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Abstract. Multi-Doppler radar network observations have been used in different configurations over the
lastseveral decadde conductthreedimensionalvind retrievals in mesoscale convective systems. Here,
the impacs of the selected radar volume coverage patté@P), the sampling time for the VCP, the
number of radars used, and the added value of advection correction on the retrieval of the vertical ai
motion in the upper part of convective cloweexamined usinghe Weather Researa@ndForecasting
(WRF) model simulation the Cloud Resolving Model Radar SIMulator (SRV), and athree
dimensionalariational multiDoppler radar retrieval technique. Comparisons betweemdue| truth

(i.e., WRF kinematic fieldsand updraft properties (updraft fraction, ugitimagnitude, and mass flux)
retrievedirom the CRSIM-generated mukbDoppler radar fieldire used to investigate these impattse
findings are 1) the VCP elevation strategy and sampling time have a significant effabt retrieved
updraft propergs aboves km altitude 2) 2-min or shorter VCBhavesmall impacts on the retrievals,

and the errors are comparable to retrievals usisgapshotloud field 3) increasing the density of
elevations anglem VCP appears tie more effectivéo reduce the uncertaintigananaddition ofdata

from one moreradar, if the VCP iperformedin 2 minutes and 4) he use of dense elevation angles
combined with aradvection correctiomappliedto the 2min VCPs can effectively improvhe updraft
retrievals butfor longer VCP sampling periods (5 min) the value of advection correction is challenging.
This studyhighlightsseveral limiting factors in the retrieval of upgevel vertical velocity from muli
Doppler radar networks and ggests that the use of ragsdan radars can substantially improve the

quality of wind retrievals if conducted in a limited spatial domain.
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1 Introduction

Measurements of vertical air motion in deep convective clouds are daticalr understandg ofthe
dynamics and microphysics of convective clouds (e.g., Jorgensen and Lel8Ag Convective mass
flux is responsible for the transport of energy, mass and aeingbks troposphere, which significantly
impact largescale atmospheric circulation and local environnaadiaffect the probability of subsequent
formation of cloud (e.g., Hartmann et all984; Su et al2014; Sherwood et a014). Consequently,
the vertical air motion estimates are widely employed to improve convective parametesinagioial
model (e.g., Donner et al., 2001) aaldoto evaluatehe cloudresolving mode{CRM) simulations and
large eddy simulationd ES, e.g. Varble et al2014; Fan et gl2017).

Aircraft penetration of convective clouds offer the most direct method to measure the vertical air
motions (e.g. Lenschow, 197&)owever, pratical hazards and operational costs have resulted in a
valuable but limited dataset (e.g., Byers and Braham, 1948; LeMone and Zipser CL#8&)t aviation
regulation does not permit such penetration anyn@n@undbased and airborne profiling Doppledars
provide a high degree of detail of convective clouds in both time and height and can sample even the mo:
intense convective cores (e.g., Wakasugi et al., 1986; Heymsfield et al.,, 2010; Williams, 2012;
Giangrande et gl2013; Kumar et al2015). O drawback of profiling radar techniques is their limited
sampling of individual storms and the lack of information on the temporal evolution of the convective
dynamicsand structurethe observational limitationghus, malk the useof the techniquesn model
evaluation challenging.

Since the pionearg work of Lhermitte and Miller (1970), networks tfo or more scanning Doppler
radars and the use of muDoppler radar wind retrieval techniques have been widely used to overcome
the aforementionedimitations (Junyent et al., 2010; North et al., 2017). In addition to research radars,
operational Doppler radar networks ca&m certain conditionsaccomplish darge coverage of mutti
Doppler radar retrievals (e.g., Bousquet et2007; Dolan and Rledge 2007, Park and Lee, 2009).
While various Doppler radar wind retrieval techniques have been proposed (Chong and Testud, 1996
Chong and Camp9$996; Bousquet and Chong, 1998; Gao etl@B9; Protat and Zawadzki, 19%el|
et al., 2012 threedimensional variational (3DVAR) techniques are commonly used because of its robust

and reliable solutions by minimizing errors (e.g., Potvin eRafl2b).
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Multi-Doppler radar analysis have beesed tobetter understandnesoscale dynamics, lelevel
divergence and microphysicatlynamical interactions (e.g., Kingsmill and House, 1999; Friedrich and
Hagen 2004; Stonitsch and Markowsk2007; Collis et al, 2013; Oue et 312013, and many others).
There is also considerable literature discussing different sources of uncertaintiesan ohugti-Doppler
radar wind retrieval. The interpolation and smoothing techniques used (Cre49%anBarnes1964,

Given and Ray1994 Miller and Fredrick, 1998can have an impact on the quality of Doppler radar wind
retrieval (e.g., Collis et al2010). Another source of uncertaintiesakated tahe hydrometeor fall speed
estimates (e.g., Steingk991; Caya2001) especially atlsorter wavelength(e.g., X and C bands) where

the signal attenuation can bias the estimates. Clark et al. (E¥idated errors attributed to cloud
evolutionin horizontal and vertical wind estimates from multiple Doppler radar measureBeunssjuet

etal. (2008) estimated uncertainties in wind fields from their operational-Dafipler radar retrieval

by simulating radar measurements using numerical model output. They pointed out that miskamgliow
measurements and poor vertical sampling cowdyeesignificantuncertainties in retrieval ddw-level

wind fields. These investigationbave beenconductedby formulating suitableObserving System
Simulation Experiments (OSSES). Potvin et al. (2012b) investigated potential sources of errors in multi
Doppler radar wind retrievals for supercell observations using OSSEs. They suggested that the
magnitudes of vorticity anitls tendency fields were sensitive to the smoothness constraint in the analysis,
and assumptions of spatially constant storm motimhre stormevolutionled to significant errorg

middle and upper levels

A common result from the studies above is that the uncertainties increase witlbbealgscanning
radar data density inevitably becomes lower at higher altitudes. Meanwhile, deep convective clouds
generally show maximum updrafts at middle and upper parts of the cloudS{a@ngrande et gl2013.

Here, we are concerned with the retriawatertaintie®f vertical air motion especially in the middle and
upper levels of deep convective cloud3he motivation for this study is two folded. First, the US
Department of EnergfDOE) Atmospheric Radiation Measurement (ARM) program operates an
atmaspheric observatory at Southern GreaiRI&SGP), Oklahoma (Mather and Voyles, 2013), where
scanning Doppler radars and profiling instruments provide unique dynamical and microphysical

measurements. During the Midlatitude Continental Convective Cloygsrixent (MC3E, Jensen et,al.
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2016), the ARM precipitation scanning Doppler radars accomplished dehserk ofDoppler radar
measurements of deep convective clouds explicitly designed to rethimedimensional D) wind

(North et al., 2017). Howevgour experience with the data and a seriesxperiments performed in this

study suggest that despite the plethora of radar systems at the ARM SGP observatory, the 3D winc
retrievals are subject to large errors especially at the upper Ikvelsossble that some of the errors are
associated witltadar volume coverage pattestrategy that does not satisfy thexjuirementfor high
spatiotemporal observationghis issuehas been highlighted in recestudieswith high-resolution CRM
simulations of convective cloud properties (e.g., Morrison et 28115; Hernandebeckers and
Sherwood 2016). Secong, thepaucityof available datasets of vertical air motion limits our ability to
guantitativelyanalye structures and characteristicctbe mesoscale convective systems (MCSs) and
evaluate model outputs of the MCSs (eM@rble et al., 2014L.iu et al, 2015; Donner et gl2016; Fan

et al, 2017). Thus, we are interested in determining the sampling capabilities required forRapplér

radar network to address these eramdinvestigaing if radar networks based on different technology
(e.g., phasedrray radarsQtsuka et a).2016;Kollias et al., 2018a) can address these errdosdo sQ
wefocuson impact of the mukDopple radar network setup and not how we quatioytrol, interpolate

or use the Doppler radar observations in a minimization routine. The latter is the same in all the
experiments performekere and is described in North et al. (2017). We investiha impat of the
selected radar volume coverage pat{®@P), the sampling time for the VCP, the number of radars used

and the added value of advection correctipon the uncertainties of mullioppler radar wind retrieval

2 Data and methodology

In this studythe OSSE is conducted fan MCScase or20 May 2011 observed in Oklahoma during
the MC3E This squaHlline MCS was oriented in northeagiuthwest direction extendinpr
approximately 1000 knfFan et al., 2017)The convective regiohad appoximately 50 km width and
trailed a distinct stratiform precipitation area wlitgpmassed through th®RM SGP site fron©9:20 UTC
to 11:40 UTC. This case has been anady for its dynamical and microphysical structubgsseveral
previous studie¢e.g.,Liu et al., 2015; Wu and McFarquhar, 2016; Fan et al., 2017).
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OSSE studies are generally used to ass@sacts of operational observing systems on, for example,
observatiorbased valuadded products and weather forecasts (Timmermans, €08D). TheOSSE
conducted in this studyonsists in

1) Producehe set of simulatiodataby ahigh resolution numericateathemodel of a convective
cloud system andjeneratethe model hydrometeor and dynamical fieldsaatigh temporal
resolution to capture theorm evolution at scales unresolved by typical VCPs;

2) Use a sophisticated radar simulatoreproduce the VCP of a mulfloppler radar system and
produce radar observables at radar coordinvatesherealisticradar characteristics (beamwidth,
range reslution and sensitivity);

3) Grid the simulated radar observations to a Cartestamdinateand conducta variational 3D
multi-Doppler wind retrieval algorithm to estimate the dynamical field; and

4) Evaluate the retrieved wind fielhainst the corresponding field frahre numerical model direct
output.

The Weather Research Forecasting m@déRF) is used tgoroducesimulation ofthe MCS case 0120
May 2011(step 1) The WRF output is used asinput to the Cloud Resolving Model Radar SIMulator
(CR-SIM; Tatarevic et a).2018) to simulatequivalentradar reflectivityfactor ¢) and Doppler velocity
(Vr) from scanning radargstep 2) The simulatedZ andV; fields are then resampleohd convertedhto
radar polar coordinataccordingto VCPs (ste®). TheZ andV; fields at radar polar coordinate are
convertedinto the Cartesian gricand then thewre used teestimate 3D wind field using the 3DVAR
multi-Doppler radar wind retrieval algorithm developed by North et al. (2@t&p 3. The obtained
vertical velocity fields are compared against the \AdRRulated dynamical field to investigate impacts
of thelimitations attributed to the radar observationsthedetrieval technique on the retrieved vertical

wind field (step 4).

2.1  WRF Simulation for 20 May 2011 MCS

The WRF simulation horizontal domain is 960 km x 720 km with 0.5 km horizontal grid spacing. The
vertical resolution varies from approximately 30 m near the surface to 260 m at 2 km altitude and

maintainsthis resolutionapproximately constant above 2 krtitade. To include time evolution in
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volume scan coverage pattern, the WRF simulation provides oenpoy 20 secondslhe Morrison
double moment microphysics scheme was used, which pretists and numbenixing ratios for liquid
cloud, rain, ice cloudgsnow,and amedium density lumgraupelrepresenting the rimed ice with a switch
to modify the settings for graupel tahégh densityhail (Morrison et al., 2005). Tao et al. (2016) pointed
out that simulations including the haiption betterrepresergd the observed MCSs during the MC3E
period than those not using hail.their stug for the May 20 MC3Ease, Fridlincet al. (2017used the
Morrison double moment microphysics scheme \hihail option The present studgisoapplies the

hail categoy to the simulation instead of graupd@lhe simulated MCS comprised a convective

precipitation region at the leading edge of the system and a stratiform precipitation trailed by the

convective region, as similar as the observatibhe MCS passed throughhé ARM SGPradar
observatiorsite approximately one hour later than the observation (at around 12:18astG) stronger
convective precipitation region formed slightly (~20 km) to the north of the ARM SGhdites study,
wetreattheWRF-simulated vertical velocity field s i t evaltate the gerdformance of mulibppler

radar wind retrieval

2.2  CR-SIM Simulation of 20 May 2011 MCScase

The CRSIM is a sophisticated radar forward operator developed to bridge the gap between high

resolution cloud model output and radar observa{idatarevic et al., 2018Yhe CR-SIM can be applied
on the3D model outpuproduced bya variety ofCRM and LES, such a&/RF, Regional Atmospheric
Moddling System (RAMS), System for Atmospheric Mddey (SAM), and the ICOsahedral

Nonhydrostatic (ICON) model. It emulates the interaction between transmitted polarized radar waves anc

rotationally symmetric hydrometeors and can simullaégpower equivalentradar reflectivityfactorn,
phase (Doppler veloty) and polarimetric (specific differential phase, differential reflectivity,
depolarization) variablewith a fixed elevation angle orarying elevation anglesvith respect to a
specified radar location.

Several experiments are perforntecevaluate thémitations of the sensing techniques employed in
the network ofthree X-band Scanning ARM Precipitation Radars$APRs, named 14, I5, and 16,
respectively) at the SGP site (Fig. Which provided highresolution radar observations of convective
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systemsduring the MC3E (e.g., North et al 2017). The ARM SGP network is selected because it is
comprised by three identical radar syssethat areemployedtogether and can be operated in a
coordinated manner. Furthermaos@ceit is a longterm facility for thestudy of deep convective clouds,
it is important toassess the capability and uncertaintiégsing CRSIM, we simulated measurements of
thethreeX-SAPRSs. In order to investigate the impacanincreagdnumber of radars, observations from
the Gband Sanning ARM Precipitation Radar {EAPR) at the SGP site (Fig. 1) are also simulated.
Characteristics and settings of the simulated radar measurements are shown in Table 1. To investigate t
impact of increasing the number of elevation angles and the max&tevation angle, a VGRcluding
additional elevation scans for theSAPR measurements is introducedeSésimulationswith X-SAPR
aim to examine effects of ug faster scanning radarsuch as the Doppler on Wheels (DOW, Wurman,
2001), the Atmosphar Imaging Radar (AIR, Isom et al., 2013), the Rapid scannibgXd polarimetric
(RaXPol, Pazmany et al., 2013) and {pawer X-band phased array radars (LPAR, Kollias efl18a).
Locations of radarsised in this studgnd the simulated retrieval domaare shown in Fig. 1. Details
about the elevation angle settings are describ&da 2.4.

The retrieval simulation domain size is 50 km x 50 km x 10 km above the ground leveldé&t&é¢d
around the ARM SGP Central Facility (CH).the simulationsCF andhedomain were virtuallyocated
within a vigorous convective region of the M@®& capture the intense vertical veloc{fig 1b). We
assume that thiewest boundaryf the simulation domain islealized adlat at the ground level d.3
km above sea level

For each radarhe CR-SIM forward simulated andV; are providedatthe WRF grid coordinate by
CR-SIM. They are then converted intadar polar coordinates considering all the radar characteristics
tha control the spatial resolution of radar observations (range weighting function, antenna beamwidth,
andVCP strategy). The settings shown in Table 1 are consistent with the settings used during the MC3E
period.For each radathe minimum detectable sign&l ) curve, which is attributed to the number of
samples integrated for each radar sampling volume, is estimated arsiequation O #
¢ Tt T QO. Inthis equation; is expresseth logarithmicunits(dBZ) with theranger (distance from

therada in km, and the consta#tthatdepends othe radar system characteristiogpressed in dBZ#
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= -40 for X-band radars aril = -35 for Gband radar are used in this study. These values are similar to
those forX-SAPRs andC-SAPR at the SGP site.

23 Wind Retrieval

The 3DVAR wind retrieval technique described in North et al. (2017) is used to estimate the 3D wind
field. The wind retrieval algorithm inputs the Cartesian coordidadadV; fields from each radar and
uses 3DVARtechniquecontinuity constraint proposed by Potvin et al. (2018a)xhe technique, the
optimal wind yeld solution in the techndompste i s
of the physical constiats of radar radial velocity observations, anelastic mass continuity, surface
impermeability, background wind field, and spatial smoothriEse surface impermeability constraint
was usedo dictate that vertical velocity vanishes at the ground withadively large weightDetails of
the constraints are described in North et al. (2017).

The simulated andV; with the radar polar coordinate are converted to the Cartesian coosdorate
each radar measurement at horizontal and vertical spacings okr@.2f8ing a singlkpass isotropic
Barnes distancdependent weight (Barnes, 1964)i t h a constant smoothing
VR Q A@PB—1Q pBRATR pBO 1)
Herew q is the weight for grid boxand radar gatg separated by distance The equation was applied
in both horizontal and vertical interpolatios. eat grid box radar moments are estimated using the
nearest 200 radar data gates with weights (Eq. 1) esirty13 kn# for interpolation. The cutoff distance
is determined as the distance wlheseparamheteeachosen g h t
so that the statistical error in retrieved vertical velocity is matifior the present case. Generally, data
density at constant altitudes decreases with height and when increasing a distance fréiguagale
f showdistance to the nearest radar data point at each Cartesian grid box at constant dlhiasdes.
settings for gridding are fixed for all radar simulations, #nd study does not consider uncertainties
attributed to the settings for gridding proceBse griddingtechnique has been well optimizedNiorth
et al. (2017), anthe uncertainties in the gridding method and data smoothing processes have been well

investigated in previous studies (e.g. Majcen e2808; Potvin et al2012a).
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There areseverdimportantsources of errors when considering the retrieval of vertical motion in
convective systemsther than the radar VGEe most important among them awafolding of observed
Doppler velocity, estimation of hydrometeor fall velocities, attenoatiorrection and assumption of
background environmenti all experimentsn this study Doppler velocity folding is disabled as an
option, thusthe radial Doppler velocities are unfolded correctly. This eliminates the possibility of errors
beingintroduced by incorrect Doppler velocity unfolding.

The differ ence hpdeometemrefall velotity/s aridtthe lassaemption based on an
empirical formula that relatég with the radar reflectivity (e.g., Caya, 20@Bn be gossible source of
errorsin wind retrievals (e.g., Potvin et al., 2012b; North et al., 2017). In the WRF simulations used here,
Vt is parameterized depending on the microphysics scheme as a function of particle diameter. The
hydr omet e or Gare fivgenh ds a fsitpre of theshydfometeor diametdd) and altitudel) in

a form:

@ @O "QQA D )

wherea, andby are coefficients,an@®Q " j” "Q s the correction factor for air densify(lf):
air density at height, } surt. surface air densityyith exponenk (Morrison et al, 2005; Tatarevic et al.
2018).In the CRSIM, reflectivity-weighed mean velocitig computed at each grimbxin the following
manner The hydrometeor fall speeds as a function of the hydrometeor diameter are averaged over the
diameter range with weights that are proportional to theSIWR estimated reflectivity for each
hydrometeor particle sizeand then the mean hydrometeor fall speeds are agaieragedover all
hydrometeor typepresent ireach grid boxvith weights of reflectivity In all experimentsarried ouin
this study thesimulated reflectivityweighted meai: areusedin the retrieval thus, no erroattributed
to the fall velocity estimatds introducedn the wind retrieval technique

Another source of errorsihe impact of signal attenuation the hydrometeoralong the propagation
path, especiallyin C-band and Xband radar measuremeng&nce the attenuation is unknown, any
attenuatiorcorrectedradar reflectivityacts asa possibleerror source in the wind retrievals, particularly

for hydroneteor fall speed estimates. However, as previously specifiethythhemeteor particle size
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distributiors andVs used inthis study arehe one prescribed by the WRF model microphysics, thus, no
error is introduced.

Finally, background horizontal wind vector, temperature, and air density are obtained by averaging
WRF output values over the retrieval domain at each altiarde are usedn place of sounding
measurements over the SGP CF site. Although this study ddesonsider uncertainties in the
background assumption, the change in the background data would have small impact on the retrieve
updraft velocities as discussed in North et al. (2017).

2.4  Settings for wind retrieval experiments

Three factors influencinghe updraft velocity estimates are investigated. The first is radar volume
coverage patter(VCP) which determines the set of elevation angles used by the radars to sample the
volume of the analysis domain. The second is time interval needed by the ohdagsnetwork to
complete the specified VCP to emulate both the advection and temporal evolution of the convective clouc
system. Third, the added value of the advection correction for the different sets of VCP settings is
evaluatedTheexperimentand treir namesrelistedin Table 2.

2.4.1 Control wind retrieval simulation (3FullGrid)

The control wind retrieval simulation is an ideal, instantaneous VCP where all radars of the network
sample all the WRF grid points. As a restlireemeasurements aquivalentradar reflectivityfactor
and radial Doppler velocity from thiree X-SAPRs are available at each grid box of the WRF grid
(named 3FullGrid). Thisxperimentoes not undergo the conversion process from the WRF grid to radar
coadinate or the gridding process from radar coordinate to the Cartesian coardihatefore, this does
not include uncertainties from VCRdar characteristics (beamwidth and rahgespacing)or gridding
processThus, he retrieved wind field shouloe a very good estimate of the true wind field and tmdy
potential uncertainty in the wind retrieval algoritlwan affect its qualityln this OSSEthe3FullGrid is
used for an upper bound of the performance of any of the condexpedmentsand al® serves as a

sanity check for the wind retrieval algorithm.

10
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2.4.2 Radar VCP

In a typical radar VCP, the number of elevation angles depends on the antenna scan rate and the desir
time period for completing the VCP (typicallygdmin). The antenna scaate depends on the pedestal
technical specifications and the minimum number of radar samples needed to estimate the rada
observables with low uncertainty. The elevation angles are generally tightly selected at low elevations tc
provide good coverage ovieng horizontal distances and relatively sparse at higher elevations as the X
SAPR6s VCP shown in Table 1 and Figure 1c.

In theexperimentperformed herghe impact ofan increasedumber of elevations angles especially
at high elevations is investigat while the antenna beamwidth, rangate spacing, and maximum
unambiguous rangare keptunchanged and similar to the radar settings during MC3E. The following
VCP are used: ihreeX-SAPRs with the general VCP which is the same as during MC3E (nanied 3X
Fig. 1c); ii)threeX-SAPRs with denser elevation angles (named 3LR, Fig. 1d he name A LRO
low-power X-band phased array radar, LPAR, Kollias et al., 2R1&8=d iii) same as i) but the-EAPR
measurements are added (named 4SR). Detaite ofCPs are shown in Table 1. The settings i) and iii)
use general VCPs for-8APR and €SAPR which are the same as those during MC3E. H$ARR
VCP is composed of 21 elevation angles ranging fromt0.85, and the CSAPR VCP is 17 elevation
angles raging from 0.75 to 42 . Elevation angles for the setting ii) are equally distributed fromt0.5
59.5 with a 1 incrementin total there ar60 elevation angles. This elevation setting intends to simulate
rapid scanning radar observations.

The selection of the VCP (XR or LR) affects the density (spacing) and availability of observations at
each height for gridding. Figws&a and > showthe coveragefrom the three radar®r the retrieval
domainfor 3XR and 3LR VCPs, respectivelyh@& cone of silence (absence of radar observations) from
each radar is represented as yellow circle, in the middle of wheckSAPR is located. Within the cone
of silence of each radar, we only have two available radar measurdon¢héswind retrievalln addition
to the availability of radar observations, the spacing of the radar observations affect the quality of the
gridding. Regions including few radartdaoints, particularly higher elevation angle regions for the XR
VCP, may need to interpolate radar data at longer distances from the grid points. Figgireb@g
distance of the nearest radar data point at each grid box at heights of 1 km afat EBAPR 16§ and

11
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Figs 2g and 2h showormalized histogramef the nearest distance. At lower altitudes, the nearest
distances in the entire retrieval domain (thin lines in Fig. 2h) are mostly less than 0.3 km for both VCPs.
At higher altitudes (thin lineBig. 2h), the distances of the nearest radar data points from the LR VCP are
same as at lower altitudes, indicating that the LR VCP has similar radar data density at higher and lowe
altitudes. For the XR VCP, in contrast, many of grid boxes at 8 km A@Hatkto use radar data at
distances farther than 0.4 km, resulting in stronger smooitiegthe griddingprocess

2.4.3 Time duration of the radar VCP

Three time periods are considered here for the completion of the radar network VCP: i) snapshot
(namedSnap),where it iseffectively assuneethat the first WRF model output (at time O sec, top row,
Fig. 3) is frozen in time and the radamstantaneously collect data accordaggheir VCP without any
cloud evolution; ii) a 2 minute (hamed 2min) radammek VCP to emulate the performance of rapid
scanning radar networks; and iii) a 5 minute (named 5min) radar network VCP to emulate the performance
of the ARM SGP network during MC3E and the performance of other mecharscatining radar
networks. The 3HIGrid simulation Gect 2.4.1) uses a Snap VCP. The Snap VCP eliminates any
concerns regarding advection and temporal evolution of the convective cloud and is used as benchmat
of performance.

A set of WRFsimulationsat different timess usedo construct thé?lan Position IndicatoiPP[) scans
of the VCP; if a PPI scan takes more than 20 sectimel$yRF outputin the following time stejs used
for the next PPl scan. An exammemonstratinghow different WRF model outpsiare used in tis
experimentis shown in Fig. 3. Figure 3 shows horizontal cross sextibtheZ and vertical velocity at
7 km and a vertical cross section of the at the area indicated with the solid line in the horizontal cross
sections. The snapshot simulations use thF\khodel output data at 12:18:00 UTC (top row). The 2
min VCP simulations use the WRF model output data from six consecutive model outputs extracted from
12:18:00 UTC to 12:19:40 UTC every 20 seconds. Each model output is used to forward simulate 3
PPI £ans from the SAPR and the XSAPRs when nominal (MC3E) VCP elevation angles are used
(3XR and 4SR) and 10 PPI scans foiSAPR simulations when the denser elevations angles VCP is
simulated (3LR). The corresponding plots for the latest model output9(2R:UTC) used to forward

12
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simulate the highest elevations of thenth VCP are shown in Fig. 3 (middle row). In accordance, the 5

min VCP simulations use the WRF data for 5 minutes composed of 15 snapshots ranging from 12:18:0C
UTC to 12:22:40 UTC every 2kconds. Each snapshot data was used2d?RI scans for SAPR and
X-SAPR simulations with general VCP elevation angles (3XR and 4SR) and 4 PPI scans for denser VCF
elevation angles (3LR). The corresponding plots foldBtemodel output4 minutes atr the first scan,
12:2200 UTC) used to forward simulate the highest elevations of -iimén5/CP simulationsis shown

in Fig. 3 (bottom row).

2.4.4 Advection correction

The high temporal resolution WRF output allows us to evaluate the impact of ad\sddievolution
of the cloud field during the time period needed to complete the radar network VCP. If the cloud field
was frozen (no cloud evolution), horizontal advectma wind shear arexpected to tilt the cloud and
dynamical structures in vertic#ldvection schemes have been proposed to address this issue (e.g. Protat
and Zawadzki, 1999; Shapiro et,&010h Qiu et al, 2013). The present study usete#lectivity-based
spatiallyvariableadvection correction scheme described in Shapiro ettHl0€) which allows trajectory
of individual clouds and smooth gridox-by-grid-box corrections of cloud location¥he advection
correction procedure seeks to minimize a cost function that contains the frozen turbulence constraint an
terms thatonfer spatial smoothness on the patteanslation componengdtakesinto account changes
in cloud shape with timéy using two different time PPI scan§he advection correction process is
similarly implementedn this case
The advection correctiois applied between two similar elevation angle PPIs from consecutive VCPs.
Each simulated field in PPl is converted and projectedinto the two-dimensional 2D) Cartesian
coordinateplaneata spatial resolution of 250 mA weightingcoefficient of thespatial smoothnedgrms
in the cost functiorcoefficient depenslon the analysis grid spacirnd the structure of the field being
advected An appropriate value of the coefficiecéin be determined by running some sensitivity tests
Based on preliminary tests (not shown), we deemed a coefficient afBi0to be acceptabldJsing
two 2D Cartesian coordinated PPI data at two different times at the same elevation angle, the advectio
correction algorithnperformshorizontal trajectonanalysis ofreflectivity and estimatethe reflectivity

13
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pattern translation components U and V on the 2D surface=ach VCP elevation angl€he pattern
translation components U and V fielddong with the associated trajectories of virtual particlesing
with the reflectivity field are then used &ffect the advection correction of the radial wind fiatetording
to a time difference between a PPI scan and the base PPI scan, when creating the 3D Cartesian coordina
data.Such processed simulateatdar measurements 8D Cartesian coordinae@re thenincorporated
into to the 3DVAR algorithnfor the3D windretrievalas described i®ect 2.3.

However, the cloud and dynamical field evolve while advected. rEsigltsin observing different
cloud life stages by different PPI scans. Figure 3 (right column) shows a verticabectiss of the
vertical air motion within a convective cell that iadked using the WRF model output. The location of
the convective cell and vertical distributions of updrafts and downdrafts significantly vary from 12:18:00
UTC to 12:22:40 UTC. Thus, we need to consider that gridded radar observations collected after the
completion of the VCP do not represent an actual snapshot of the 3D convective dy@Gansesuently,
the mass continuity constraintll be appliedin the column of gridded radar observations that is a mosaic
of different stages of the lifetime of a a@ttive elementand this, in turn, willimit the ability for this
3DVAR approach to satisfy the mass continuity equation (e.g., Clark, €t980; GalChen 1982),
resulting in largepotential uncertainties of the wind retrievals. Tlegperimentspreseted here are

designed to quantify the impact of cloud evolution on the retrieved wind(8elct 3.4).

3 Results

The evaluation of mukDoppler radatbased velocity retrievals using independent observations is
challenging to perform (e.g., Collis et,a2013; North et al., 2017). Profiles of percentiles of updraft
magnitudes are often used to evaluate numerical model results against vertical velocity retrievals fromn
scanning Doppler radar networks and/or profiling radars (e.g., Wu et al., 2009; \faab|e2614; Fan
et al., 2018). Here, we are interested in the estimation of the convective mass flux, thus, profiles of updraf
morphology (number and area) and intensity (magnitude) are used to represent the impact of the selecte

sampling strategy.
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3.1  Evaluation of multi-Doppler radar updraft property retrievals

Horizontal cross sectiemat 7 km AGLand vertical cross sections along y = 0 &hthe retrieved
vertical velocity field from the XSAPR network using the original grid (BullGrid) and usingthe
standard (XR) VCP for three different time periods (Snap, 2min5amn) areshown in Fig4 (b, c,d,
and e respectively). The WRF model out att = 0 (12:18:00 UTC) is also shown in Fig. 4a. The selection
of the height of 7 km idased on the WRF model output analysis: the chosen height is the one with
maximum updraft values. The WRF model output vertical velocity field indicates the presence of several
cell-like, horizontally coherent updraft structures with updraft magnitudeesing 5 m § The
3FullGrid simulation (Fig. 4b) provides resuitsgood agreement witihe original WRF vertical velocity
field (Fig. 4a) suggesting that the 3DVAR wind retrieval algorittsperformed well

The snapshot simulation (3XRSn&jg. 49 provides results that are comparable to the original WRF
vertical velocity field and 3FullGrid retrieved vertical velocity fieldat 7 km AGL, but sljhtly
overestimats the updraft velocity above 8 km AGI(Figs. 4a and 4b). The 3XRSnap simulation
reprodices the location and size of the stronger updraft areas defined with updraft magnitudes above 5 r
s, which show the cellike structuresput it tends to have higher uncertainty in the areas around the
location of strongonvection(vertical velocity < 5 m$). Updraft fractiors for 1-5 m/s from the 3XRSnap
simulation was overestimated by 0.0.17, which accounts for 488% of thosdrom the WRF output.

The uncertainty is attributed to the selected radar ¥@Ptogriddingof sparse observationsathe than

the 3DVAR wind retrieval algorithm. Ascreasing VCP time periods (2 min and 5 min) shown in Figs.
4c and 4d, respectivelthe retrievedvelocity features became less sharp, broader and shifted in space.
The retrieved vertial velocity field shows the impact dfiterpolating thesparse observations (ring
structures representing the pootfSAPR sampling at 7 km) and the vertical velocity features appear
elongated and connected.

At any vertical level in the WRF model outputdam the retrieved 3D velocity field, a convective
updraft core is defined as an area larger than 0%5akm with updraft velocities higher than 5 th s
Figure 5a displagthe profiles of the number of updraft cores from the 3FullGrid control wind vatrie
simulation and from the WRF snapshot data at 12:18:00 UTC, WRIiR 2verage (12:18:002:19:40),
and WRF 5min average (12:18:002:22:40). As expected, the 3FullGrid retrieved profile of number of
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updraft cores captuserery well the profile of the imber of updraft cores in the WRF snapshot model
output. Differencesappear smalbetween WRF Snap and 3FullGaadare attributed to the potential
uncertainty in the retrievallgorithm The 2 and 5min WRF output averaged profiles suggest that the
numker of convective updraft cores does not change over a period of 2 to 5 min. Figaenadtnstrate
performance of the 3DVAR wind retrieval for several different configurations as described in TAble 2.
noticeable departure between the WRF direct model output (number of updraft cores) and the estimate
number of updraft cores above 6 km AGL is observed for alld#tectingconfiguratiors with the
exemption of the LR VCP. The use ofaurth radar or themplementation of the advection correction
has little to no impact on tHandings The retrieved profiles of the number of coherent updrafts structures
show little sensitivity to the VCP time. This can be attributed to the fact that the number of updraft
coherent structures does not change within the 5 min required to complete all sampling strategies. Anothe
possibility is that any stretching/distortion of the coherent structures due to cloud evolution and advection
does not results to changes in the nundbeoherent structures.

In a similar manner, the retrieved updraft fractibir), the retrieved convective mass fluMK) and
the mean updraft velocity () for the different VCPsreinvestigatecand compared tthe direct model

output. In thisstudy, convective mass fluKE) is estimated at each height as:
00 Y@ ” TR «a (3)

whereUF is updraft fraction over the domaif,is mean veical velocity over the updraft area, ahd
is dry air density averaged over the domdihe updraft fraction and mean updraft velocity strongly
impact the domain averaged convective mass flux, which can be used to understand mass, energy al
aerosokransport by the convective system.

The analysisn this studyis presenteih Figs. 6, 7, and &r the two different updraft thresholdsm
st (UFs, MFs, 0 ) and 10m s? (UF10, MF10, 0 ). Furthermoreacomparison limited to a smaller domain
where the higher density radar observations are available (squared area in Fig. 2) is addégt}Figs.
Each panel showteir profilesfrom the WRFsnapshot at 12:18:08y a black solid lin€threshold of 5
m s?) anda blackdashedine (threshold of1l0 m s?) for the comparisonTable 3 presents root mean

square errors (RMSEs) of UMF, andv profilesabove 2 km AGL for all experimentsin contrast to
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the number of coherent updraft cores, the profilet)ief MF and0 exhibit larger sensitivity to the
sampling parameterk subsequent sectigrssmore detail analysis of the impact of the different options
in the observational setum theUF, MF andv profilesare discussed.

Figure 6 comparethe WRF snapshot at 12:18:00, the WRFnth average, and the WRFmiIn
average. Th&JF profiles from both WRF 2Znin average and the WRFrBin average are in very good
agreement with that from WRF snapshot; this consistency is also shdvi and0 profiles (Figs.6b
and 6¢, regpectively), indicating that the updraft properties are statistically similar throughout the 5
minutes in this cas&igure 6alsocompareshe profiles from WRF outputs with those from 8taullGrid
simulation As expected, th&F profiles from 3FullGrid simulation are in very good agreement with the
WRF output for all thresholds (Fig. BAMSE < 0.00% but show an underestimation by 8Dat5.3 km
AGL. For reference, 1% difference in the updraft fraction cormdpdo 25 krfifor a 50km x 50 km
retrieval domain. All the retrieved profiles of coherent updraft fraction exhibit considerable differences
with the WRF output above 6 km AGL (B¢ and8). In general, the retrieved updraft fractions increase
above 6 km AGL while the WRF output indicates that the updraft fraction decreases.

Figureséband6c show MF and) profiles, respectively, from simulated wind retrievias3FullGrid
together withthose from the WRF output. The MF abidorofiles in theFigures6b and6c are coupled
with updraft areas fanpdraft valuesarger tharlO m st (MF1o, 0 ) and forvelocities lather thaB m s
1 (MFs, 0 ). For the WRF output, the peaks of MF valuesfan&d at heights between 5 and 7 km AGL,
and theMFyovalues are generally the halfidfs. The 3FullGrid simulation (Fighb) well captures those
features, but the maximum values at 5.25 km AGL are slightly underestimawidd decreases by up to
0.05 kg s m2 (RMSE of 0.0%g s m?). Since tha) values are well estimat¢BRMSE of 0.15 ns* for

0 ), the underestimation is driven by the small underestimatidi-@by 0.01, Fig. 6a)

3.2  Effects of VCP elevation sampling and number of radars

The impact of the maximum elevation angle and density of elevation angles used in the VCP is easily
demonstrated when comparing the 3XRSnap and 3LRSnap retrievals for the entire(8ayaaia-f) or
within the smaller domain (square area in FigFigs. 7g-i). For all updraft parameters investigated here

(number of updraft cores§JF, MF, and0 ), the 3LRSnap produces improved comparisons to the direct
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model output especially when limiting the evaluation area t@¢héer squardomain. The comparison
for the number of cloud cores (Fig. 5) shows that 3XRSnap overestimated above Bigukar.ashows
that UFs values from the 3XRSnap are overestimated above 6.5 km AGL, Whitevalues above 6.5
km are underestimated. These profiles indicate that updraft ared)ah=' are overestimated for the
3XRSnap retrievals. Thus, the overestimation of the number of updraft cores is caused by overestimatio
of updraft areas of-40 m s'. This feature is also shown in other snapshots amih2/CP retrievals.
The impact of a longer time VCP is more pronounced inJReetrievals than the number of coherent
updrafts cores. As in the case for the profile of the number of coherent upmies} the use of the LR
VCP improves the updraft fraction profile retrievals.
The UFyo values from the 3XRSnap simulation are underestimated bya0®7 km AGL (~30 % of
the true fractionFig. 78 at higher altitudes above 5 km. The errors geneirathease with height above
6 km AGL. This result is similar to the duBbppler radar wind retrieval OSSE study for supercell storms
by Potvin et al. (2012b). The mean updraft velocities are also underestimated byfariisio above
5.5 km(Fig. 7c) The underestimations in andUF1o profiles result in underestimation bfF1o, and
the maximum underestimation of &g s m? is found at 6 km AGL. For the threshold of 5 rh she
overestimation oftJFs above 7 km results in overestimationMFs, while the underestimation of the
mean updraft velocity by 2 mtsabove 4.5 km folFs leadsto theunderestimation dfiFs at 4.57 km
AGL (Fig. 7b)
The mean updraft velocities for bdthFo (0  andUFs (0 from 3LRSnap slightly increase above
6 km AGL (Fig. 7d). Consequently, thilFs profile is improved as it increases at-4.5km and decreases
above 7 km (Fig. & 24% decrease IRMSE). Similarly, theMF1q profile is also improved as it increases
above 4.5 km, but it still underestimated by Okggs* m? at 59 km AGL (38% decrease in RMSE
Compared to the same VCP periods, the 3LR retrievals also show similar improvememtis &P
and 5min VCP. These results suggest that the VCP with dense elevation angles can improve the retrieve
of strong updrafts with velocities larger than 10-fand is more effective at higher altitudes (> 8 km).
Substantially improved retrievals can be obtained in a region near the CF where data density from eac
radar is higher (square region shown in FigFXjyures7g, 7h, and7i showUF, MF, andi , respectively,

for the square region. The U, and hence MF are improved especially for 3LR simulations, where
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distances of nearest data are mostly less than 0.2 km (Figs. 2g and 2h). Although the pwofiles fr
3XRSnap and 4SRSnap are improved as they capture the peak at middle altitude, the improvements a
weaker than 3LR simulations at higher altitudes, where the distances of the nearest radar data points
the square region are similar as those from titieeedomain for XR (Figs. 2g and 2h). It is suggested that

the high data density should be considered as an indicator of improved retrievals, as long as the scannir
the VCP is completed in 2 minutes.

Increasing the number of Doppler radars in retriewadsld reduce the uncertainties as anetyby
Bousquet et al. (2008) and North et al. (2017). Here we compare the 4SRSnap simulation with the
3LRSnap and 3XRSnap simulatioffSgs. 8ac, Table 3. The 4SRSnap retrieval cannot significantly
improve théJFs andUF1o profilescompared to those from the 3XRSnap, as well as the number of updraft
cores anda profiles, and hence MR.ower spatial resolutions dhe GSAPR VCP than the XSAPR
might induce more artifacts in the weaker updraft retrievals. The lfreguency radar (GAPR) can
provide radar reflectivity measurements tinady beeasier to correct for hydrometeor and radome
attenuation(e.g., Kurri and Huuskonen, 2008 this case, it is perhaps advantageous to use the lower
frequency radar to covéine domain sampled by the XSAPR network. However, if additional radars of
the samer better spatial resolution and V@FRe available, the network architecture should be considered
in order tomaximize the tripleDoppler radar area by creatingother sampling area with tripl2oppler

radar observations.

3.3  Effect of VCP time period

The 2min and 5min time period VCP retrievals are compared to the snapshot retrievals to see how
the VCP time periods affect the updraft retrievals. For the 3&Rewval simulations, profiles of the
number of updraft cores do not show significant differences among 3XRSnap, 3XR2min, and 3XR5min
(Fig. 5b), consistent with little difference among those from WRFSnap, WRF2min, and WRF5min. This
feature is also found ithe 3LR simulations. However, some differences can be found infags.7d¢
f, and8a-c showingupdraft fractions, convective mass flland mean updrafor 3XR, 3LR, and 3SR
simulations For both updraft threshold of 10 and 5 3XR2min and 3XRSapUF, 0, and hencF
are in close agreement at all altitudes and even with WRF oWRiESnap and WRF2mirelow 4.5
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km, as well asvith 3LR and 4SR simulations. The small impacts-ofia time period are also found for
the center square region (Figgri). For 3XR5min and 3LR5min simulations, howevdF1o, andi
are significantly underestimated at94km AGL (50-110% increase in RMSEr UFio and 4055%
increase in RMSE fob from snapshot simulationsyhen compared to the snapshot retrievals
(3XRSnap and 3LRSnapespectively. The differences from the 3XR5min simulation result in
significant underestimation ®&fiF1o at middle altitudes. These differencedJfk andMF are also found
even when comparingith the WRF UF/MF profiles averaged over 5 minutes (WRF5min). These
features are common in 3XR, 3LR, and 4SR simulations. The compariddhs,ad , and MFs for
different time period from a given VCP show different features compared to those for #reujadgaft
threshold. As discussed$ect 3.2, theUFs profiles from the simulations are largely overestimated above
6 km and cannot resolve a peak at middle altitudes. The difference becomes larger fnirinéCs
retrievalsimulations. It is suggestahat a longer VCP time period tends to underestimate areas of larger
updrafts(> 10 m &') and overestimate areaswéakerupdraft(< 10 m &). On the other hana, from
3XR5min is underestimat above 5 km. These errors s and0 from 3XR5min produce large
underestimation d¥1Fs at middle altitudes and overestimation above 7 km. These features are also shown
in 3LR5min and 4SR5min, but the underestimationsMbfs at middle altitudes are snhalince
underestimation ab is relatively small for 3LR5min or overestimationFs is larger for 4SR5min.
Overall, the impacts from therBin VCP on the updraft retrieval can be small, whereas-then5/CP
can significantly intensify uncertaintiespecially for stronger updraft regions above 6 km AGL. This is
likely due to small convective evolution in 2 minutes while large evolution and advection in 5 minutes as
shown in Fig 3. Potvin et al. (2012b) also showed a similar result that the dataisgrimpB minutes
produced significant errors compared to shorter time period (1.5 min) and snapshot for supercell storms
Compared to the 3XR and 4SR retrievals for each VCP time period (2min and 5min), the 3LR2min and

3LR5min show betteagreements

34 Effect of Advection Correction

As presented in the previous section, the longer time VCPsengrbasize the uncertainties at upper

levels. Because profiles of the updraft properties from WRF output do not change among the snapsho
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2-min average, and-Bin average,hedifferencefound when comparing tremulated retrievals for-2
min and 5min VCPswithout advection correctiomnd those for the snapshot VCRse probably
associated with) imposedadvection and ii) cloud evolutiomathe than timechange of the updraft
properties Advectionwill move clouds and cause mismatch of cloud locations between PPI scans from
different radars and even from the same radar. Meantime, cloud evaligonvertical and horizontal
distributions of hydrometeom@nd vertical velocityresulting in obseimag different cloud life stages by
different PPl scans. Both issuesult in deformation of cloud structures andy cause uncertainties in
the wind retrieval algorithm, especially the mass continuity assumjstioatisatisfied adequately. The
cloud locations can be corrected using an algorithm proposed by Shapiro et al. €0d6sgribed in
Sect 2.4.4 Here, we compar2-min and 5min VCP experiments to which the advection correctias
been applied (2minag®minadv) with those without the advection correction and snapgpetiments
to see how thadvection correction can improve the retriewadsg 2min and 5min VCPs

Figures 8d-f show UF, MF, and0 profiles, respectively, from the-in and 5min VCP 3XR
simulations corrected for advection (3XR2minadv and 3XR5minadyv, respectively), together with those
from WRF snapshot and 3XRSnap. The adveetiomected retrievals for ther®in VCP well improve
these profiles as they are closer to WBF2min profilesandeven to the snapshot retriealg.,16%
decrease in RMSBf UFs from 3XR2mir), while improvements are not significant for thenth VCP.
Very similar improvements for the-rdin and 5min VCPs byadvection corrections afeundin 3LR
simulations with advection correction (not shown).

Figure 9 shows comparisons of vertical cross sections between wind retabtaftsed before and
afterapplying the advection correction weupdraft core showm Fig. 3 (right column)Choservertical
cross sectiongo throughthe maximum updraft area at 7 km AGL. For theid VCP retrievals, regions
of updraft values > 5 ni'sare significantly corrected by the advection correction technique and maintain
the pp-left to bottomright tilt of the WRF updraft structure. It is clear (Fig. 3 right column) that within
5 min the updraft structure has evolved not only in its tilt but also by the presence of a downdraft near its
lower levels. Thus, when using antin VCP, a completely different updraft structure is reconstructed
with different tilt and location of the maximum updraft velocity. The difficulty in improving the updraft

retrieval using the advection correction, particularly femis VCP, is likely due to fst evolution of
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convective clouds. The rapid evolution of the updraft structures simulated by the WRF are consistent with
those from other modahg studies where the temporal evolution of the convective thermals can be
significant over time periods largénan 2 min(e.g., Morrison et al., 2015; Hernandeeckers and
Sherwood, 2016)

4 Summary and conclusions

Convective motions affect microphysical processes and control the transport of moisture, momentum
heat, trace gases and aerosols from the boundary layer to the upper troposphere.checacigization
of the convective transport requinesrticalair velocity retrievals especially in the middle and upper part
of convective cloud systemandmulti-Doppler radar networks have been used to probe convection and
provide wind retrievals including vertical air motion estimates. While thereplethora of studies
illustrating the ability of multiDoppler radar observations to capture the-level wind divergence and
circulation, there is little to show regarding the capability of this observing system to capture the upper
level convective dynaits. This study addressed potential observational sources of errordandX
triple-Doppler radarthreedimensional variational (3DVARpdraft retrieval using a sophisticated
forward radar simulator (GBIM) with the WRF simulation output for an MCS @0 May 2011 during
the Midlatitude Continental Convective Clouds ExperimeviC3E) for a domain 060 km x 50 km x
10 km An extensive sensitivity analysis is conducted to investigate impacts ofw@dare coverage
pattern YCP), the number of radars uséat the multiDoppler radar analysis, time periods for VCP
and 5 minutes)and advection correctioAn advection correction technique proposed by Shapiro et al.
(2010a) vasapplied to the 2Znin and 5min VCP radar datdJpdraftproperties such as ugt fraction
mass flux, and updraft magnitugeofiles with two different thresholds (5 ni*sand 10 m $), from
simulated multiDoppler radar wind retrievals usittigree Xband Scanning ARM Precipitation Radars
(X-SAPRSY are examinedThe number of updraft cor@se also investigatedith a threshold of 5 m™s
at each heighiThe analysis results presented the following findings:

1 As the previous literaturlkaspointed out, the updraft fraction profiles from the simulated wind

retrievalssuggested that the selected VCP elevation strategy and radar sampling volume resolutior

affect uncertainties in uppésvel (>4.5 km) updraft retrievalspwing to low density and low
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resolution of radar data attributed to gaps between Plan Positionttmdie®I) elevation angles
and the radar sample volume increasing with distance from the Thdae uncertainties increase
with height above 6 km AGL. In overall experimenting VCPs stronger updrafts > 10 mts
tend to be underestimated above 4.5 While areas of updrafts-50 m s! are overestimated
above 6.5 km. Those impact the retrieval of convective mass flux.

1 Increasinghe maximum elevation angénd the density of the elevation angles of the radar VCP
(i.e., 60° over elevation with dincrement) can effectively improve the updraft retriewahereas
an addition oflata froma Doppler radar cannot significantly improve the updraft retrievals if the
added radar VCP has inferior spatial resolutions.

1 Shorter duration (2nin or less) radar VCPge critical to producing higlquality vertical air
motion retrievalsThe 2min VCP has small impacts on the snapshot updraft retrievals, but the 5
min VCP induces an important overestimation of areas of updraf@ & s' above 6.5 km
underestimation of updrafts > 10 M at 4.51 8 km, andoverestimatiorof updrafts > 10 m$
above 89 km.

1 The advection correction works to improve the updraft fraction and mean updraft profiles as the
profiles become closer to those froine snapshaetrievals and time averaged updraft fields, but
it is still challengingto improve stronger updraft retrievals especially fonis VCPdue to the
rapid deformation of the dynamical structures in the simulated mesoscale convective system
The magnitudef improvement by the increase of elevation angles is larger than that by
advection correction, even though the VCP needs 2 minutes. However, for the increasing
elevations takg 5 minutes, the improvement is less than that from the original VCP completed
within 2 minutes

Gridding technique is also an important factor to determine the uncertainties in the wind retrievals.
Sophisticated gridding techniques to cover theeedimensionalanalysis domain at high ajml
resolution, even for higher altituddeendto suppress the uncertainty (e.g., Majcen e2808; Collis et
al., 2010; North et a).2017). Another error source that we did not consider in this study is hydrometeor
fall speed estimate, whids generallyestimated fronradar reflectivity. The sophisticated attenuation

correction techniques especially for shorter wavelength radarsierget al, 2008; Gu et ak011) and
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best estimates of hydrometeor fall speeds (Giamigrat al, 2013) are required to reduce the wind
retrieval uncertainties.

In brief, the retrieval of the highuality vertical velocities in the upper part of coatiee clouds is
very challengingwhile the multiDoppler radar vertical velocity retrievals have been conventionally used
to evaluate the CRM simulated dynamical fiel®ome of the CRM simulations significantly
overestimated compared to metoppler racr vertical velocity retrievals (e.g., Varble et al., 2014; Fan
et al., 2017)The present study would suggest ttiet multiDoppler radar retrievat®or MCSstend to
underestimate the updraft values at middle and upper levels and need to be carefglysiskering the
limitations of the radar observing systehine assessment of the multoppler radar retrieval presented
in this study could vary for different storm characteristics (e.g., isolated storm and less wind shear).

Although the present studgcused on the ARM »band radar network, the similar dense radar network
has been installed in several regions (éBguysquet et al.2007; Maesaka, et al. 201Helmert et al.
2014) andfield campaigns targeting deep convectigast, ongoing and futurewould be strongly
motivated to install multiple Doppler radars to observe vertical air motions in convective.cltwads
present analysis can give valuable information to improve theredit®on strategies and decide optimized
scan strategies for the networkdost of the improvements required in the sampling strategy of the
observing system (higher maximum elevation angle, higher density elevation angles and rapid VCP time
period)canbeaccomplishedisingrapid scan radar systems such asxtbppler on Wheels mobile radars
(DOWSs) or even phased array radar systeh@wever, even when such rapid scan radar networks are
available the multi-Dopplerretrieval spatialdomainwill be fairly small compard to the entire radar
network coverage. Despitd the limited domain, the observations do cover enough area to track isolated
convective updrafts and contain enough samples to derive reliablenkmertainty estimates of updraft
and downdrafts properties in convective cloud®aceborne radar systemstlwiDoppler velocity
capability such as the Earth Clouds Aerosols and Radiation Explorer (EarthCARE, Illingworth et al.,
2015; Kollias et al., 2018b) or future spaceborne radar con(Eptelli et al., 2018pare expected to
provide additional middle and upper level convective velocity observatigpeciallyover the tropical

oceans
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Tables and figures

Table 1: Simulated radar configurations and measurement strategy.

X-SAPR C-SAPR
Radar fequency(GHz) 9.5 55
Beamwidth (degrees) 1.1 1.0
Number ofelevation angles 21 17

Elevation angles (degrees)

0.5,15,25,35,45,55,6.5,7
8.5, 9.5, 10.5, 11.5, 125, 14

0.8, 1.2, 1.9, 2.6, 3.5, 4.
53, 6.4, 7.8, 9.6, 11.]

17.0, 20.0, 25.0, 30.0, 35.0, 40| 14.3, 17.5, 21.4, 26.]
45.0 33.0,42.0

Azimuth spacing (degrees) 1.1 1.0

Maximum observation range (km 40 120

Range gate spacing (m) 60 120

Radar location

X-SAPRs (l4, 15, and 16) of Fig.

C-SAPR 17 of Fig.1

Antenna rotation rate* (s1)

28

18

* Antenna rotation rates usedring the MC3E are presented and not used in this study.
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Table 2: Overview and short description of the different sensitivity simulations.

Simulation | Name Specification
Control i) All elevation angles from 36APRs at each gridbox of the origin
3FullGrid WRF snapshot grid at 12:18:00 UTC (no interpolation accordir
the radar beamwidth is considered
Radar VCP xR i) 3 X-SAPRs with 21 elevation angles ranging from 0.5 to 45 deg
over elevation angle
3LRs i) 3 X-SAPRs with 60 elevation angles of 60 ranging from 0.5 to
degrees with equal increment of 1 degree
4SR iii) 4 radars including 3 XSAPRs and the GAPR
Time Snap i) Snapshot at 12:18:00
period 2min i) 2 minutes (6 snapshots)
5min iii) 5 minutes (15 snapshots)
Advection (No name) | i) No advection correction
correction adv i) Advection correction proposed by Shapiro et al. (2010a) for

settings ii) and iii)
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Table 3: Root mean square error RMSE) of UFs, UF10, MF5, MF10, =: , and«:  profiles above 2

km AGL for all experiments.

UFs UF1o MFs [kg m?2s?] | MFio[kgm?s?] |0 [msY [0 [msY

3FullGrid 0.34x102 | 0.18x102% | 0.23 x10* 0.18x10* 0.15 1.93
3XRSnap 3.06x10° | 0.68x102% | 0.89x10* 0.60x10* 1.18 0.65
3XR2min 3.45x10° | 0.63x10% | 1.02 x10* 0.52x10* 1.10 0.53
3XR5min 3.26x102 | 1.03x10? | 1.08 x10? 0.95x10* 1.48 1.1
3LRSnap 1.99x10? | 0.42x10% | 0.68x10* 0.37x10* 0.87 0.50
3LR2min 2.44x102 | 0.49x102 | 0.85x10? 0.41x10* 0.91 0.52
3LR5min 3.94x102 | 0.92x102 | 1.37 x10? 0.75x10* 1.23 0.70
4SRSnap 3.57x102 | 0.64x102 | 1.04x10? 0.56x10? 1.12 0.67
4SR2min 3.43x102 | 0.66x102 | 1.04 x10? 0.57x101 1.06 0.56
4SR5min 579102 | 1.10x102 | 1.91x10? 0.83x101 1.33 0.81
3XR2minadv | 2.90x10? | 0.75x10? | 0.96x10? 0.65x10* 1.11 0.61
3XR5minadv | 3.38x10% | 0.96x102 | 1.10x10? 0.88x10* 1.28 0.8
3LR2minadv | 1.3%10? | 0.71x10? | 0.64x10? 0.64x10* 0.90 0.66
3LR5minadv | 1.55x10? | 1.15x10? | 0.85x10? 1.02x101 1.40 0.85
3XRSnap 5.09x102 | 1.29x102 | 1.53x10? 1.08x10* 1.06 2.86
(limited area)

3XR2min 4.73x102 | 1.48x102 | 1.69x10? 1.20x10* 0.86 0.%
(limited area)

3LRSnap 2.24x102 | 0.89x102 | 0.79x10? 0.83x10? 0.71 2.87
(limited area)

3LR2min 2.19x102% | 1.28x102 | 0.84x10? 1.19x101 0.81 0.8
(limited area)

4SRSnap 5.83x102 | 1.11x102 | 1.74x10* 0.94x10* 0.93 2.84
(limited area)
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Figure 1: (a) Locations of radars and the Department of Energy Atmospheric Radiation
Measurements ARM) Central Facility. Large gray circles represent maximum range of eactx-
band Scanning ARM Precipitation Radar (X-SAPR). (b) Rain water mixing ratios at 1.3 km
altitude from the WRF simulation of a mesoscale convective systeat 12:18:00 UTC on20 May
2011. Black boxes represent the domain used for wind retrievals. (c and d) Elevation coverage for
X-SAPR general VCP (XR) ad high-density elevationvolume coverage pattern YCP) (LR),
respectively.
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Figure 2: (a and b) Number of radars used for retrievals at each grid box at 8 krabove ground
level (AGL ) for 3XR VCP (a) and 3LR VCP (b), (cf) distance of nearest radar data point at each
grid box at 1 km (c and e) and 8 km (d and f) for the radar location of 16 with XR VCP (c and d)
and LR VCP (e and f), and (g and hhistograms of the distance of nearegtadar data point at 1 km
(g) and 8 km (h) AGL normalized by the total number of data samples and the nearest distance bin
size (0.1 km) In g and h, black sold lines represent the radar location of 16 with XR VCP, gray
dashed lines represent the radar lod#gon of 16 with LR VCP, thin lines represent the entire
horizontal domain, and thick lines represent a box area shown ita-f).
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Figure 3: (Left column) Horizontal distributions of X-band Z at 7 km AGL from CR -SIM, (middle

column) horizontal distributions of the WRF simulated vertical velocity at 7 km AGL, and (right

column) vertical distributions of WRF-simulated vertical velocity along a line in the horizontal

plots. Each row from top to bottom represents simulation time of 12:18:00, 12:14D, and 1222:00

UTC, respectively
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Figure 4: (Top row) Horizontal distributions at 7 km AGL and (bottom row) vertical cross sections
aty = 0 kmof vertical velocity. Eachcolumn represents (a) the original WRF vertical velocity field
and retrieved vertical velocity from (b) the3FullGrid, (c) 3XRSnap, @) 3XR2min, and €) 3XR5min

10

retrieval simulations.
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Figure 5: Vertical profiles of the number of coherent updrafts with verical velocity >5 m st. Colour

represents different retrieval simulations as displayed in each panel. Dark gy line in (a)
represents time average of the WRF output over 2 minutes from 12:18:00 to 12:19:40 UTC, and
light gray in (a) represents time averge of the WRF output over 5 min from 12:18:00 to 12:22:40
UTC. Each panel displays a profile from the WRF snapshot at 12:18:00 UTC by a black solid line.
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