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Abstract. Multi-Doppler-radar network observations have
been used in different configurations over the last sev-
eral decades to conduct three-dimensional wind retrievals in
mesoscale convective systems. Here, the impacts of the se-
lected radar volume coverage pattern (VCP), the sampling
time for the VCP, the number of radars used, and the added
value of advection correction on the retrieval of the verti-
cal air motion in the upper part of convective clouds are ex-
amined using the Weather Research and Forecasting (WRF)
model simulation, the Cloud Resolving Model Radar SIM-
ulator (CR-SIM), and a three-dimensional variational multi-
Doppler-radar retrieval technique. Comparisons between the
model truth (i.e., WRF kinematic fields) and updraft prop-
erties (updraft fraction, updraft magnitude, and mass flux)
retrieved from the CR-SIM-generated multi-Doppler-radar
field are used to investigate these impacts. The findings are
that (1) the VCP elevation strategy and sampling time have
a significant effect on the retrieved updraft properties above
6km in altitude; (2) 2 min or shorter VCPs have small im-
pacts on the retrievals, and the errors are comparable to re-
trievals using a snapshot cloud field; (3) increasing the den-
sity of elevation angles in the VCP appears to be more effec-
tive to reduce the uncertainty than an addition of data from
one more radar, if the VCP is performed in 2 min; and (4) the
use of dense elevation angles combined with an advection
correction applied to the 2 min VCPs can effectively improve
the updraft retrievals, but for longer VCP sampling periods
(5 min) the value of advection correction is challenging. This
study highlights several limiting factors in the retrieval of

upper-level vertical velocity from multi-Doppler-radar net-
works and suggests that the use of rapid-scan radars can sub-
stantially improve the quality of wind retrievals if conducted
in a limited spatial domain.

1 Introduction

Measurements of vertical air motion in deep convective
clouds are critical for our understanding of the dynamics
and microphysics of convective clouds (e.g., Jorgensen and
LeMone, 1989). Convective mass flux is responsible for the
transport of energy, mass, and aerosols in the troposphere,
which significantly impact large-scale atmospheric circula-
tion and local environment and affect the probability of sub-
sequent formation of clouds (e.g., Hartmann et al., 1984; Su
et al., 2014; Sherwood et al., 2014). Consequently, the ver-
tical air motion estimates are widely employed to improve
convective parameterizations in global models (e.g., Don-
ner et al.,, 2001) and also to evaluate the cloud resolving
model (CRM) simulations and large eddy simulations (LESs;
e.g., Varble et al., 2014; Fan et al., 2017).

Aircraft penetration of convective clouds offers the
most direct method to measure the vertical air motions
(e.g., Lenschow, 1976); however, practical hazards and op-
erational costs have resulted in a valuable but limited dataset
(e.g., Byers and Braham, 1948; LeMone and Zipser, 1980).
Current aviation regulation does not permit such penetra-
tion anymore. Ground-based and airborne profiling Doppler
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radars provide a high degree of detail of convective clouds in
both time and height and can sample even the most intense
convective cores (e.g., Wakasugi et al., 1986; Heymsfield et
al., 2010; Williams, 2012; Giangrande et al., 2013; Kumar
et al., 2015). One drawback of profiling radar techniques is
their limited sampling of individual storms and the lack of
information on the temporal evolution of the convective dy-
namics and structure; the observational limitations thus make
the use of the techniques in model evaluation challenging.

Since the pioneering work of Lhermitte and Miller (1970),
networks of two or more scanning Doppler radars and the
use of multi-Doppler-radar wind retrieval techniques have
been widely used to overcome the aforementioned limita-
tions (Junyent et al., 2010; North et al., 2017). In addition
to research radars, operational Doppler radar networks can,
in certain conditions, accomplish a large coverage of multi-
Doppler-radar retrievals (e.g., Bousquet et al., 2007; Dolan
and Rutledge, 2007; Park and Lee, 2009). While various
Doppler radar wind retrieval techniques have been proposed
(Chong and Testud, 1996; Chong and Campos, 1996; Bous-
quet and Chong, 1998; Gao et al., 1999; Protat and Zawadzki,
1999; Bell et al., 2012), three-dimensional variational (3D-
Var) techniques are commonly used because of their robust
and reliable solutions by minimizing errors (e.g., Potvin et
al., 2012b).

Multi-Doppler-radar analysis has been used to better un-
derstand mesoscale dynamics, low-level divergence, and
microphysical-dynamical interactions (e.g., Kingsmill and
Houze Jr., 1999; Friedrich and Hagen, 2004; Stonitsch and
Markowski, 2007; Collis et al., 2013; Oue et al., 2014,
and many others). There is also considerable literature dis-
cussing different sources of uncertainties in dual- or multi-
Doppler-radar wind retrieval. The interpolation and smooth-
ing techniques used (Cressman, 1959; Barnes, 1964; Given
and Ray, 1994; Miller and Fredrick, 1998) can have an im-
pact on the quality of Doppler radar wind retrieval (e.g., Col-
lis et al., 2010). Another source of uncertainties is related
to the hydrometeor fall speed estimates (e.g., Steiner, 1991;
Caya, 2001), especially at shorter wavelengths (e.g., X and
C bands) where the signal attenuation can bias the estimates.
Clark et al. (1980) estimated errors attributed to cloud evo-
lution in horizontal and vertical wind estimates from multi-
ple Doppler radar measurements. Bousquet et al. (2008) es-
timated uncertainties in wind fields from their operational
multi-Doppler-radar retrieval by simulating radar measure-
ments using numerical model output. They pointed out that
missing low-level measurements and poor vertical sampling
could produce significant uncertainties in retrieval of low-
level wind fields. These investigations have been conducted
by formulating suitable Observing System Simulation Exper-
iments (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 and its tendency fields were sensitive
to the smoothness constraint in the analysis, and assumptions
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of spatially constant storm motion and no storm evolution led
to significant errors in middle and upper levels.

A common result from the studies above is that the un-
certainties increase with height because scanning radar data
density inevitably becomes lower at higher altitudes. Mean-
while, deep convective clouds generally show maximum up-
drafts at middle and upper parts of the clouds (e.g., Gian-
grande et al., 2013). Here we are concerned with the retrieval
uncertainties of vertical air motion especially in the middle
and upper levels of deep convective clouds. The motivation
for this study is twofold. First, the US Department of Energy
(DOE) Atmospheric Radiation Measurement (ARM) pro-
gram operates an atmospheric observatory at Southern Great
Plains (SGP), Oklahoma (Mather and Voyles, 2013), where
scanning Doppler radars and profiling instruments provide
unique dynamical and microphysical measurements. During
the Midlatitude Continental Convective Clouds Experiment
(MC3E; Jensen et al., 2016), the ARM precipitation scan-
ning Doppler radars obtained a dense network of Doppler
radar measurements of deep convective clouds explicitly de-
signed to retrieve three-dimensional (3-D) wind (North et
al., 2017). However, our experience with the data and a se-
ries of experiments performed in this study suggest that de-
spite the plethora of radar systems at the ARM SGP ob-
servatory, the 3-D wind retrievals are subject to large er-
rors, especially at the upper levels. It is possible that some
of the errors are associated with a radar volume coverage
pattern strategy that does not satisfy the requirement for
high spatiotemporal observations. This issue has been high-
lighted in recent studies with high-resolution CRM simula-
tions of convective cloud properties (e.g., Morrison et al.,
2015; Hernéndez-Deckers and Sherwood, 2016). Secondly,
the paucity of available datasets of vertical air motion lim-
its our ability to quantitatively analyze structures and char-
acteristics of the mesoscale convective systems (MCSs) and
evaluate model outputs of the MCSs (e.g., Varble et al.,
2014; Liu et al., 2015; Donner et al., 2016; Fan et al., 2017).
Thus, we are interested in determining the sampling capabil-
ities required for a multi-Doppler-radar network to address
these errors and investigating if radar networks based on dif-
ferent technology (e.g., phased-array radars; Otsuka et al.,
2016; Kollias et al., 2018b) can address these errors. To do
so, we focus on impacts of the multi-Doppler-radar network
setup and not how we quality-control, interpolate, or use the
Doppler radar observations in a minimization routine. The
latter is the same in all the experiments performed here and
is described in North et al. (2017). We investigate the im-
pacts of the selected radar volume coverage pattern (VCP),
the sampling time for the VCP, the number of radars used,
and the added value of advection correction upon the uncer-
tainties of multi-Doppler-radar wind retrieval.
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2 Data and methodology

In this study, the OSSE is conducted for an MCS case on
20 May 2011 observed in Oklahoma during MC3E. This
squall-line MCS was oriented in the northeast-southwest
direction extending for approximately 1000km (Fan et al.,
2017). The convective region was approximately 50 km wide
and trailed a distinct stratiform precipitation area when it
passed through the ARM SGP observatory from 09:20 to
11:40 UTC. This case has been analyzed for its dynami-
cal and microphysical structures by several previous studies
(e.g., Liu et al., 2015; Wu and McFarquhar, 2016; Fan et al.,
2017).

OSSE studies are generally used to assess impacts of op-
erational observing systems on, for example, observation-
based value-added products and weather forecasts (Timmer-
mans et al., 2009). The OSSE conducted in this study con-
sists in the following.

1. We produce the set of simulation data with a high-
resolution numerical weather model of a convective
cloud system and generate the model hydrometeor and
dynamical fields at a high temporal resolution to cap-
ture the storm evolution at scales unresolved by typical
VCPs.

2. We use a sophisticated radar simulator to reproduce the
VCP of a multi-Doppler-radar system and produce radar
observables at radar coordinates with the realistic radar
characteristics (beamwidth, range resolution, and sensi-
tivity).

3. We grid the simulated radar observations to a Carte-
sian coordinate and conduct a variational 3-D multi-
Doppler-radar wind retrieval algorithm to estimate the
dynamical field.

4. We evaluate the retrieved wind field against the corre-
sponding field from the numerical model direct output.

The Weather Research Forecasting (WRF) model is used
to produce simulation of the MCS case on 20 May 2011
(step 1). The WREF output is used as an input to the Cloud
Resolving Model Radar STMulator (CR-SIM; Tatarevic et al.,
2018) to simulate equivalent radar reflectivity factor (Z) and
Doppler velocity (V;) from scanning radars (step 2). The sim-
ulated Z and V; fields are then resampled and converted into
radar polar coordinates according to VCPs (step 2). The Z
and V; fields at radar polar coordinates are converted into the
Cartesian grid, and then they are used to estimate 3-D wind
field using the 3D-Var multi-Doppler-radar wind retrieval al-
gorithm developed by North et al. (2017) (step 3). The ob-
tained vertical velocity fields are compared against the WRF-
simulated dynamical field to investigate impacts of the lim-
itations attributed to the radar observations and the retrieval
technique on the retrieved vertical wind field (step 4).

www.atmos-meas-tech.net/12/1999/2019/

2.1 WREF simulation for 20 May 2011 MCS

The WREF simulation horizontal domain is 960km x 720km
with 0.5 km horizontal grid spacing. The vertical resolution
varies from approximately 30 m near the surface to 260 m at
2 km in altitude and maintains this resolution approximately
constant above 2km altitude. To include time evolution in
the volume scan coverage pattern, the WRF simulation pro-
vides output every 20s. The Morrison double-moment mi-
crophysics scheme was used, which predicts mass and num-
ber mixing ratios for liquid cloud, rain, ice cloud, snow, and
a medium-density lump graupel representing the rimed ice
with a switch to modify the settings for graupel to a high-
density hail (Morrison et al., 2005). Tao et al. (2016) pointed
out that simulations including the hail option better repre-
sented the observed MCSs during the MC3E period than
those not using hail. In their study for the 20 May MC3E
case, Fridlind et al. (2017) used the Morrison double-moment
microphysics scheme with the hail option. The present study
also applies the hail category to the simulation instead of
graupel. The simulated MCS comprised a convective precip-
itation region at the leading edge of the system and a strat-
iform precipitation trailed by the convective region, similar
to the observation. The MCS passed through the ARM SGP
observatory approximately 1 h later than the observation (at
around 12:18 UTC), and a stronger convective precipitation
region formed slightly (~ 20km) to the north of the ARM
SGP observatory. In this study, we treat the WRF-simulated
vertical velocity field as “truth” to evaluate the performance
of multi-Doppler-radar wind retrieval.

2.2 CR-SIM simulation of the 20 May 2011 MCS case

The CR-SIM is a sophisticated radar forward operator devel-
oped to bridge the gap between high-resolution cloud model
output and radar observations (Tatarevic et al., 2018). The
CR-SIM can be applied to the 3-D model output produced
by a variety of CRMs and LESs, such as WRF, Regional
Atmospheric Modelling System (RAMS), System for At-
mospheric Modeling (SAM), and the Icosahedral Nonhy-
drostatic (ICON) model. It emulates the interaction between
transmitted polarized radar waves and rotationally symmetric
hydrometeors and can simulate the power (equivalent radar
reflectivity factor), phase (Doppler velocity), and polarimet-
ric (specific differential phase, differential reflectivity, depo-
larization) variables with a fixed elevation angle or varying
elevation angles with respect to a specified radar location.
Several experiments are performed to evaluate the limita-
tions of the sensing techniques employed in the network of
three X-band scanning ARM precipitation radars (X-SAPRs,
located at the 14, I5, and 16 sites) at the SGP observatory
(Fig. 1), which provided high-resolution radar observations
of convective systems during MC3E (e.g., North et al., 2017).
The ARM SGP network is selected because it is comprised
of three identical radar systems that are employed together
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and can be operated in a coordinated manner. Furthermore,
since it is a long-term facility for the study of deep convective
clouds, it is important to assess the capability and uncertain-
ties. Using CR-SIM, we simulated measurements of the three
X-SAPRs. In order to investigate the impact of an increased
number of radars, observations from the C-band Scanning
ARM Precipitation Radar (C-SAPR) at the SGP observatory
(Fig. 1) are also simulated. Characteristics and settings of the
simulated radar measurements are shown in Table 1. To in-
vestigate the impact of increasing the number of elevation
angles and the maximum elevation angle, a VCP including
additional elevation scans for the X-SAPR measurements is
introduced. These simulations with X-SAPR aim to examine
effects of using faster scanning radars, such as the Doppler on
Wheels (DOW; Wurman, 2001), the Atmospheric Imaging
Radar (AIR; Isom et al., 2013), the Rapid scanning X-band
polarimetric (RaXPol; Pazmany et al., 2013), and low-power
X-band phased array radars (LPAR; Kollias et al., 2018Db).
Locations of radars used in this study and the simulated re-
trieval domain are shown in Fig. 1. Details about the eleva-
tion angle settings are described in Sect. 2.4.

The retrieval simulation domain size is 5S0km x 50km x
10km above the ground level (a.g.l.) centered around the
ARM SGP Central Facility (CF). In the simulations, CF and
the domain were virtually located within a vigorous convec-
tive region of the MCS to capture the intense vertical velocity
(Fig. 1b). We assume that the lowest boundary of the simula-
tion domain is idealized as flat at the ground level of 0.3 km
above sea level.

For each radar, the CR-SIM forward-simulated Z and V;
are provided at the WRF grid coordinate by CR-SIM. They
are then converted into radar polar coordinates considering
all the radar characteristics that control the spatial resolu-
tion of radar observations (range weighting function, antenna
beamwidth, and VCP strategy). The settings shown in Ta-
ble 1 are consistent with the settings used during the MC3E
period. For each radar the minimum detectable signal (Zin)
curve, which is attributed to the number of samples integrated
for each radar sampling volume, is estimated using an equa-
tion Zpin (r) = C 4 20log((r). In this equation, Zp;y is ex-
pressed in logarithmic units (dBZ) with the range r (distance
from the radar) in kilometers, and the constant C that de-
pends on the radar system characteristics expressed in deci-
bels relative to Z; C = —40 for X-band radars and C = —35
for C-band radar are used in this study. These values are sim-
ilar to those for X-SAPRs and C-SAPR at the SGP observa-
tory.

2.3 Wind retrieval

The 3D-Var wind retrieval technique described in North et
al. (2017) is used to estimate the 3-D wind field. The wind
retrieval algorithm inputs the Cartesian coordinate Z and V;
fields from each radar and uses a 3D-Var technique proposed
by Potvin et al. (2012a). In the technique, the optimal wind
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field solution is obtained at the minimum of a cost function,
which consists of the physical constraints of radar radial ve-
locity observations, anelastic mass continuity, surface imper-
meability, background wind field, and spatial smoothness.
The surface impermeability constraint was used to dictate
that vertical velocity vanishes at the ground with a relatively
large weight. Details of the constraints are described in North
et al. (2017).

The simulated Z and V; with the radar polar coordinates
are converted to the Cartesian coordinates for each radar
measurement at horizontal and vertical spacings of 0.25 km
using a single-pass isotropic Barnes distance-dependent
weight (Barnes, 1964), with a constant smoothing parame-
ter k.

2

wi g (d) =exp(Td)Vi =1,..,nandg=1,....0 (1)
Here w; 4 is the weight for grid box i and radar gate g sep-
arated by distance d. The equation was applied in both hor-
izontal and vertical interpolations. At each grid box, radar
moments are estimated using the nearest 200 radar data gates
with weights (Eq. 1) using ¥ = 0.13km? for interpolation.
The cutoff distance is determined as the distance where the
weight is less than 0.01 (d &~ 0.8 km). These parameters are
chosen so that the statistical error in retrieved vertical veloc-
ity is minimal for the present case. Generally, data density at
constant altitudes decreases with height and when increasing
a distance from radar. Figure 2c—f show distance to the near-
est radar data point at each Cartesian grid box at constant
altitudes. These settings for gridding are fixed for all radar
simulations, and this study does not consider uncertainties at-
tributed to the settings for the gridding process. The gridding
technique has been well optimized in North et al. (2017), and
the uncertainties in the gridding method and data smooth-
ing processes have been well investigated in previous studies
(e.g., Majcen et al., 2008; Potvin et al., 2012a).

There are several important sources of errors when con-
sidering the retrieval of vertical motion in convective sys-
tems other than the radar VCP; the most important among
them are unfolding of observed Doppler velocity, estimation
of hydrometeor fall velocities, attenuation correction, and as-
sumption of background environments. In all experiments in
this study, Doppler velocity folding is disabled as an option;
thus, the simulated radial Doppler velocities are correct and
do not need to be unfolded. This eliminates the possibility
of errors being introduced by incorrect Doppler velocity un-
folding.

The difference between the true hydrometeor fall velocity
Vr and the assumption based on an empirical formula that re-
lates V¢ with the radar reflectivity (e.g., Caya, 2001) can be a
possible source of errors in wind retrievals (e.g., Potvin et al.,
2012b; North et al., 2017). In the WREF simulations used here,
Vt is parameterized depending on the microphysics scheme
as a function of particle diameter. The hydrometeor’s fall
speeds (Vr) are given as a function of the hydrometeor di-
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Figure 1. (a) Locations of the simulated X-band scanning ARM precipitation radars (X-SAPRs) and the Department of Energy Atmospheric
Radiation Measurements (ARM) Central Facility. Large gray circles represent the maximum range of each X-SAPR. (b) Rainwater mixing
ratios at 1.3km in altitude from the WRF simulation of a mesoscale convective system at 12:18:00 UTC on 20 May 2011. Black boxes
represent the domain used for wind retrievals. (¢, d) Elevation coverage for X-SAPR general VCP (XR) and high-density elevation VCP

(LR).

Table 1. Simulated radar configurations and measurement strategy.

X-SAPR C-SAPR
Radar frequency (GHz) 9.5 5.5
Beamwidth (degrees) 1.1 1.0
Number of elevation angles 21 17

Elevation angles (degrees)

Azimuth spacing (degrees)

Maximum observation range (km)

Range gate spacing (m)
Radar location

Antenna rotation rate? (° s_l)

0.5, 1.5, 2.5, 3.5, 4.5, 5.5, 6.5,
7.5, 8.5, 9.5, 10.5, 11.5, 12.5,
14.0, 17.0, 20.0, 25.0, 30.0,
35.0, 40.0, 45.0

1.1

40

60

X-SAPRs (14, IS5, and 16) of
Fig. 1

28

0.8,1.2,1.9, 26, 3.5, 4.4, 5.3,
6.4, 7.8, 9.6, 11.7, 14.3, 17.5,
21.4,26.1, 33.0,42.0

1.0
120
120
C-SAPRI7 of Fig. 1

18

2 Antenna rotation rates used during MC3E are presented and not used in this study.

ameter (D) and altitude (k) in the form
Vi (h, D) = fe(h) - ay- D™, )

where ay and by are coefficients, and f;(h) = (psurf/ ,o(h))k
is the correction factor for air density (p(h): air density at
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height h; pgyrt: surface air density) with exponent k (Mor-
rison et al., 2005; Tatarevic et al., 2018). In the CR-SIM,
reflectivity-weighted mean velocity is computed at each grid
box in the following manner. The hydrometeor fall speeds
as a function of the hydrometeor diameter are averaged over
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Figure 2. (a, b) The number of radars used for retrievals at each grid box at 8§ km above ground level (a.g.l.) for 3XR VCP (a) and 3LR
VCP (b), (c—f) distance of the nearest radar data point at each grid box at 1 km (c, e) and 8 km (d, f) a.g.1. for the radar location of 16 with XR
VCP (¢, d) and LR VCP (e, f), and (g, h) histograms of the distance of the nearest radar data point at 1 km (g) and 8 km (h) a.g.l. normalized
by the total number of data samples and the nearest distance bin size (0.1 km). In (g) and (h), black solid lines represent the radar location
of 16 with XR VCP, gray dashed lines represent the radar location of 16 with LR VCP, thin lines represent the entire horizontal domain, and

thick lines represent the box area shown in (a)—(f).

the diameter range with weights that are proportional to the
CR-SIM estimated reflectivity for each hydrometeor particle
size, and then the mean hydrometeor fall speeds are again
averaged over all hydrometeor types present in each grid box
with weights of reflectivity. In all experiments carried out in
this study, the simulated reflectivity-weighted mean V; are
used in the retrieval; thus, no error attributed to the fall ve-
locity estimates is introduced in the wind retrieval technique.

Another source of errors is the impact of signal attenuation
by the hydrometeors along the propagation path, especially
in C-band and X-band radar measurements. Since the attenu-
ation is unknown, any attenuation-corrected radar reflectivity
acts as a possible error source in the wind retrievals, particu-
larly for hydrometeor fall speed estimates. However, as pre-
viously specified, the hydrometeor particle size distributions
and V; used in this study are the ones prescribed by the WRF
model microphysics; thus, no error is introduced.

Finally, the background horizontal wind vector, tempera-
ture, and air density are obtained by averaging WRF output
values over the retrieval domain at each altitude and are used
in place of sounding measurements over the SGP CF site.
Although this study does not consider uncertainties in the
background assumption, the change in the background data
would have a small impact on the retrieved updraft velocities
as discussed in North et al. (2017).

Atmos. Meas. Tech., 12, 1999-2018, 2019

2.4 Settings for wind retrieval experiments

Three factors influencing the updraft velocity estimates are
investigated. The first is radar volume coverage pattern
(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 radars of the network
to complete the specified VCP to emulate both the advec-
tion and temporal evolution of the convective cloud system.
Third, the added value of the advection correction for the dif-
ferent sets of VCP settings is evaluated. The experiments and
their names are listed in Table 2.

2.4.1 Control wind retrieval simulation (3FullGrid)

The control wind retrieval simulation is an ideal instanta-
neous VCP where all radars of the network sample all the
WREF grid points. As a result, three measurements of equiva-
lent radar reflectivity factor and radial Doppler velocity from
the three X-SAPRs are available at each grid box of the WRF
grid (named 3FullGrid). This experiment does not undergo
the conversion process from the WRF grid to radar coor-
dinate or the gridding process from radar coordinate to the
Cartesian coordinates. Therefore, this does not include un-
certainties from VCP, radar characteristics (beamwidth and
range-bin spacing), or gridding process. Thus, the retrieved
wind field should be a very good estimate of the true wind
field and only the potential uncertainty in the wind retrieval

www.atmos-meas-tech.net/12/1999/2019/
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Table 2. Overview and short description of the different sensitivity simulations.

Simulation Name Specification
Control 3FullGrid (i) All elevation angles from three X-SAPRs at each
grid box of the original WRF snapshot grid at
12:18:00 UTC (no interpolation according to the radar
beamwidth is considered)
3XR (i) Three X-SAPRs with 21 elevation angles ranging
Radar VCP from 0.5 to 45° over elevation angle
3LRs (ii) Three X-SAPRs with 60 elevation angles ranging
from 0.5 to 59.5° with equal increments of 1°
4SR (iii) Four radars including three X-SAPRs and the C-
SAPR
Snap (i) Snapshot at 12:18:00
Time period 2min (ii) 2 min (six snapshots)
Smin (iii) 5 min (15 snapshots)
Advection correction (No name) (i) No advection correction
adv (i1) Advection correction proposed by Shapiro et

al. (2010a) for time settings (ii) and (iii)

algorithm can affect its quality. In this OSSE, the 3FullGrid
is used for an upper bound of the performance of any of the
conducted experiments and also serves as a sanity check for
the wind retrieval algorithm.

2.4.2 Radar VCP

In a typical radar VCP, the number of elevation angles de-
pends on the antenna scan rate and the desired time period
for completing the VCP (typically 5—6 min). The antenna
scan rate depends on the pedestal technical specifications and
the minimum number of radar samples needed to estimate
the radar observables with low uncertainty. The elevation an-
gles are generally tightly selected at low elevations to provide
good coverage over long horizontal distances and relatively
sparse at higher elevations such as the X-SAPR’s VCP shown
in Table 1 and Fig. Ic.

In the experiments performed here, the impact of an in-
creased number of elevation angles especially at high ele-
vations is investigated while the antenna beamwidth, range-
gate spacing, and maximum unambiguous range are kept un-
changed and similar to the radar settings during MC3E. The
following VCPs are used: (i) three X-SAPRs with the gen-
eral VCP, which is the same as during MC3E (named 3XR,
Fig. lc); (ii) three X-SAPRs with denser elevation angles
(named 3LR, Fig. 1d; the name “LR” stands for low-power
X-band phased array radar, LPAR; Kollias et al., 2018b); and
(iii) same as (i) but the C-SAPR measurements are added
(named 4SR). Details of the VCPs are shown in Table 1. The
settings (i) and (iii) use general VCPs for X-SAPR and C-
SAPR, which are the same as those during MC3E. The X-
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SAPR VCP is composed of 21 elevation angles ranging from
0.5 to 45°, and the C-SAPR VCP is 17 elevation angles rang-
ing from 0.75 to 42°. Elevation angles for the setting (ii) are
equally distributed from 0.5 to 59.5° with a 1° increment;
in total there are 60 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. Figure 2a and b show the coverage from the three
radars for the retrieval domain for 3XR and 3LR VCPs, re-
spectively. The cone of silence (absence of radar observa-
tions) from each radar is represented as a yellow circle, in
the middle of which the X-SAPR is located. Within the cone
of silence of each radar, we only have two available radar
measurements for the wind retrieval. In addition to the avail-
ability of radar observations, the spacing of the radar obser-
vations affects the quality of the gridding. Regions including
few radar data points, particularly higher-elevation angle re-
gions for the XR VCP, may need to interpolate radar data
at longer distances from the grid points. Figure 2c—f show
the distance of the nearest radar data point at each grid box
at heights of 1 and 8 km for X-SAPR 16, and Fig. 2g and h
show normalized histograms of 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 lines Fig. 2h), the distances of
the nearest radar data points from the LR VCP are the same
as at lower altitudes, indicating that the LR VCP has similar
radar data density at higher and lower altitudes. For the XR
VCP, in contrast, many of the grid boxes at 8 km a.g.1. needed
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to use radar data at distances farther than 0.4 km, resulting in
stronger smoothing during the gridding process.

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 (named Snap), where
it is effectively assumed that the first WRF model output
(at time Os, Fig. 3a, b, ¢) is frozen in time and the radars
instantaneously collect data according to their VCP without
any cloud evolution; (ii) a 2 min (named 2min) radar network
VCP to emulate the performance of rapid scanning radar net-
works; and (iii) a 5 min (named 5min) radar network VCP to
emulate the performance of the ARM SGP network during
MC3E and the performance of other mechanically scanning
radar networks. The 3FullGrid simulation (Sect. 2.4.1) uses
a Snap VCP. The Snap VCP eliminates any concerns regard-
ing advection and temporal evolution of the convective cloud
and is used as a benchmark of performance.

A set of WRF simulations at different times is used to con-
struct the plan position indicator (PPI) scans of the VCP; if
a PPI scan takes more than 20s, the WRF output in the fol-
lowing time step is used for the next PPI scan. An example
demonstrating how different WRF model outputs are used
in this experiment is shown in Fig. 3. Figure 3 shows hori-
zontal cross sections of the Z and vertical velocity at 7km
and a vertical cross section of the vertical velocity at the
area indicated with the solid line in the horizontal cross sec-
tions. The snapshot simulations use the WRF model output
data at 12:18:00 UTC (Fig. 3a, b, c¢). The 2 min VCP simu-
lations use the WRF model output data from six consecutive
model outputs extracted from 12:18:00 to 12:19:40 UTC ev-
ery 20 s. Each model output is used to forward simulate three
to four PPI scans from the C-SAPR and the X-SAPRs when
nominal (MC3E) VCP elevation angles are used (3XR and
4SR) and 10 PPI scans for X-SAPR simulations when the
denser elevation angle VCP is simulated (3LR). The corre-
sponding plots for the latest model output (12:19:40 UTC)
used to forward simulate the highest elevations of the 2 min
VCP are shown in Fig. 3d, e, f. In accordance, the 5 min
VCP simulations use the WRF data for 5 min composed of
15 snapshots ranging from 12:18:00 to 12:22:40 UTC ev-
ery 20s. Each snapshot data selection was used for one to
two PPI scans for C-SAPR and X-SAPR simulations with
general VCP elevation angles (3XR and 4SR) and four PPI
scans for denser VCP elevation angles (3LR). The corre-
sponding plots for the 13th model output (4 min after the first
scan, 12:22:00 UTC) used to forward simulate the 5 min VCP
simulations is shown in Fig. 3g, h, i.

2.4.4 Advection correction
The high-temporal-resolution WRF output allows us to eval-

uate the impact of advection and evolution of the cloud field
during the time period needed to complete the radar network
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VCEP. If the cloud field was frozen (no cloud evolution), hori-
zontal advection and wind shear are expected to tilt the cloud
and dynamical structures in the vertical direction. Advection
schemes have been proposed to address this issue (e.g., Pro-
tat and Zawadzki, 1999; Shapiro et al., 2010b; Qiu et al.,
2013). The present study used a reflectivity-based spatially
variable advection correction scheme described in Shapiro
et al. (2010a) that allows trajectory of individual clouds
and smooth grid-box-by-grid-box corrections of cloud loca-
tions. The advection correction procedure seeks to minimize
a cost function that contains the frozen turbulence constraint
and terms that confer spatial smoothness on the pattern-
translation components and takes into account changes in
cloud shape with time by using two different time PPI scans.
The advection correction process is similarly implemented in
this case.

The advection correction is applied between two similar
elevation angle PPIs from consecutive VCPs. Each simu-
lated Z field in PPI is converted and projected onto the two-
dimensional (2-D) Cartesian coordinate plane at a spatial
resolution of 250 m. A weighting coefficient of the spatial
smoothness terms in the cost function depends on the analy-
sis grid spacing and the structure of the field being advected.
An appropriate value of the coefficient can be determined
by running some sensitivity tests. Based on preliminary tests
(not shown), we deemed a coefficient of 300 dBZ? to be ac-
ceptable. Using two 2-D Cartesian coordinated PPI data at
two different times at the same elevation angle, the advection
correction algorithm performs horizontal trajectory analysis
of reflectivity and estimates the reflectivity pattern transla-
tion components U and V on the 2-D surfaces for each VCP
elevation angle. The pattern translation components U and V
fields, along with the associated trajectories of virtual parti-
cles moving with the reflectivity field, are then used to affect
the advection correction of the radial wind field according to
a time difference between a PPI scan and the base PPI scan,
when creating the 3-D Cartesian coordinated data. Such pro-
cessed simulated radar measurements in 3-D Cartesian coor-
dinates are then incorporated into the 3D-Var algorithm for
the 3-D wind retrieval as described in Sect. 2.3.

However, the cloud and dynamical field evolve while ad-
vected. This results in observing different cloud life stages
by different PPI scans. Figure 3c, f, i show a vertical cross
section of the vertical air motion within a convective cell
that is tracked using the WRF model output. The loca-
tion of the convective cell and vertical distributions of up-
drafts and downdrafts significantly vary from 12:18:00 to
12:22:00 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 3-D convective dy-
namics. Consequently, the mass continuity constraint will be
applied in the column of gridded radar observations that is a
mosaic of different stages of the lifetime of a convective el-
ement, and this, in turn, will limit the ability for this 3D-Var
approach to satisfy the mass continuity equation (e.g., Clark
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Figure 3. (a, d, g) Horizontal distributions of X-band Z at 7km a.g.1. from CR-SIM, (b, e, h) horizontal distributions of the WRF-simulated
vertical velocity at 7kma.g.1., and (c, f, i) vertical distributions of WRF-simulated vertical velocity along a line in the horizontal plots. Each
row from top to bottom represents a simulation time of 12:18:00, 12:19:40, and 12:22:00 UTC, respectively.

et al., 1980; Gal-Chen, 1982), resulting in large potential un-
certainties of the wind retrievals. The experiments presented
here are designed to quantify the impact of cloud evolution
on the retrieved wind field (Sect. 3.4).

3 Results

The evaluation of velocity retrievals based on multiple
Doppler radars using independent observations is challeng-
ing to perform (e.g., Collis et al., 2013; North et al., 2017).
Profiles of percentiles of updraft magnitudes are often used
to evaluate numerical model results against vertical velocity
retrievals from scanning Doppler radar networks and/or pro-
filing radars (e.g., Wu et al., 2009; Varble et al., 2014; Fan
et al., 2017). Here, we are interested in the estimation of the
convective mass flux; thus, profiles of updraft morphology
(number and area) and intensity (magnitude) are used to rep-
resent the impact of the selected sampling strategy.
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3.1 Evaluation of multi-Doppler-radar updraft
property retrievals

Horizontal cross sections at 7 km a.g.1. and vertical cross sec-
tions along y = 0 km of the retrieved vertical velocity field
from the X-SAPR network, using the original grid (3Full-
Grid) and using the standard (XR) VCP for three differ-
ent time periods (Snap, 2min, and Smin), are shown in
Fig. 4b, c, d, and e, respectively. The WRF model out at
t =0 (12:18:00 UTC) is also shown in Fig. 4a. The selec-
tion of the height of 7km is based on the WRF model out-
put analysis: the chosen height is the one with maximum up-
draft values. The WRF model output vertical velocity field
indicates the presence of several cell-like, horizontally co-
herent updraft structures with updraft magnitude exceeding
5ms~!. The 3FullGrid simulation (Fig. 4b) provides results
in good agreement with the original WRF vertical velocity
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Figure 4. The top row shows horizontal distributions at 7km a.g.1. and the bottom row shows vertical cross sections at y = 0 km of vertical
velocity. Each column represents (a) the original WRF vertical velocity field and the retrieved vertical velocity fields from the (b) 3FullGrid,

(¢) 3XRSnap, (d) 3XR2min, and (e) 3XRSmin retrieval simulations.

field (Fig. 4a), suggesting that the 3D-Var wind retrieval al-
gorithm is performed well.

The snapshot simulation (3XRSnap, Fig. 4c) provides re-
sults that are comparable to the original WRF vertical ve-
locity field (Fig. 4a) and 3FullGrid-retrieved vertical veloc-
ity field (Fig. 4b) at 7 km a.g.1. but slightly overestimates the
updraft velocity above 8 kma.g.l. The 3XRSnap simulation
reproduces the location and size of the stronger updraft areas
defined with updraft magnitudes above Sms™!, which show
the cell-like structures, but it tends to have higher uncertainty
in the areas around the location of strong convection (verti-
cal velocity < Sms™!). Updraft fractions for 1-5ms~! from
the 3XRSnap simulation were overestimated by 0.1-0.17,
which accounts for 40 %—88 % of those from the WRF out-
put. The uncertainty is attributed to the selected radar VCP
due to gridding of sparse observations, rather than the 3D-Var
wind retrieval algorithm. As increasing VCP time periods (2
and 5 min) shown in Fig. 4d and e, respectively, the retrieved
velocity features became less sharp, broader, and shifted in
space. The retrieved vertical velocity field shows the impact
of interpolating the sparse observations (ring structures rep-
resenting the poor X-SAPR sampling at 7 km), and the verti-
cal velocity features appear elongated and connected.

At any vertical level in the WRF model output and in the
retrieved 3-D velocity field, a convective updraft core is de-
fined as an area larger than 0.5km? and with updraft ve-
locities higher than 5ms~!. Figure 5a displays the profiles
of the number of updraft cores from the 3FullGrid control
wind retrieval simulation and from the WRF snapshot data
at 12:18:00 UTC, WRF 2 min average (12:18:00-12:19:40),
and WRF 5 min average (12:18:00-12:22:40). As expected,
the 3FullGrid-retrieved profile of the number of updraft cores
captures the profile of the number of updraft cores in the
WREF snapshot model output very well. Differences appear
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small between WRF Snap and 3FullGrid and are attributed
to the potential uncertainty in the retrieval algorithm. The
2 and 5 min WRF output averaged profiles suggest that the
number of convective updraft cores does not change over a
period of 2 to 5 min. Figure 5b—e demonstrate performance
of the 3D-Var wind retrieval for several different configura-
tions as described in Table 2. A noticeable departure between
the WRF direct model output (number of updraft cores) and
the estimated number of updraft cores above 6kma.g.l. is
observed for all the detecting configurations with the exemp-
tion of the LR VCP. The use of a fourth radar or the imple-
mentation of the advection correction has little to no impact
on the findings. The retrieved profiles of the number of co-
herent updraft 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. Another possi-
bility is that any stretching/distortion of the coherent struc-
tures due to cloud evolution and advection does not result in
changes in the number of coherent structures.

In a similar manner, the retrieved updraft fraction (UF),
the retrieved convective mass flux (MF), and the mean up-
draft velocity (w) for the different VCPs are investigated and
compared to the direct model output. In this study, convective
mass flux (MF) is estimated at each height as
MF = UFwpg [kg 5! m_z] , 3)
where UF is updraft fraction over the domain, w is mean ver-
tical velocity over the updraft area, and pq is dry air density
averaged over the domain. The updraft fraction and mean up-
draft velocity strongly impact the domain-averaged convec-
tive mass flux, which can be used to understand mass, energy,
and aerosol transport by the convective system.
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Figure 5. Vertical profiles of the number of coherent updrafts with vertical velocity > Sms™ 1 Color represents different retrieval simulations
as displayed in each panel. The dark gray line in (a) represents the WRF output averaged over 2 min from 12:18:00 to 12:19:40 UTC, and
light gray in (a) represents the WRF output averaged over 5 min from 12:18:00 to 12:22:40 UTC. Each panel displays a profile from the
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Table 3. Root-mean-square error (RMSE) of UFs, UFg, MF5, MFq(, ws, and w1 profiles above 2 km a.g.l. for all experiments.

UF5 UFo MF5 MFio ws w1

(kgm_2 s_l) (kgm_2 s_l) (ms_l) (ms_l)

3FullGrid 034x1072 0.18x1072  023x10"!  0.18 x 10~! 0.15 1.93
3XRSnap 3.06x 1072 0.68x 1072  0.89x 101  0.60x 107! 1.18 0.65
3XR2min 345x 1072 0.63x1072  1.02x107!  0.52x 107! 1.10 0.53
3XR5min 326x1072  1.03x1072  1.08x10"!  095x 107! 1.48 1.01
3LRSnap 1.99x1072  042x1072  0.68x10~1  037x107! 0.87 0.50
3LR2min 244x 1072 049x1072  085x10~!  041x 107! 091 0.52
3LR5min 394x 1072 092x1072  137x107!  0.75x 107! 1.23 0.70
4SRSnap 357x 1072 064x1072  1.04x107'  0.56x 107! 1.12 0.67
4SR2min 343x 1072 066x1072  1.04x10~!  0.57x 107! 1.06 0.56
4SR5min 579x1072  1.10x1072  191x10"!  0.83 x 10! 133 0.81
3XR2minadv 290x 1072 0.75x 1072 096x 107! 0.65x 10~! 1.11 0.61
3XR5minadv 338x 1072 096x1072  1.10x10~!  0.88x 107! 1.28 0.89
3LR2minadv 139x 1072 071x1072  0.64x107!  0.64 x 107! 0.90 0.66
3LR5minadv 155x 1072 1.15x1072  085x107!  1.02x 107! 1.40 0.85
3XRSnap (limited area)  5.09 x 1072 129x 1072 1.53x 1071 1.08 x 10! 1.06 2.86
3XR2min (limited area) 4.73 x 1072 148 x 1072  1.69x 107!  1.20x 10! 0.86 0.96
3LRSnap (limited area) 224 x 1072 0.89x 1072 0.79x 107! 0.83x 10! 0.71 2.87
3LR2min (limited area) 2.19 x 102 128 x 1072  0.84x10~!  1.19x 10™! 0.81 0.88
4SRSnap (limited area)  5.83x 1072 1.11x 1072  1.74x 107! 0.94 x 10! 0.93 2.84
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Figure 6. Vertical profiles of (a) updraft fraction, (b) mass flux, and (¢) mean updraft velocity, with different thresholds of 5 ms~! (solid
lines) and 10 ms~—! (dashed lines) for the entire retrieval domain. Black lines represent the WRF snapshot at 12:18:00 UTC, dark gray lines
represent the WRF output averaged over 2 min from 12:18:00 to 12:19:40 UTC, and light gray lines represent the WRF output averaged over
5 min from 12:18:00 to 12:22:40 UTC. Red lines represent the 3FullGrid retrieval simulation.

The analysis in this study is presented in Figs. 6, 7, and 8
for the two different updraft thresholds: 5 ms~! (UFs, MFs,
ws) and 10ms™! (UF19, MFg, wig). Furthermore, a com-
parison limited to a smaller domain where the higher density
radar observations are available (squared area in Fig. 2) is
added (Fig. 7g—i). Each panel shows their profiles from the
WREF snapshot at 12:18:00 by a black solid line (threshold
of 5ms~!) and a black dashed line (threshold of 10ms~!)
for the comparison. Table 3 presents root-mean-square errors
(RMSEs) of UF, MF, and w profiles above 2km a.g.l. for all
experiments. In contrast to the number of coherent updraft
cores, the profiles of UF, MF, and w exhibit larger sensitivity
to the sampling parameters. In subsequent sections, a more
detail analysis of the impact of the different options in the
observational setup on the UF, MF, and w profiles are dis-
cussed.

Figure 6 compares the WRF snapshot at 12:18:00, the
WRF 2 min average, and the WRF 5 min average. The UF
profiles from both the WRF 2min average and the WRF
Smin average are in very good agreement with that from
the WREF snapshot; this consistency is also shown in MF
and w profiles (Fig. 6b and c, respectively), indicating that
the updraft properties are statistically similar throughout the
5 min in this case. Figure 6 also compares the profiles from
WREF outputs with those from the 3FullGrid simulation. As
expected, the UF profiles from 3FullGrid simulation are in
very good agreement with the WRF output for all thresholds
(Fig. 6a, RMSE < 0.004) but show an underestimation by
~0.01 at 5.3kma.g.l. For reference, 1 % difference in the
updraft fraction corresponds to 25km? for a 50km x 50km
retrieval domain. All the retrieved profiles of the coherent up-
draft fraction exhibit considerable differences from the WRF
output above 6kma.g.l. (Figs. 7 and 8). In general, the re-
trieved updraft fractions increase above 6 kma.g.1., while the
WREF output indicates that the updraft fraction decreases.

Figure 6b and ¢ show MF and w profiles, respectively,
from simulated wind retrievals for 3FullGrid together with
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those from the WRF output. The MF and w profiles in
Fig. 6b and c are coupled with updraft areas for updraft val-
ues larger than 10 m g1 (MF9, w1p) and for velocities larger
than 5ms—! (MFs, ws). For the WRF output, the peaks of
MF values are found at heights between 5 and 7kma.g.l.,
and the MFj( values are generally half of MFs. The 3Full-
Grid simulation (Fig. 6b) captures those features well, but
the maximum values at 5.25km a.g.1. are slightly underesti-
mated as MFs decreases by up to 0.05kgs™ ' m~2 (RMSE
of 0.02kgs™! m~2). Since the w values are well estimated
(RMSE of 0.15ms~! for ws), the underestimation is driven
by the small underestimation of UF (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 domain (Fig. 7a—f) or within the smaller domain
(square area in Figs. 2, 7g—i). For all updraft parameters in-
vestigated here (number of updraft cores, UF, MF, and w),
the 3LRSnap produces improved comparisons to the direct
model output, especially when limiting the evaluation area
to the center square domain. The comparison for the number
of cloud cores (Fig. 5) shows that 3XRSnap overestimated
above 6.5km. Figure 7a shows that UF5 values from the
3XRSnap are overestimated above 6.5 kma.g.l., while UFqg
values above 6.5 km are underestimated. These profiles in-
dicate that updraft areas of 5-10ms~! are overestimated for
the 3XRSnap retrievals, resulting in the overestimation of the
number of updraft cores. This feature is also shown in other
snapshots and 2 min VCP retrievals. The impact of a longer
time VCP is more pronounced in the UF retrievals than the
number of coherent updraft cores. As in the case for the pro-
file of the number of coherent updraft cores, the use of the LR
VCP improves the updraft fraction profile retrievals. The er-
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rors generally increase with height above 6 km a.g.1. This re-
sult is similar to the dual-Doppler-radar wind retrieval OSSE
study for supercell storms by Potvin et al. (2012b).

The UFjg values from the 3XRSnap simulation are un-
derestimated by 0.01 at 5-7kma.g.l. (~30% of the true
fraction, Fig. 7a) at higher altitudes above 5km. The mean
updraft velocities are also underestimated by 1 ms~! for
UFp above 5.5km (Fig. 7c). The underestimations in wjig
and UFj( profiles result in underestimation of MFjq, and
the maximum underestimation of 0.1 kgs~! m~2 is found at
6kma.g.l. For the threshold of 5 ms~ L, the overestimation
of UF5 above 7 km results in overestimation of MF5, while
the underestimation of the mean updraft velocity by 2ms™!
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above 4.5 km for UF5 leads to the underestimation of MF5 at
4.5-7kma.g.l. (Fig. 7b).

The mean updraft velocities for both UFjg (wip)
and UFs (ws) from 3LRSnap slightly increase above
6kma.g.l. (Fig. 7d). Consequently, the MFs profile is im-
proved as it increases at 4.5—7 km and decreases above 7 km
(Fig. 7e, 24 % decrease in RMSE). Similarly, the MF( pro-
file is also improved as it increases above 4.5 km, but it is still
underestimated by 0.05kgs~!m~2 at 5-9kma.g.l. (38 % de-
crease in RMSE). Compared to the same VCP periods, the
3LR retrievals also show similar improvements at 2 min VCP
and Smin VCP. These results suggest that the VCP with
dense elevation angles can improve the retrieval of strong
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updrafts with velocities larger than 10ms™! and is more ef-
fective at higher altitudes (> 8 km).

Substantially improved retrievals can be obtained in a re-
gion near the CF where data density from each radar is higher
(square region shown in Fig. 2). Figure 7g, h, and i show UF,
MEF, and w, respectively, for the square region. The UF, w,
and hence MF are improved for 3LR simulations in particu-
lar, where distances to the nearest data are mostly less than
0.2km (Fig. 2g and h). Although the profiles from 3XRSnap
and 4SRSnap are improved as they capture the peak at middle
altitude, the improvements are weaker than 3LR simulations
at higher altitudes, where the distances of the nearest radar
data points in the square region are similar to those from the
entire domain for XR (Fig. 2g and h). It is suggested that
the high data density should be considered as an indicator of
improved retrievals, as long as the scanning of the VCP is
completed in 2 min.

Increasing the number of Doppler radars in retrievals
would reduce the uncertainties as analyzed by Bousquet et
al. (2008) and North et al. (2017). Here we compare the
4SRSnap simulation with the 3LRSnap and 3XRSnap sim-
ulations (Fig. 8a—c, Table 3). The 4SRSnap retrieval cannot
significantly improve the UFs and UFj( profiles compared
to those from 3XRSnap, as well as the number of updraft
cores and w profiles, and hence MF. Lower spatial resolu-
tions of the C-SAPR VCP than that of the X-SAPR might
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induce more artifacts in the weaker updraft retrievals. The
lower-frequency radar (C-SAPR) can provide radar reflec-
tivity measurements that may be easier to correct for hy-
drometeor and radome attenuation (e.g., Kurri and Huusko-
nen, 2008). In this case, it is perhaps advantageous to use the
lower-frequency radar to cover the domain sampled by the X-
SAPR network. However, if additional radars of the same or
better spatial resolution and VCP are available, the network
architecture should be considered in order to maximize the
triple-Doppler-radar area by creating another sampling area
with triple-Doppler-radar observations.

3.3 Effect of VCP time period

The 2min and 5 min time period VCP retrievals are com-
pared to the snapshot retrievals to see how the VCP time
periods affect the updraft retrievals. For the 3XR retrieval
simulations, profiles of the number of updraft cores do not
show significant differences among 3XRSnap, 3XR2min,
and 3XR5min (Fig. 5b), consistent with small difference
among those from WRFSnap, WRF2min, and WRF5min.
This feature is also found in the 3LR simulations. However,
some differences can be found in Figs. 7a—c, d—f, and 8a—
showing updraft fractions, convective mass flux, and mean
updraft for 3XR, 3LR, and 3SR simulations. For updraft
threshold of both 10 and 5ms~!, 3XR2min and 3XRSnap
UF, w, and hence MF are in close agreement at all altitudes
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and even with WRF output (WRFSnap and WRF2min) be-
low 4.5km, as well as with 3LR and 4SR simulations. The
small impacts of the 2 min time period are also found for the
center square region (Fig. 7g—i). For 3XR5min and 3LR5min
simulations, however, UF|g and w1 are significantly under-
estimated at 4-9kma.g.l. (50%-110 % increase in RMSE
for UF o and 40 %-55 % increase in RMSE for wio from
snapshot simulations) when compared to the snapshot re-
trievals (3XRSnap and 3LRSnap, respectively). The differ-
ences from the 3XR5min simulation result in significant un-
derestimation of MF at middle altitudes. These differences
in UF and MF are also found even when comparing with the
WRF UF and MF profiles averaged over 5 min (WRFS5min).
These features are common in 3XR, 3LR, and 4SR simula-
tions.

The comparison of UF5, ws, and MFs for different time
periods from a given VCP show different features compared
to those for the larger updraft threshold. As discussed in
Sect. 3.2, the UFs profiles from the simulations are largely
overestimated above 6 km and cannot resolve a peak at mid-
dle altitudes. The difference becomes larger for the 5 min
VCP retrieval simulations. It is suggested that a longer VCP
time period tends to underestimate areas of larger updrafts
(> 10ms~!) and overestimate areas of weaker updraft (<
10ms~!). Conversely, w5 from 3XR5min is underestimated
above 5 km. These errors in UFs and ws from 3XR5min pro-
duce large underestimation of MFs at middle altitudes and
overestimation above 7 km. These features are also shown in
3LR5min and 4SR5min, but the underestimations of MFs at
middle altitudes are small since underestimation of wjs is rel-
atively small for 3LR5min or overestimation of UF5 is larger
for 4SR5min.

Overall, the impacts from the 2min VCP on the updraft
retrieval can be small, whereas the 5min VCP can signifi-
cantly intensify uncertainties, especially for stronger updraft
regions above 6 kma.g.l. This is likely due to small convec-
tive evolution in 2 min, while there is large evolution and ad-
vection in 5min as shown in Fig. 3. Potvin et al. (2012b)
also showed a similar result that the data sampling in 3 min
produced significant errors compared to a shorter time pe-
riod (1.5 min) and snapshot for supercell storms. Compared
to the 3XR and 4SR retrievals for each VCP time period (2
and 5 min), the 3LR2min and 3LR5min show better agree-
ments.

3.4 Effect of advection correction

As presented in the previous section, the longer time VCPs
emphasize the uncertainties at upper levels more. Because
profiles of the updraft properties from WRF output do not
change among the snapshot, 2 min average, and 5 min av-
erage, the differences found when comparing the simulated
retrievals for 2 and 5 min VCPs without advection correction
and those for the snapshot VCPs are probably associated with
(i) imposed advection and (ii) cloud evolution, rather than
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time change in the updraft properties. Advection will move
clouds and cause mismatch of cloud locations between PPI
scans from different radars and even from the same radar.
Meanwhile, cloud evolution alters vertical and horizontal dis-
tributions of hydrometeors and vertical velocity, resulting in
observing different cloud life stages by different PPI scans.
Both issues result in deformation of cloud structures and may
cause uncertainties in the wind retrieval algorithm, especially
if the mass continuity assumption is not satisfied adequately.
The cloud locations can be corrected using an algorithm pro-
posed by Shapiro et al. (2010a) as described in Sect. 2.4.4.
Here, we compare 2 and 5 min VCP experiments to which the
advection correction has been applied (2minadv, Sminadv)
with those without the advection correction and snapshot ex-
periments to see how the advection correction can improve
the retrievals using 2 and 5 min VCPs.

Figure 8d—f show UF, MF, and w profiles, respectively,
from the 2 and 5min VCP 3XR simulations corrected for
advection (3XR2minadv and 3XR5minadyv, respectively), to-
gether with those from the WRF snapshot and 3XRSnap. The
advection-corrected retrievals for the 2min VCP improve
these profiles well as they are closer to the WRF2min pro-
files and even to the snapshot retrieval (e.g., 16 % decrease
in RMSE of UFs from 3XR2min), while improvements are
not significant for the 5 min VCP. Very similar improvements
for the 2 and 5 min VCPs by advection corrections are found
in 3LR simulations with advection correction (not shown).

Figure 9 shows comparisons of vertical cross sections be-
tween wind retrievals obtained before and after applying the
advection correction for the updraft core shown in Fig. 3
(right column). Chosen vertical cross sections go through the
maximum updraft area at 7kma.g.l. For the 2 min VCP re-
trievals, regions of updraft values > Sms~! are significantly
corrected by the advection correction technique and maintain
the top-left to bottom-right tilt of the WRF updraft structure.
It is clear (Fig. 3c, f, i) that within 5 min the updraft struc-
ture has evolved not only in its tilt but also by the presence of
a downdraft near its lower levels. Thus, when using a 5 min
VCP, a completely different updraft structure is reconstructed
with different tilt and location of the maximum updraft ve-
locity. The difficulty in improving the updraft retrieval using
the advection correction, particularly for the 5min VCP, is
likely due to fast evolution of convective clouds. The rapid
evolution of the updraft structures simulated by the WRF is
consistent with that from other modeling studies where the
temporal evolution of the convective thermals can be signif-
icant over time periods larger than 2 min (e.g., Morrison et
al., 2015; Hernandez-Deckers and Sherwood, 2016).

4 Summary and conclusions
Convective motions affect microphysical processes and con-

trol the transport of moisture, momentum, heat, trace gases,
and aerosols from the boundary layer to the upper tropo-
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sphere. Accurate characterization of the convective trans-
port requires vertical air velocity retrievals in particular in
the middle and upper part of convective cloud systems, and
multi-Doppler-radar networks have been used to probe con-
vection and provide wind retrievals including vertical air mo-
tion estimates. While there is a plethora of studies illustrat-
ing the ability of multi-Doppler-radar observations to cap-
ture the low-level wind divergence and circulation, there is
little to show regarding the capability of this observing sys-
tem to capture the upper-level convective dynamics. This
study addressed potential observational sources of errors in
triple-Doppler-radar three-dimensional variational (3D-Var)
updraft retrieval using a sophisticated forward radar sim-
ulator (CR-SIM) with the WRF simulation output for an
MCS on 20 May 2011 during the Midlatitude Continen-
tal Convective Clouds Experiment (MC3E) for a domain
of 50km x 50km x 10km. An extensive sensitivity analysis
is conducted to investigate impacts of radar volume cover-
age pattern (VCP), the number of radars used for the multi-
Doppler-radar analysis, time periods for VCP (2 and 5 min),
and advection correction. An advection correction technique
proposed by Shapiro et al. (2010a) was applied to the 2 and
Smin VCP radar data. Updraft properties such as updraft
fraction, mass flux, and updraft magnitude profiles with two
different thresholds (5 and 10 ms™—"), from simulated multi-
Doppler-radar wind retrievals using three X-band scanning
ARM precipitation radars (X-SAPRs) are examined. The
number of updraft cores are also investigated with a thresh-
old of 5ms~! at each height. The analysis results presented
the following findings.
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— As the previous literature has pointed out, the updraft

fraction profiles from the simulated wind retrievals sug-
gested that the selected VCP elevation strategy and
radar sampling volume resolution affect uncertainties
in upper-level (> 4.5km) updraft retrievals, owing to
low density and low resolution of radar data attributed
to gaps between plan position indicator (PPI) elevation
angles and the radar sample volume increasing with dis-
tance from the radar. Those uncertainties increase with
height above 6kma.g.l. Overall in experiments using
VCPs, stronger updrafts > 10ms™' tend to be under-
estimated above 4.5 km, while areas of updrafts of 5—
10ms~! are overestimated above 6.5 km. This impacts
the retrieval of convective mass flux.

— Increasing the maximum elevation angle and the den-

sity of the elevation angles of the radar VCP (i.e., 60°
over elevation with 1° increments) can effectively im-
prove the updraft retrieval, whereas an addition of data
from a Doppler radar cannot significantly improve the
updraft retrievals if the added radar VCP has inferior
spatial resolutions.

— Shorter-duration (2 min or less) radar VCPs are critical

to producing high-quality vertical air motion retrievals.
The 2 min VCP has small impacts on the snapshot up-
draft retrievals, but the 5 min VCP induces an important
overestimation of areas of updrafts 5-10ms~! above
6.5 km, underestimation of updrafts > 10ms~! at 4.5
8 km, and overestimation of updrafts > 10 ms~! above
8-9 km.
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— The advection correction works to improve the updraft
fraction and mean updraft profiles as the profiles be-
come closer to those from the snapshot retrievals and
time-averaged updraft fields, but it is still challenging to
improve stronger updraft retrievals, especially for 5 min
VCP, due to the rapid deformation of the dynamical
structures in the simulated mesoscale convective sys-
tem. The magnitude of improvement by the increase in
elevation angles is larger than that by advection correc-
tion, even though the VCP needs 2 min. However, for
the increasing elevations taking 5 min, the improvement
is less than that from the original VCP completed within
2 min.

Gridding technique is also an important factor to determine
the uncertainties in the wind retrievals. Sophisticated grid-
ding techniques to cover the three-dimensional analysis do-
main at high spatial resolution, even for higher altitudes, tend
to suppress the uncertainty (e.g., Majcen et al., 2008; Collis
et al., 2010; North et al., 2017). Another error source that we
did not consider in this study is the hydrometeor fall speed
estimate, which is generally estimated from radar reflectivity.
The sophisticated attenuation correction techniques in partic-
ular for shorter wavelength radars (e.g., Kim et al., 2008; Gu
et al., 2011) and best estimates of hydrometeor fall speeds
(Giangrande et al., 2013) are required to reduce the wind re-
trieval uncertainties.

In brief, the retrieval of the high-quality vertical veloc-
ities in the upper part of convective clouds is very chal-
lenging, while the multi-Doppler-radar vertical velocity re-
trievals have been conventionally used to evaluate the CRM
simulated dynamical fields. Some of the CRM simulations
significantly overestimated compared to multi-Doppler-radar
vertical velocity retrievals (e.g., Varble et al., 2014; Fan et
al., 2017). The present study would suggest that the multi-
Doppler-radar retrievals for MCSs tend to underestimate the
strong updraft values at middle and upper levels and need to
be carefully used considering the limitations of the radar ob-
serving system. The assessment of the multi-Doppler-radar
retrieval presented in this study could vary for different storm
characteristics (e.g., isolated storm and less wind shear).

Although the present study focused on the ARM X-band
radar network, the similar dense radar network has been in-
stalled in several regions (e.g., Bousquet et al., 2007; Mae-
saka et al., 2011; Helmert et al., 2014), and field campaigns
targeting deep convection (past, ongoing, and future) would
be strongly motivated to install multiple Doppler radars
to observe vertical air motions in convective clouds. The
present analysis can give valuable information to improve
the observation strategies and decide optimized scan strate-
gies for the networks. Most of the improvements required in
the sampling strategy of the observing system (higher max-
imum elevation angle, higher density elevation angles, and
rapid VCP time period) can be accomplished using rapid
scan radar systems such as the Doppler on Wheels mobile
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radars (DOWs) or even phased array radar systems. However,
even when such rapid scan radar networks are available, the
multi-Doppler-radar retrieval spatial domain will be fairly
small compared to the entire radar network coverage. Despite
the limited domain, the observations do cover enough area to
track isolated convective updrafts and contain enough sam-
ples to derive reliable, low-uncertainty estimates of updraft
and downdraft properties in convective clouds. Spaceborne
radar systems with Doppler velocity capability such as the
Earth Clouds Aerosols and Radiation Explorer (EarthCARE;
Mlingworth et al., 2015; Kollias et al., 2018a) or future space-
borne radar concepts (Tanelli et al., 2018) are expected to
provide additional middle- and upper-level convective veloc-
ity observations, especially over the tropical oceans.
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