the tweasian turbulenceTennekes and Lumley®973. Here, we uti-
sheets gives the fallspeed. The 2DVD records this informadlize a method first proposed Bgshiba et al(2009 in which
tion along with an image of the drop from the two cameras.the fallspeed relation given by Edb)(is applied to the re-
The cameras on which the shadows are projected are of fitrieved DSD from polarimetric parameters and compared to
nite size, so the DSD measured by the 2DVD is discretizedthat measured by the UHF profiler. The first moment3 ¢f
instead of continuous. The minimum drop diameter the in-both spectra are calculated and the difference between them
strument can resolve is 0.19 mm. During the post-processings attributed to vertical air motion. The UHF Doppler spec-
of the raw data, sampled drops are partitioned into 41 di-tra are then corrected and the DSD is retrieved. Figure
ameter bins of 0.2 mm width between 0.1 and 8.1 mm, andgraphically depicts the retrieval process and interdependency
DSD data are provided at 1 min intervals. A more completebetween the data collected by the instruments. Preliminary
description of the 2DVD system is given Byuger and Kra-  studies of this methodorris et al, 2008 Morris, 2008 ap-
jewski (2002. Fitting of the observed DSD to a model may plied to MCS events in Oklahoma indicate the algorithm is
be achieved either through a least-squares process or byrabust and produces results consistent with idealized models
moment method as described above. of such storms.
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Profiler KOUN
Doppler Spectrum
+
Remove Retrieve DSD
noise floor
s
‘ Apply calibration ‘ ______________________________ Convert to Calculate
] Doppler Moments
Density correction Spectrum

v =V (p/p)o4

k
)

\ Estimate vertical velocity‘ 2DVD

Retrieve DSD -_-

Calculate moments

Fig. 1. Flowchart demonstrating the retrieval process from various instruments.

3 Case study — 11 March 2007 hancedZ py values near the surface indicate the presence of
large drops, which tend to be more frequent in convective
On the morning of 11 March 2007, a mature squall line clouds due to strong vertical motion and rapid growth near
impacted much of central Oklahoma and presented an opthe cloud baselpkay and Short1996. Estimates of the ver-
portunity to examine its microphysical structure with the tical air motion within the precipitation region are presented
combined instrumentation. During this event, KOUN col- in Teshiba et al(2009.
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

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

total of 38 mm of precipitation was recorded by the Ok- he ARRC orofiler d it of the d .
lahoma Mesonet installation at Washington, located abouf er profiier decreases as a result of the decrease in in-
tensity of precipitation. This region corresponds to the time

320 m south-southeast of the ARRC profiler. The structure, ) o,
of the squall line also allowed for tesr'zing of the DSD and interval from just after 11:30 till just before 12:00 UTC. An

vertical velocity retrieval algorithms in convective and strat- a_ssomateq o!ecreaseZ_m andZ_[_) r measured by KOUN n-
iform precipitation cases. dicates this is a classic transition zone. A second region of
The 11 March 2007 squall line did not exhibit classic enhanced SNR and vertical velocity is observed behind this
: q ; T transition zone at about 11:45 UTC, coincident with a down-

squall line structure, as the stratiform precipitation in the S i

) ward depression in theyy field and enhanced pg near
rear of the system was not expansive and the presence Off‘km 2.0l which mav be caused by compensatory subsi-
mesoscale convective vortex resulted in north-south asym- 9 y y P y

. dence in the wake of the intense leading convection, and con-
metry Houze 1993. However, the extent of the stratiform _. .
LA . N sistent with the results presented®yull and Houz€1987)
precipitation was sufficient to gather a significant amount

of data from KOUN, the ARRC profiler, and the 2DVD. andHouze apd Rappapo(t.984). Agaln, the reader_ IS re-
S . . . . ferred toTeshiba et al(2009 for estimates of the vertical air
Range-time-intensity (RTI) plots displaying various param-

eters measured by the ARRC profiler and KOUN during themOtIcm within the precipitation region.

duration of the event are provided in FR).The leading edge In the trailing stratiform region of the squall line, the melt-
of the convection can be seen as a region of enhanced signahg layer is clearly evident from the strong fallspeed gradi-
to-noise ratio (SNR) from approximately 11:00 to just after ent at around 2.5 km a.g.l., its height consistent with th@ 0
11:30 UTC and extending above 6 km in height. Significantisotherm from the 12:00 UTC Norman sounding. In the fig-
velocity aliasing resulting from intense updrafts can be seerure this region corresponds to the period just before 12:00
around 11:30 UTC. The polarimetric variables presented inthrough 14:30UTC. The radar bright band is also clearly
the figure €y, Zpr, andpyy) are consistent with the mea- evident in theZy values measured by KOUN, indicating
surements from the profiler, as large reflectivity values neatthe rapid melting of snowflakes. A well-defined region of
the surface are indicative of heavy precipitation cores. En-decreasegpyy between 2.5 and 3km a.g.l. indicates the

www.ann-geophys.net/27/4435/2009/ Ann. Geophys., 27, 488-2009
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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): K&AIN(dBZ), KOUN Zpr (dB), KOUN pgy, ARRC profiler
signal-to-noise ratio (dB), and ARRC profiler mean vertical velocity '('H‘I)S

presence of mixed-phase particles in the melting layer, an@.1 DSD parameters
intermittent regions of enhanced,g may be indicative of
itermittent periods of heavy (larg€pg) and light (small

Zpr) precipitation. A time history ofZ, D,,, andR for the 11 March 2007 event

is presented in Fig3. Data from KOUN, the 2DVD, and the
ARRC profiler are plotted together for comparison. Profiler

Ann. Geophys., 27, 4438448 2009 www.ann-geophys.net/27/4435/2009/
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Fig. 3. Time histories oz, D,,, 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.qg.l.

data with and without the vertical air velocity correction ap- sis for the conversion from velocity space to diameter space

plied are plotted to illustrate the improvement in the retrieval would be erroneous and some of the subsequent data would

from the Doppler spectra. DSD data from the profiler and be of little value.

KOUN are from the third gate above ground level600 m) The different retrieved time histories db,, shown in

and the 2DVD data are recorded at the surface. Fig. 3 generally show good agreement; although, some devi-

) , ations do exist. For example, prior t013:30 UTC, the val-

Both KOUN and the ARRC profiler are independently o5 ofp,, calculated using the retrieved DSDs from KOUN

calibrated. The radar reflectivity factof for KOUN is  ,nq the profiler are slightly lower than those from the 2DVD.

matched to those reported for the operational WSR-88D SYSafter ~13:30 UTC, the agreement in the estimatesigf

tem KTLX. In addition to the standard calibration, KOUN 504 ¢ tend to improve. Interestingly, a discrete jump can

additionally requires & pg calibration. This is achieved by be seen in the time history d,, observations at about this

requiring thatZpg values obtained immediately above the ime This can be attributed to the increased presence of em-

bright band have a value of 0.2 to 0.3, which is character-eqqed showers in the stratiform rain characterized by fewer
isitic of the Zp g of the dry aggregated snow that is typically ,pserved small drops. Although not well documented in the

found in that region. The wind profiler has been calibrated iseratyre, the trailing precipitation associated with MCSs ob-
using the 2DVD during & period of precipitation. Bearing geryed in Oklahoma are known to be non-uniform. It is not

this in mind, theZ values from each instrument agree rather qjo4r 4t this point if these two features in the data are related
well (see the upper panel of Fig). Gage et al(2000 have  {, 5ne another or not. Some of the fluctuationsDiy re-

proposed that wind profilers be used to independently caliyieyed prior to~11:25 UTC are possibly the result of weak
brate scanning radars for combined instrument studies, angignal-to-noise ratio (Fig).

the data shown in Fig3 support this claim. Were thg val-
ues to be in considerable disagreement, the mathematical ba-

www.ann-geophys.net/27/4435/2009/ Ann. Geophys., 27, 488-2009
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Fig. 4. RTI plots of D, 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 Fi@.are an indication of the ative buoyancy, accelerating the growth of descending rain-
improvement of the profiler DSD retrieval algorithm when drops. In the stratiform region of the MCS, the vertical air
the vertical velocity algorithm is applied. During the leading motion is negligible and the retrieved rain rates are in good
convection, strong upward air motion is present even thoughagreement between each of the instruments.

the rain rate is rather low. The uncorrected profiler spec-  Taple3 Jists the total rainfall accumulations measured by
trum yields a maximum rain rate in excess of 20 mmh the ARRC profiler, KOUN, the 2DVD and the Oklahoma
while the other three data sources agree that the actual raigyesonet site at Washington for the interval 11:15UTC to
rate is closer to 15mmtt. Furthermore, improvement 14:4g TC 11 March 2007. Itis clear that the vertical veloc-
is more noticeable during an intense downdraft observedy, correction improves the profiler-based rainfall accumula-
near 12:00 UTC. Without the vertical velocity correction, the iony as the corrected value is within 2.5 mm of the Mesonet
downward transport of hydrometeors is not detected by thgpservation, while the uncorrected data produce less than
ARRC profiler, so it yields rain rates less than 10mMh 50 ym of total precipitation. Both KOUN and the disdrome-
while the corrected data produce rates of 15-20mih ter slightly overestimate the rainfall rate, but this may be a re-

However, the 2DVD and KOUN data present rain rates ingt of the relative sampling times of each instrument (1 min
excess of 20mmtt, and as high as 40mnth. Teshiba {5, KOUN and the 2DVD, 5 min for the Mesonet).

et al.(2009 speculate that in this region melting graupel and

small hail above the melting layer generates additional neg- Time-height plots of the mass-weighted mean diameter

D,, for a fitted exponential distribution and the associated
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Fig. 5. Time history plots ofD,, for an exponential DSD retrieved from KOUN and the ARRC profiler during 11 March 2007 rain event at
2km a.g.l. (upper panel) and 1 km a.g.l. (lower panel).

Table 3. Total rainfall accumulations for the 11 March 2007 event. for (Kanofsky and Chilsoy2008. However, an overestima-

tion of D,, is expected for unaccounted for upward wind ve-
Instrument Total rainfall locity. For the perio_d in question, a dpwnward vglocity has
been observedTéshiba et a).2009. It is also possible that

Oklahoma Mesonet 27.69mm values ofD,, from KOUN are underestimated. Currently, the
KOUN 30.16 mm cause of the sharp difference is not known.
Profiler — uncorrected 19.3mm

. Bearing the above discrepancies in mind and proceeding
Profiler — corrected 25.2mm . - o . . .
2DVD 29 36 mm with caution, it is still possible to draw some conclusions
from the results shown in Figgl and 5. In the convec-
tive regime, values oD,, are typically greater than 3 mm
i o L in the convective cores and near 1 mm in the downdrafts,
time histories at 1 and 2km a.g.l. are shown in Figand5, suggesting rapid drop growth and large-drop spectra in the

respectively. These representations of the data are not only,yective regime while the downdrafts contain concentra-
useful for investigating time and height variationslgf, but - iong of smaller drops. This is consistent with the plot of

alsc_) for identifying areas of departure petween the differentDm in Fig. 3, which indicates a rapid decrease in the mass-
estimates (from KOUN, the ARRC profiler, and t.he 2DVD). weighted mean diameter in the wake of the convection (af-
For example, as seen n Figsands just prior to 12'09 UTC,  ter~11:30 UTC). The values ab,, here are consistent with
some values oD,, estimated from the ARRC profiler data ,5se presented hyijlenhoet et al.(2003 and Maki et al.

are two to three times larger than those from KOUN. Errors 501) for squall lines observed in the United States and Aus-
in the estimation of DSD parameters from profiler data cany i respectively.

occur if the ambient vertical wind is not properly accounted

www.ann-geophys.net/27/4435/2009/ Ann. Geophys., 27, 488-2009
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Fig. 6. Time history of Z, D,,, and R from 13 July 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.

In the transition zoneD,, values of approximately 1mm 4 Case study — 13 July 2007
indicate small drop spectra, while in a convective downdraft
following the transition zone, characteristiy,, values in- A second mature squall line event occuring early in the morn-
crease to 2.5 to 3mm. It is likely that the settling of rem- ing of 13 July 2007 provided additonal opportunity to study
nant hydrometeors from the convective region produces th&ain microphysics in much the same way as the 11 March
larger drops that are observed in this case. The change iB007 case. During this event, KOUN collected polarimetric

D,, is similar in concept to the change ¥y as the spec-

data in standard plan-position indicator (PPl) mode as op-

tra changes from small-drop spectra in the transition regiorposed to the RHI mode which was employed on 11 March,

to intermediate-size spectra in the downdraffa{dvoge]
1974.

but due to a network failure a substantial number of tilts are
missing before 10:00 UTC. However, the ARRC profiler and

In the stratiform region of the MCS, the fallstreaks of in- 2DVD provided continuous data for the duration of the event.

creased pr observed in Fig2 are associated with largér,,

A total of 42 mm of precipitation was measured by the

values and, by extension, large-drop spectra. However, ther&/ashington Oklahoma Mesonet installation during the pas-
is not an appreciable change in the mass-weighted mean dsage of the system. This squall line event adhered more
ameter apparent in Fi@. These features indicate the pres- closely to the “classic” MCS morphology, with an unbro-

ence of weak embedded convection in the stratiform regimeken line of leading convection, strong transition zone, and

which also produces the enhancgg, above the melting
layer observed in Fig2.

Ann. Geophys., 27, 4438448 2009

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 of D, 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 and rainfall rate values of 0 mnth (lower panel of Fig8).
It is notable that the&Z values agree well for the majority of
the event as the calibration constant used for the 11 March

The time histories of radar reflectivity factdf, mass- . .
2007 case was also appropriate for this event.

weighted mean diametd?,, and rainfall rater is presented
for the 13 July eventin Fig. Data from all three instruments Table4 lists the rainfall accumulations recorded during the
are presented to facilitate intercomparison, and the retrieve¢hterval 11:00 UTC-16:00 UTC 13 July 2007. Overall, rain-
DSDs from the ARRC profiler with and without the vertical rates and associated accumulations were lower for this event
velocity correction applied are plotted to show improvementthan the 11 March event as most of the rain was stratiform in
in the retrievals. As in Fig3, DSD data from the profiler and nature. Only the 2DVD overestimated the rainfall accumu-
KOUN are from the third gate above ground levelg00m)  lation in this case, and it was only by 1.4 mm. All the other
and the 2DVD data are recorded at the surface. instruments produced slight underestimates of the rainfall ac-

The upper panel of Figs indicates that the radar reflectiv- cumulation, but the resuits agree well nonetheless.

ity factor is nearly the same for the 13 July data and the strat- Figure7 displays time-height plots of the mass-weighted
iform precipitation portion of the 11 March squall line, with  mean diameter for a fitted exponential DSD, and Bishows
observed values falling between 35 and 40dBZ. A lull in atime history at 1, 2, and 3km a.g.l. Compared to the strat-
precipitation is clearly evident as a period of reflectivity fac- iform region of the 11 March MCS, both the profiler and
tor values below 20 dBZ between 14:30 UTC and 15:00 UTCKOUN indicateD,, values between 1 mm and 2 mm and are

www.ann-geophys.net/27/4435/2009/ Ann. Geophys., 27, 488-2009
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Fig. 8. Time history plots ofD,, for an exponential DSD retrieved from KOUN during 13 July 2007 rain event at 3km a.g.l. (upper panel),

2km a.g.l. (middle panel) and 1 km a.g.l. (lower panel).

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 10.1mm
Profiler — corrected 13.97 mm
2DVD 15.88 mm

consistent with the small-drop (i.e., lodi z) regions of the

stratiform rainfall. The extreme values at the beginning a
end of the event are associated with spurious retrieval in
gions of low signal-to-noise ratio.

5 Summary and discussion

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 byeshiba 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-
ndserved Doppler spectra using a vertically pointing UHF wind
reprofiler. 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 parameterg, D,,, and R. The values
shown are averages calculated over the observation times.

In this paper, we present two case studies of continentaFor the 11 March rain event, the data shown in the table cor-
squall lines, demonstrating the utility of polarimetric radar 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
Dy (mm) ~0.0912 ~0.209 —0.0631
R(mmh1  —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 (dB2) 0.7971 0.6012 0.6012
Dy (mm) 0.5460 ~0.2931 ~0.2462
R(mmht 03918 0.3210 ~0.4218

(11:15-14:48 UTC). For the July 13 case, the sampling interthe corrected data underestimate it, and to a slightly greater
val was four hours long (11:00-16:00 UTC). degree.
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