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Abstract. The U.S. Department of Energy (DOE) Atmospheric Radiation Measurement (ARM) program’s Southern Great

Plains (SGP) site includes a heterogeneous distributed scanning Doppler radar network suitable for collecting coordinated

Doppler velocity measurements in deep convective clouds. The surrounding National Weather Service (NWS) Next Gen-

eration Weather Surveillance Radar 1988 Doppler (NEXRAD WSR-88D) further supplements this network. Radar velocity

measurements are assimilated in a three-dimensional variational (3DVAR) algorithm that retrieves horizontal and vertical air5

motions over a large analysis domain (100 km × 100 km) at storm-scale resolutions (250 m). For the first time, direct eval-

uation of retrieved vertical velocities with those from collocated 915-MHz radar wind profilers is performed. Mean absolute

and root-mean-square differences between the two methods are on the order of 1 m s−1 and 2 m s−1, respectively. Moderate

time-height correlations on the order of 0.5 are also shown to exist between the two methods. An empirical sensitivity analysis

is done to determine a range of 3DVAR constraint weights that adequately satisfy both velocity observations and anelastic mass10

continuity. It is shown that the vertical velocity spread over this range is on the order of 1 m s−1. A similar sensitivity analysis

reveals that iterative multi-Doppler techniques have difficulty satisfying velocity observations and mass continuity simultane-

ously. These results provide a form of assurance in the use of 3DVAR retrieved vertical velocities for evaluating numerical

simulations of deep convective clouds.

1 Introduction15

The representation of deep convection at cloud resolving and global circulation model scales (CRMs and GCMs) remains a

serious challenge (Lin et al., 2006; Jakob, 2010). Part of the challenge can be attributed to the lack of comprehensive observa-

tions of dynamics and microphysics in these vigorous cloud systems (Ferrier, 1994; Milbrandt and Yau, 2005; Mrowiec et al.,

2012). In particular, cloud dynamical insights may provide necessary guidance for improving these simulations to storm scales

and act as a basis for improving convective parameterizations at GCM scales (Lang et al., 2007; Wu et al., 2009; Nicol et al.,20

2015).
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Despite the importance of vertical velocity measurements in deep convection, such measurements are not easy to acquire.

Aircraft penetration of convective clouds offer the most direct method to measure these vertical air motions (Lenschow, 1976),

however, practical hazards and operational costs have resulted in a valuable but limited dataset (e.g., Byers and Braham, 1948;

LeMone and Zipser, 1980; Donner et al., 2001). Profiling Doppler radars have a vertical velocity retrieval uncertainty on the

order of 1-2 m s−1 in convective clouds, thus offer a viable substitute for in situ aircraft measurements (Jorgensen and LeMone,5

1989; Cifelli and Rutledge, 1994; May and Rajopadhyaya, 1999; Williams, 2012; Heymsfield et al., 2010; Giangrande et al.,

2013a; Kumar et al., 2015). Furthermore, profiling radars provide a high degree of detail of convective clouds in both time and

height, and can sample even the most intense convective cores. However, profiling radars have a limited use in direct model

evaluation due to their narrow view of these large, three-dimensional systems.

Scanning Doppler radars and the use of multi-Doppler retrieval techniques may help overcome known in situ aircraft and10

profiling radar sampling limitations. In addition to improved statistics of deep convection, this measurement approach offers

the ability to document the three-dimensional structure of updrafts and downdrafts. However, the use of multi-Doppler retrieval

techniques is not straightforward. First, the number of radars in the network and their respective locations has a direct impact on

the retrieval quality. Second, distributed Doppler radar networks, including mobile radar deployments, are not widely available

or standardized. Operational radar networks tend to provide inadequate coverage throughout the depth of deep convective15

clouds, particularly at cloud top, necessary to properly constrain vertical velocity retrievals. Third, several multi-Doppler

retrieval techniques have been proposed. The various techniques can be categorized as either iterative or simultaneous based

on their treatment of mass continuity.

Iterative techniques solve the integral mass continuity equation throughout the column, contingent on known vertical velocity

boundary conditions at the bottom level (e.g., upwards integration) and/or top level (e.g., downwards integration) (e.g., O’Brien,20

1970; Ray et al., 1980; Protat and Zawadzki, 1999). This first requires an estimate of horizontal wind divergence at each level

made in a previous step, hence the non-simultaneity of iterative techniques (Dowell and Shapiro, 2003; Potvin et al., 2012a). By

their nature, iterative techniques propagate information in one direction, thus errors in horizontal wind divergence accumulate

throughout the column, which in turn leads to larger errors in vertical velocity (e.g., Ray et al., 1980).

Simultaneous techniques treat mass continuity similar to other analysis constraints by inserting it directly into the cost func-25

tion. This avoids accumulation of errors throughout the column since mass continuity is analyzed everywhere simultaneously.

Moreover, these techniques are known to mitigate retrieval instabilities in poorly constrained regions like the dual-Doppler

radar baseline (Bousquet and Chong, 1998; Dowell and Shapiro, 2003). Since simultaneous techniques are by definition

3DVAR techniques, we will refer to them as such throughout the remainder of this study.

Several studies have investigated multi-Doppler wind retrieval uncertainties by identifying or utilizing (i) importance of30

Doppler radar measurement errors and beam geometry (e.g., Doviak et al., 1976; Nelson and Brown, 1987; Matejka and

Bartels, 1998) (ii) influence of radar data objective analysis (e.g., Clark et al., 1980; Gal-Chen, 1982; Testud and Chong, 1983;

Chong et al., 1983; Given and Ray, 1994; Majcen et al., 2008; Shapiro et al., 2010; Collis et al., 2010) and (iii) observing

system simulation experiments (OSSEs) (e.g., Fanyou and Jietai, 1994; Gao et al., 1999; Liou and Chang, 2009; Potvin et al.,
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2012b; Potvin and Wicker, 2012). However, few studies have explored practical retrieval performance to other independent air

motion estimates from aircraft or ground-based profiling radars (e.g., Collis et al., 2013; Newsom et al., 2014)

While 3DVAR wind retrievals have been studied using OSSEs, an implementation, verification and sensitivity analysis

on actual datasets is noticeably missing. The ARM SGP site in Oklahoma provides an excellent opportunity to investigate

the benefits and relevant issues associated with multi-Doppler wind retrievals (Mather and Voyles, 2012). The SGP site was5

recently upgraded to include the installation of a distributed scanning Doppler radar network. The wind retrievals presented in

this study were derived from scanning radar data collected during the Midlatitude Continental Convective Clouds Experiment

(MC3E), a joint field campaign between the DOE ARM program and the National Aeronautics and Space Administration

(NASA) Global Precipitation Measurement (GPM) mission Ground Validation (GV) program (Jensen et al., 2015a). This

campaign also featured the deployment of four radar wind profilers, each operating in a novel deep convective mode (Tridon10

et al., 2013; Giangrande et al., 2013a). The four radar wind profilers were optimally placed within the scanning radar network

to provide independent validation for the multi-Doppler vertical air motion retrievals.

The remainder of this paper is organized as follows. A description of the dataset and radar data processing is presented in

Section 2. Section 3 provides the background for 3DVAR wind retrievals from multiple scanning Doppler radars. Retrieval

sensitivity and a method for producing physically sound wind fields is discussed in Section 4. Section 5 presents 3DVAR wind15

retrieval results in the context of how they compare with those from independent collocated radar wind profilers as well as with

an iterative upwards integration method. Section 7 is reserved for summary and concluding remarks.

2 Dataset and radar processing

The MC3E took place during April-June 2011 in northern Oklahoma and surrounding states. A total of five events from MC3E

were analyzed for this study and are listed in Table 1. These events represent a variety of warm season convection over Okla-20

homa, including nocturnal elevated convection (25 April 2011), widespread stratiform precipitation with embedded convection

(11 May 2011), mesoscale convective system (MCS) and associated squall line (20 May 2011), and isolated severe super-

cell thunderstorms (23-24 May 2011). The approximate time frame defining each event reflects profiling radar observations

recorded at the SGP Central Facility (CF).

2.1 ARM radar network25

The ARM SGP site features a network of scanning Doppler and dual-polarization radars capable of providing coordinated

coverage of cloud systems over a large domain. The locations of scanning and profiling radars around the SGP CF during

MC3E are shown in Fig. 1. The radar facility includes a 6.3-GHz C-band scanning ARM precipitation radar (CSAPR) and

three 9.4-GHz X-band scanning ARM precipitation radars (XSAPRs). During the MC3E, a specific deep convection volume

coverage pattern (VCP) was implemented in an attempt to provide dense coverage throughout the depth of typical warm season30

Oklahoma convection. The technical specifications of the ARM scanning radars are listed in Table 2.
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Data were calibrated and processed according to several standard methods in the literature, including a conventional dual-

polarization reflectivity correction for attenuation in rain appropriate for the ARM C-band radar (Bringi and Chandrasekar,

2001; Giangrande et al., 2013b, 2014; Helmus and Collis, 2016). Aliased radial velocity measurements were corrected using

the four-dimensional technique described in James and Houze (2001). Similar to Collis et al. (2013), this technique was applied

iteratively using multiple wind profiles from the MC3E radiosonde network to produce robust results (e.g., Jensen et al., 2015b).5

Finally, each radar volume was manually inspected to check for conspicuous errors and artifacts.

Following these standard procedures, radar data were mapped to a common Cartesian analysis domain. The domain for this

study covers 100 km x 100 km x 10 km in meridional, zonal, and vertical extent, respectively, with 250 m grid spacing in each

dimension. The horizontal area covered by the grid approximately encloses all available XSAPR coverage as shown in Fig. 1,

with the SGP CF located at the origin. Since the surface elevation of the analysis domain varies less than 30 m over its entire10

extent, this study neglects nuances associated with complex terrain (e.g., Chong and Cosma, 2000; Liou et al., 2011). Radar

data are mapped using a two-pass isotropic Barnes distance-dependent weight with a constant smoothing parameter κ= 2 km2

and convergence parameter γ = 0.5 (e.g., Trapp and Doswell, 2000; Majcen et al., 2008),

Wi,q(d) = exp

(
−d2

i,q

κγp−1

)
∀ i= 1, . . . ,n and q = 1, . . . ,Q (1)

Here Wi,q is the weight for grid point i and radar gate q separated by distance d for pass p= 1 or 2. The cutoff distance15

defining the Q closest radar gates is the distance where the weight effectively vanishes, which is d≈ 4 km. Several choices for

weighting functions and their free parameters are found throughout the literature (e.g., Cressman, 1959; Barnes, 1964; Pauley

and Wu, 1990; Askelson et al., 2000, 2005; Askelson and Straka, 2005; Trapp and Doswell, 2000), however the weighting

function used in this study is desirable for the preservation of phase and amplitude information of the input radar data, as well

as its relative insensitivity to the spatial characteristics of the input data (Trapp and Doswell, 2000).20

Four 915-MHz UHF-band ARM zenith-pointing radar wind profilers (UAZRs) were placed within the scanning radar net-

work and their locations are also shown in Fig. 1. The technical details of the radar wind profilers running in a novel convection

mode during MC3E are also given in Table 2. Vertical air motion retrievals from the wind profilers follow the method outlined

by Giangrande et al. (2013a) and are assumed accurate to within 1-2 m s−1 in deep convective drafts. An example of UAZR

observations of convective clouds observed on 25 Apr 2011 and the corresponding vertical air motion retrieval are shown in25

Fig. 2. The scales of motion resolved by the UAZRs are inherently different than that of the scanning radars, requiring the

UAZR data to be filtered in time-height before any comparison with scanning radar retrievals can be made (see Section 5).

2.2 NEXRAD WSR-88D network

The NEXRAD WSR-88D S-band radar network surrounding the SGP site provides additional coverage and robust reflectivity

measurements for each event listed in Table 1. This is especially true for 11 May 2011, where CSAPR-I7 was nonoperational30

yet WSR-88D reflectivity measurements were available and less susceptible to attenuation in rain than the XSAPRs.
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The closest WSR-88D site to the SGP CF is Vance Air Force Base (KVNX), located approximately 56 km west of the

CF (see Figure 1). This relatively large distance, coupled with the 0.5 deg base elevation scan of KVNX, ensures that its

transmitted pulses are already 1 km above the surface directly over the CF. Figure 3 shows the nearest neighbour distance

between radar gates and grid points for the 20 km x 20 km surrounding the CF assuming standard atmospheric refraction and

Earth curvature (e.g., Doviak and Zrnić, 1993). The circular features seen in most cross sections are a result of discrete elevation5

scans. Between the surface and 2 km AGL the ARM radars have enhanced coverage compared to KVNX. In particular, the

ARM radars provide coverage that is ideal for characterizing the planetary boundary layer (PBL) since nearest neighbours are

typically less than 150 m away from each other within this layer. At heights above approximately 2 km AGL, KVNX becomes

increasingly valuable, especially for grid points close to and directly above the ARM radars. The dark red shades (d≥ 2 km)

seen in the XSAPR panels of Fig. 3 highlight the radar cone of silence, a measurement gap due to no elevation scans past 5010

deg (see Table 2).

3 3DVAR wind retrieval methodology

Results presented in this study capitalize on the physical constraints of radial velocity observations, anelastic mass continuity,

surface impermeability, background wind field, and spatial continuity. Assuming u = [u1, . . . ,un], v = [v1, . . . ,vn], and w =

[w1, . . . ,wn] are the eastward, northward, and vertical wind components respectively, we have the cost function15

J(u,v,w) = Jo + Jc + Jp + Jb + Js (2)

The optimal wind field solution is at the (global) minimum of J which implies the gradient of J with respect to u, v, and

w vanishes. For applications requiring large-scale (e.g., 1 × 106 variables) nonlinear cost functional minimization, it is often

necessary to use an iterative conjugate-gradient algorithm (Navon and Legler, 1987). In Gao et al. (1999), where a similar

cost function and conjugate-gradient minimization algorithm were used, u and v were found to be well recovered within the20

first 50 minimization iterations, however w lacked both coherency and strength until 200+ iterations. We use these values as a

reference point for the minimum number of iterations required to minimize Eq. (2).

3.1 Radial velocity observations: Jo

With radial velocity observations ṽr defined on the same n-point grid there is no need for an observation operator found in

general 3DVAR schemes, and the observation constraint in Eq. (2) is instead given by25

Jo =
1
2

m∑

l=1

[
(vr − ṽr)T Λo (vr − ṽr)

]
(3)

The sum is over the m radars used in the retrieval. Λo is an n×n matrix analogous to the inverse observation error covariance

matrix in general 3DVAR schemes with two assumptions. The first is observation errors are uncorrelated meaning Λo is a
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diagonal matrix (this assumption extends to all other constraints as well). The second is that radial velocity observations are

weighted according to maximum value of Eq. (1) during first pass. This naturally gives more weight to CSAPR and XSAPR

observations within the PBL, and effectively ignores mapped observations propagated into sampling gaps such as the cone of

silence. Elements of retrieved radial velocity vr are

vri
= (ui sinφi + vi cosφi)cosθi + (wi−wti

)sinθi ∀ i= 1, . . . ,n (4)5

where φ and θ are radar azimuth and elevation pointing directions, respectively, and wt is the bulk hydrometeor fall speed

parameterized using radar reflectivity, temperature, and air density (Caya, 2001). Retrieved wind fields have been shown to be

quite insensitive to the choice of fall speed parameterization (e.g., Potvin et al., 2012b).

Radial velocity observations collected from two or more radars sampling the same convective cloud system are used in

Eq. (3). The radial velocity observations are assumed to be closely matched in time. We required that (a) both KVNX and10

CSAPR-I7 be available (except 11 May 2011) and initiate a volume scan two minutes or less apart, and (b) any complementary

XSAPR input initiate from a volume scan two minutes or less from either KVNX or CSAPR-I7. These criteria ignore the issues

associated with the advection and evolution of the cloud system (e.g., Gal-Chen, 1982; Shapiro et al., 2009).

3.2 Anelastic mass continuity: Jc

Anelastic mass continuity is known to be an adequate assumption in deep moist convection (e.g., Ogura and Phillips, 1962;15

Lipps, 1990). The general form of the mass continuity constraint is given by

Jc =
1
2
L2DT ΛcD (5)

where elements of D are the anelastic mass continuity term,

Di =
wi

ρi

∂ρi

∂z
+
∂ui

∂x
+
∂vi

∂y
+
∂wi

∂z
∀ i= 1, . . . ,n (6)

and all vanish if anelastic mass continuity is perfectly satisfied. L is a length scale inserted to unify the dimensions and20

magnitude of Jc with Jo (e.g., Legler and Navon, 1991; Bousquet and Chong, 1998; Shapiro et al., 2009). For this study we

set L= 250 m, which is the grid spacing. In Eq. (6) ρ is air density derived from the MC3E radiosonde profiles.

Note that for iterative techniques, the vertical extent of the analysis domain controls the possible integration directions. If

cloud tops are not adequately contained within the domain, a top boundary condition becomes impossible to define, making

downwards integration impractical. For warm season convective clouds in Oklahoma, a domain extending upwards of 15 km25

AGL may be necessary in order to use downwards integration, however these heights are poorly sampled by the scanning radar

network and therefore poorly constrained by observations (see Fig. 3). Furthermore, (Collis et al., 2010) showed that radar

mapping artifacts aloft where radar coverage is poor leads to minimum vertical velocity errors on the order of 2 m s−1 at these

heights. This is the primary reason for capping our analysis domain at 10 km AGL.

6
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3.3 Surface impermeability: Jp

Surface impermeability dictates that w must vanish at the surface so we write

Jp =
1
2
wT Λpw (7)

It is treated as a pseudo strong constraint by heavily weighting its impact on surface grid points; non-surface grid points should

not be influenced and their weights in Λp are set to zero.5

3.4 Background wind field: Jb

Including a background constraint helps promote a wind field solution in data-sparse regions based on additional observations.

The background horizontal wind components ub and vb are typically those from radiosonde profiles. Since vertical velocity

information is unavailable from these sensors, the background constraint is written as

Jb =
1
2
[
(u−ub)T Λb(u−ub) + (v−vb)T Λb(v−vb)

]
(8)10

Since ub and vb are assumed to be free of systematic errors, they are given the same weight Λb.

3.5 Spatial continuity: Js

The spatial continuity constraint is essentially a low-pass filter designed to dampen high frequency perturbations in the wind

retrieval. Similar to Gao et al. (1999), we define this constraint as,

Js =
1
2
L4
[(
∇2u

)T
Λsu∇2u +

(
∇2v

)T
Λsv∇2v +

(
∇2w

)T
Λsw∇2w

]
(9)15

In addition to reducing noise, Eq. (9) is able to extrapolate a wind field solution into data-sparse or poorly constrained regions.

For instance, it may encourage usable solutions along the dual-Doppler baseline or add retrieval value to regions in close

proximity to or directly above a radar (Bousquet and Chong, 1998).

4 Empirical wind retrieval sensitivity analysis

Typically the constraint weight matrices found in Eq. (3)-(9) are treated as adjustable parameters, controlling the degree to20

which each constraint influences the final solution. In essence, the values prescribed to each weight are often determined

through trial and error (e.g., Gao et al., 1999). Fundamentally, there exists a range of values for each weight that produces

a physically sound wind field. A thorough sensitivity analysis could be used to determine this parameter space, but this is

often ignored because studies typically consider theoretical wind retrieval performance by comparing it to a known truth field

7
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(e.g., model output in an OSSE). The weights that minimize the residual error between the retrieved and truth wind fields

are then adopted (e.g., Gao et al., 1999; Potvin et al., 2012a). For applications involving real radar datasets where no truth

field is available, one must consider (i) determining the parameter space which produces physically sound wind fields (ii)

characterizing the solution spread within the parameter space determined by (i).

This section addresses these two points through an extensive sensitivity analysis within the experimental domain indicated5

by the dashed blue box in Figure 1. This domain has the same 250 m grid spacing and vertical extent as the larger domain, but

covers a smaller horizontal area of 20 km x 20 km. Utilizing a smaller domain for the sensitivity analysis reduces processing

time and allows for the isolation of specific cloud type regimes (e.g., convective versus stratiform). Since convective air motion

retrievals are the primary interest of this study, the sensitivity analysis was done during a time when intense convection filled

the experimental domain on 23 May 2011, using scanning radar observations valid between 2236-2243 UTC.10

Point (i) is addressed by answering the following two questions. The first is how well does the wind retrieval satisfy radial

velocity observations? The second is how well does the wind retrieval satisfy anelastic mass continuity? The second question

is particularly important in the context of numerical modeling and convective parameterizations.

The wind retrieval is said to satisfy the radial velocity observations of one or more radars if the root-mean-square difference

(RMSD) between the two is within the uncertainty estimate of the observations themselves. Since it is impractical to account15

for all sources of error inherent in mapped radial velocity observations, we establish a range of uncertainty and require the

RMSD to be within this range. Radial velocity measurement error in regions of low signal-to-noise ratio and large Doppler

spectrum width can be as high as 0.5 m s−1. The additional uncertainty introduced when mapping irregular radial velocity data

to a regular grid is estimated to be on the order of 1 m s−1. Therefore, we consider the wind field to satisfy radial velocity

observations if it produces a RMSD with one or more radars within 0.5-1.5 m s−1, computed over the entire analysis domain.20

To determine the degree to which the wind field satisfies anelastic mass continuity, we define the normalized mass continuity

residual as

NMCRi =D2
i

[(
wi

ρi

∂ρi

∂z

)2

+
(
∂ui

∂x

)2

+
(
∂vi

∂y

)2

+
(
∂wi

∂z

)2
]−1

∀ i= 1, . . . ,n (10)

where Di is given by Eq. (6). As NMCR approaches zero, anelastic mass continuity becomes perfectly satisfied. However, this

is not necessarily desirable since it is still an underlying assumption. Therefore, we propose a range for NMCR, averaged over25

the entire analysis domain, between 1-10%, whereby anelastic mass continuity is said to be adequately satisfied.

The response of CSAPR-I7 ṽr RMSD and NMCR to perturbing multiple constraint weights is analyzed, the results of

which are shown in Fig. 4. The sensitivity of these two metrics to continuity-background weights is shown in Fig. 4a-b. What

is immediately evident in Fig. 4a is the strong dependence of ṽr RMSD on Λb, with little to no dependence on Λc. Even

with only a factor of two increase in Λb, the wind retrieval diverges substantially from the radial velocity observations and30

converges towards the background wind field. As Λb→ 0.5, CSAPR-I7 ṽr RMSD approaches the specified upper limit of

1.5 m s−1. This is important to note since proponents of 3DVAR methods have reported the relative insensitivity of retrievals

to minor changes (e.g., not orders of magnitude) in constraint weights (e.g., Gao et al., 1999; Potvin et al., 2012a). However,

8
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in Fig. 4b, Λb has a decreased effect on the degree to which the wind retrieval satisfies mass continuity. As expected, this is

primarily controlled by Λc, not only within the continuity-background parameter space but also in the continuity-smoothness

parameter space shown in Fig. 4c-f. NMCR is particularly sensitive to Λc when Λc < 250. Outside of this range, NMCR is

generally more stable with respect to Λc and NMCR is typically less than 20%. However, as seen in the right column of Fig.

4, in order to obtain NMCR ≤ 5%, Λc must generally be 500 or larger.5

A similar sensitivity analysis was done for an iterative upwards integration technique, the results of which are shown in Fig.

5. Similar to the 3DVAR results in Fig. 4a, CSAPR-I7 ṽr RMSD is highly dependent on Λb and less so on Λc, however for

Λc > 5 there is a sharp increase in ṽr RMSD up to approximately 3 m s−1, well outside the 1.5 m s−1 upper limit. In fact, the

parameter space in which ṽr RMSD is below 1.5 m s−1 is very small, and when looked at together with NMCR, no continuity-

background parameter space exists in which both metrics are reasonably satisfied for an iterative upwards integration technique.10

It is worth noting that as Λc is increased, NMCR appears to asymptote towards a value between 10-15%. This indicates that

even in the parameter space where radial velocity observations are effectively ignored (e.g., ṽr RMSD greater than 3 m s−1),

iterative upwards integration techniques still have difficulty properly satisfying mass continuity. Results were also poor for the

continuity-smoothness sensitivity analysis, in particular they were more unstable, and therefore they are not shown. Therefore,

we do not expect iterative upwards integration wind retrievals to necessarily satisfy mass continuity, however, radial velocity15

observations should be reasonably satisfied.

Unlike the continuity-background sensitivity analysis, both metrics appear highly unstable in certain regions of the continuity-

smoothness parameter spaces investigated in Fig. 4c-f. For Λsu and Λsv, which control the degree of smoothing of the hori-

zontal wind components in Eq. (9), CSAPR-I7 ṽr RMSD becomes unstable as these two weights approach values of 400 and

larger. A similar phenomenon occurs for NMCR in Fig. 4d. These highly unstable regions of the parameter space are likely the20

result of nonlinear effects introduced by the squared second order partial derivatives defined in Js and should be avoided alto-

gether. For values of Λsu and Λsv below approximately 100, CSAPR-I7 ṽr RMSD is within 1.5 m s−1 and relatively stable.

However, the parameter space in which this holds true gradually shrinks as Λc increases towards 1000. Mass continuity is also

adequately satisfied for Λsu = Λsv < 100 and Λc > 250, with NMCR typically less than 10%. Results for Λsw are similar to

those of Λsu and Λsv except for one aspect. Since Λsw controls the degree of smoothing of the vertical wind component in25

Js, it has little influence on CSAPR-I7 ṽr RMSD since the vertical wind component is generally not well sampled by scanning

radars. This manifests itself in Fig. 4e, which shows CSAPR-I7 ṽr RMSD to have much less dependence on Λsw compared

to Λsu and Λsv. A summary of the findings from this sensitivity analysis is recorded in Table 3.

4.1 Vertical velocity solution spread

Each panel in Fig. 4 contains over 2000 wind field realizations, each of which was concurrently saved. Therefore, we compute30

the 3DVAR vertical velocity solution spread from these thousands of realizations, allowing us to address point (ii) above. It was

found that within the range of constraint weights defined in the analysis column of Table 3, the vertical velocity solution spread

was relatively narrow at 1.5 m s−1. This provides a form of uncertainty estimate for the 3DVAR wind retrievals presented in
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this study. It follows that we expect the 3DVAR vertical velocity retrievals to be relatively stable over a large range of constraint

weights, with an uncertainty estimate on the order of 1-2 m s−1.

5 Evaluation with collocated profiling radars

Wind fields retrieved from scanning Doppler radars, with an emphasis on vertical air motion, have not faced critical evaluation

against independent observational datasets. Collis et al. (2013) recently compared iterative dual-Doppler wind retrievals in5

tropical convection with those from a collocated dual-frequency wind profiler. However, because of the suboptimal location of

the wind profiler near the dual-Doppler baseline, several assumptions had to be made before evaluating the two datasets.

Inherent differences between profiling and scanning radar observations restrict a direct comparison between the two datasets.

The primary differences are related to temporal and spatial alignments of sampled radar volumes, beam broadening effects, and

potential radar miscalibration. The 6 s temporal resolution of the UAZR dataset is considerably higher than that of the scanning10

radars, which return to the same location every 6-7 minutes. Furthermore, the 120 m vertical resolution of the UAZR dataset

is higher than the discrete elevation sampling of the scanning radars, especially for higher elevation scans where consecutive

elevations are separated by more than 5 deg. Beam width and beam broadening effects must also be taken into account.

Therefore a two-dimensional time-height median filter is first applied to the UAZR dataset in order to remove high frequency,

time-dependent phenomena and small-scale turbulent structures unresolvable by the scanning radars. We use a filter that is 6115

time profiles in width (6 minutes) by 7 range gates (840 m) in height.

Using the time record and the fixed location of the UAZRs, the closest grid column in space and time is identified. Surround-

ing each identified grid column we define a radius of influence Rs set to 750 m, implemented to account for the spatiotemporal

sampling differences between the two datasets, as well as the advection of the cloud system. At each grid level, the median

value within Rs is used as the best estimate, and the range of values within Rs are used to estimate the variability (e.g., spatial20

uncertainty) of the scanning radars. Similarly, at each UAZR range (height) gate, the median value within the time window

of the corresponding scanning radar data (herein the valid time) is used as the best estimate for the UAZR, and the range of

UAZR values within the valid time is used to characterize its variability. Several common error statistics are used to com-

pare the two datasets: mean bias error (MBE), mean absolute error (MAE), root-mean-square error (RMSE), Spearman’s rank

correlation (ρ), and the Pearson product-moment correlation (r). Difference statistics are computed subtracting UAZR from25

scanning radar, so a negative bias implies the scanning radar dataset underestimated the corresponding UAZR dataset.

5.1 Radar reflectivity comparisons

The comparison criteria are evaluated by comparing radar reflectivity ZH measurements observed by UAZR-C1 with those

from CSAPR-I7. These measurements are more direct, and the two radars are calibrated. The UAZR receiver is known to

saturate below 1 km range in heavy precipitation (e.g., ∼ 45 dBZ at 1 km range), therefore comparisons are performed above30

this level. Below the melting layer, the two ZH time series are moderately correlated, with ρ and r typically above 0.8 and 0.6,

respectively, and MAE below 3 dBZ. Table 4 provides a summary of each comparative statistic at three characteristic heights

10

Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016-269, 2016
Manuscript under review for journal Atmos. Meas. Tech.
Published: 1 September 2016
c© Author(s) 2016. CC-BY 3.0 License.



for all events. The characteristic heights represent those below the melting layer (2 km AGL) and above the melting layer (6-8

km AGL). We note that the comparisons typically deteriorate within the melting layer (2.5-3.5 km AGL) due to additional

wavelength-dependent scattering phenomena.

Figure 6 shows the ZH time series of both CSAPR-I7 and UAZR-C1 at the three characteristic heights on 20 May 2011.

The two datasets are visually highly correlated, with correlation coefficients typically above 0.8, MAE below 2.5 dBZ, and5

RMSE below 3.8 dBZ. This particular event included the formation and subsequent passage of a squall line directly over

CSAPR-I7 around 1040 UTC. The large ZH difference between CSAPR-I7 and UAZR-C1 between 1030-1100 UTC is a

result of radome-induced attenuation effects on the measured CSAPR-I7 reflectivities. This highlights the need to incorporate

observations from a longer-wavelength radar such as KVNX which is less susceptible to radome and path attenuation in heavy

rain. To demonstrate this, KVNX ZH is superimposed in Fig. 6 exclusively between 1000-1100 UTC to show the improvement10

it offers in ZH observations of the squall line.

Overall, the ZH comparisons shown here indicate that these two independent datasets are reasonably well matched. As a

final note, the observed discrepancies between ZH as indicated by both the MAE and RMSE values in Table 4 are arguably

comparable to the limit one may be able to reliably calibrate radar systems using natural media under Oklahoma conditions

(Ryzhkov et al., 2005; Giangrande and Ryzhkov, 2005).15

5.2 Vertical air motion comparisons

The 25 April 2011 event was the first coordinated aircraft-ground precipitation mission during MC3E. Convective cells devel-

oped during the nighttime across northern parts of Oklahoma and along an elevated front, aided by mid to upper-level ascent

associated with the passage of an upper-level trough. The convective cells were relatively shallow in depth. Figure 7a shows

the time-height of vertical air motion retrievals and corresponding reflectivity from UAZR-C1. The closest available 3DVAR20

retrieval and its reflectivity field are shown in Fig. 7b-e. The 3DVAR retrieval used scanning radar observations recorded be-

tween 0916-0924 UTC, spanning a total of 8 minutes. The most prominent feature in both retrievals is the elevated updraft

with an apparent base extending slightly below 4 km AGL, a depth of 5-6 km, and an intensity greater than 8 m s−1. The local

system advection speed was estimated to be 18 m s−1 by Giangrande et al. (2013a), with a north-northeast direction inferred by

comparing successive CSAPR-I7 reflectivity displays. Therefore the time axis in Fig. 7a was reversed to better represent what25

the updraft retrieved by UAZR-C1 would look like in the north-south vertical cross section in Fig. 7e. The base of the updraft

retrieved by UAZR-C1 is first seen at approximately 0923 UTC, which is near the end of the 3DVAR valid time window.

The base of the updraft in the 3DVAR retrieval is approximately 2 km south of UAZR-C1, and with the prescribed system

motion would pass over UAZR-C1 2 minutes later. This 2 minute (2 km) offset is consistent with the UAZR-C1 retrieval if we

assume that the 3DVAR retrieval is valid at 0921 UTC, which is within the valid time. The two independent vertical air motion30

retrievals are qualitatively consistent with one another in terms of the relative location of the main updraft, its base height and

depth, and its overall intensity.

A more direct time-height comparison between these two methods for the same event covering 0900-1045 UTC is provided

in Fig. 8. In this case, the UAZR-C1 data has been filtered using the 61 x 7 time-height median filter. The elevated updraft seen
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in Fig. 7 is easily identifiable in the 6 km and 8 km AGL panels between 0915-0930 UTC for both retrievals, with each showing

the updraft strength to be stronger at 8 km rather than 6 km AGL. Visually the two retrievals are reasonably correlated at each

height, with r = 0.51 and MAE less than 2 m s−1 at 6 km AGL (Table 5). The updraft retrieved by the 3DVAR method as seen

in Fig. 7 that was offset by approximately 2 minutes (2 km) from the UAZR-C1 location is well-captured by the 3DVAR error

bars between 0915-0930 UTC in Fig. 8b-c. Table 5 reports the remaining errors and correlations between the two methods5

for this event. At most characteristic heights, vertical velocity bias is near 0.5 m s−1 and absolute error is less than 2 m s−1.

This is negligible when considering the inherent differences between the two methods and the small percent error this would

suggest between intense convective drafts (e.g., 10-20 m s−1). The correlation coefficients are moderate at heights 6 km AGL

and below (not all shown), with values of ρ and r between 0.4 and 0.6. At higher altitudes such as 8 km AGL, correlations

are weaker and errors are larger, likely the result of the elevated nature of this event and thus the stronger dynamics aloft. That10

said, the vertical air motion time series at 8 km AGL still appears to show some skill between the two methods, with a bias less

than 0.5 m s−1 and 3DVAR error bars indicating a better correlation than is otherwise shown at this height in Table 5.

The 20 May 2011 event was the longest lived propagating MCS sampled by the scanning radar network during MC3E.

UAZR-C1 observed leading stratiform precipitation and shallow convection throughout 0600-1000 UTC, followed by deep

convection between 1000-1100 UTC which ultimately produced a large region of trailing stratiform precipitation that existed15

over UAZR-C1 for another 4-5 hours. The most interesting feature of this event from a wind retrieval standpoint was the devel-

opment of a well-organized squall line, passing over UAZR-C1 around 1040 UTC. Similar to Fig. 8, the temporal comparisons

at three characteristic heights between UAZR-C1 and 3DVAR wind retrievals for this event are shown in Fig. 9, covering the

6 hours between 0700-1300 UTC. Strong upwards motion associated with the squall line surface convergence zone is imme-

diately visible at the 2 km AGL time series in Fig. 9a for both methods. The 3DVAR vertical velocities near this time at 220

km AGL reach upwards of 13 m s−1, similar to the instantaneous, unfiltered values retrieved by UAZR-C1 (not shown). The

large range of vertical velocities in Rs (e.g., ∼ 8 m s−1 at 2 km AGL) between 1015-1045 UTC are an indication of the strong

dynamics associated with the squall line. Overall there is good agreement between the two methods surrounding the squall line

as well as throughout the rest of the 6 hour period. Vertical velocity correlations as high as 0.7-0.8 were found at select heights

between 2 km and 8 km AGL (not shown), with the entire event producing a moderate correlation of r = 0.5 (see Table 5).25

Vertical velocity errors were also relatively small, with biases approaching 0.3 m s−1, absolute errors generally smaller than 1

m s−1, and root mean square errors below 1.5 m s−1.

The 23 May 2011 event was part of an active sequence of severe convective outbreak days over the central plains. A surface

low pressure system located over the Texas panhandle and the associated surface boundaries were focal points for late afternoon

convection. The environmental forcing coupled with strong daytime heating led to significant instability in addition to deep30

layer shear consistent with the eventual development of strong, discrete supercells. Convection captured within the analysis

domain developed ahead of a surface dry line in western Oklahoma, coinciding with the passage of a shortwave trough.

Supercells propagated eastward into the analysis domain by 2100 UTC, with UAZR-I9 observing intense, deep convection

between 2200-2300 UTC. Near 2235 UTC, UAZR-I9 retrieved strong downdrafts reaching the surface with magnitudes larger

than 8 m s−1, with the core of the downdrafts increasing in height in the 8-10 minutes that followed. These results are shown35
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in Fig. 10a. The closest available 3DVAR retrieval, valid between 2236-2243 UTC, is shown in Fig. 10b-e. Due to the east-

northeast propagation of the local cloud system, the time axis in Fig. 10a was reversed to better reflect the east-west cross

section through the 3DVAR retrieval in Fig. 10d. Cloud advection speed was estimated to be 17 m s−1, indicating that the

total downdraft feature retrieved by UAZR-I9 between roughly 2235-2245 UTC (10 minutes) covered approximately 10 km

in length. This length is consistent with the east-west length of the total downdraft feature retrieved by the 3DVAR method in5

Fig. 10d, which covers the zonal length roughly between x = -6 km and x = 4 km. Furthermore, the behaviour of the retrieved

3DVAR downdraft is consistent with that of UAZR-I9, namely a surface bound downdraft which appears to elevate as time

(displacement) increases.

6 3DVAR versus iterative upwards integration retrievals

Some of the added benefits of 3DVAR over an iterative upwards integration technique were discussed in Section 4 through10

an extensive sensitivity analysis. It was shown that there was a large parameter space in which 3DVAR retrievals were able

to simultaneously satisfy radial velocity observations and mass continuity, with the retrieved vertical velocity relatively stable

over this space. The same could not be said for the iterative upwards integration technique, which never adequately satisfied

mass continuity (e.g., NMCR was never less than 10%) and radial velocity observations were, for the most part, difficult

to adequately satisfy. Here we investigate what role this has on the actual wind fields retrieved by both techniques. This is15

accomplished by selecting the squall line event on 20 May 2011, which had substantial surface wind convergence ahead of

the line that was well sampled by the scanning radar network. Strong wind convergence at or near the surface was indirectly

observed around 1040 UTC by UAZR-C1 as strong upwards motion lasting close to 5 minutes (see Figure 9a). An upwards

integration technique is ideal for surface-driven events since the horizontal wind divergence profile should be well defined,

particularly near the lower boundary.20

Figure 11 presents the wind retrievals from these two methods within the 20 km x 20 km area surrounding the CF. Both

methods retrieve similar wind convergence patterns and upwards motion at 1 km AGL, with the iterative technique retrieving

a slightly stronger convergence line near the surface and therefore enhanced upwards air motion near the surface. Both meth-

ods also satisfy radial velocity observations below 2 km AGL, as shown in Fig. 11f. However, as expected, there is a large

discrepancy between the two methods when it comes to satisfying mass continuity. At each analysis height in Fig. 11g, the25

3DVAR retrieval is adequately satisfying mass continuity, with NMCR < 10% at each height and NMCR = 5% over the entire

domain. For the iterative retrieval, NMCR never gets below 30% at any given height, and over the entire domain NMCR =

52%. Differences in the vertical velocity field between both techniques becomes more pronounced with increasing height due

in part to the iterative retrieval not adequately satisfying mass continuity throughout the column. At 8 km AGL, the vertical

velocity fields no longer exhibit similar spatial patterns or intensities. This accumulation of differences with height is most30

evident in Fig. 11f. For the iterative retrieval, CSAPR-I7 ṽr RMSD quickly grows larger than 2 m s−1 at heights above 5 km

AGL whereas the 3DVAR method is able to satisfy CSAPR-I7 radial velocity observations at almost all analysis levels. As

a result, the large spread in vertical velocity differences between the two retrievals shown in Fig. 11h primarily comes from
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analysis levels above 5 km AGL. Over the entire analysis domain, vertical velocity MBE, MAE, and RMSE are all significant

at 1.3 m s−1, 5.8 m s−1, and 7.7 m s−1, respectively. Conditionally sampling the two retrievals below 5 km AGL, the MBE,

MAE, and RMSE decrease substantially to 0.5 m s−1 (38%), 2.6m s−1 (45%), and 3.9 m s−1 (51%), respectively. Nonetheless,

this still represents large differences in the wind fields retrieved by each technique.

7 Summary5

This study addresses the utilization of the ARM SGP scanning radar network in retrieving robust air motion estimates in deep

convective clouds. With the inclusion of surrounding NEXRAD WSR-88D assets, this study marks the first time X-, C-, and

S-band scanning radars have been used together to pseudo simultaneously view the atmosphere from multiple different angles

and retrieve the wind field over a large domain.

Results were broken up into three subsections. The first evaluated how well collocated column measurements of radar10

reflectivity from radar wind profilers could be matched with those from scanning radars. Time-height comparisons showed

good visual agreement between reflectivity measurements, which was reinforced by correlations greater than 0.8 at most

heights, MBE near -1.5 dB, and MAE typically less than 3 dB. A similar evaluation was done for vertical air motion retrievals,

the results of which were encouraging. The spatial and temporal characteristics of 3DVAR vertical velocity retrievals were

generally in good agreement with those from the profiling radars. Prominent updraft and downdraft features retrieved by the15

UAZRs were repeatedly observed in the 3DVAR dataset. Time-height comparisons showed reasonable agreement for most

events analyzed, with moderate correlations on the order of 0.5, MBE less than 0.5 m s−1, MAE within 1 m s−1, and RMSE

generally less than 1.5 m s−1. In the context of deep convective drafts, where velocities can easily exceed 15 m s−1, these

differences are arguably negligible. Finally, an evaluation of the wind field surrounding the 20 May 2011 squall line was

done. Here we investigated the underlying differences between 3DVAR and an iterative upwards integration retrieval. Below20

approximately 5 km AGL, the two techniques retrieved similar vertical velocity spatial patterns, including a large region of

upwards motion associated with the surface convergence zone. However, the magnitudes of the vertical velocities between the

two methods were considerably different, with MAE and RMSE on the order of 3 m s−1 and 4 m s−1, respectively. These large

differences were likely caused by the iterative technique inadequately satisfying mass continuity. In particular, the mean NMCR

was 52% for the iterative retrieval compared to 5% for the 3DVAR retrieval. Additionally, radial velocity RMSE quickly grew25

larger than 2 m s−1 above 5 km AGL for the iterative retrieval, further indicating suspect results. Overall, the iterative wind

retrieval was inferior to its 3DVAR counterpart.

The ARM SGP site promises to provide a unique convective air motion dataset moving forward due to its continuous

operation. Plans are currently being made for a second C-band radar to be placed due south of the SGP CF, which would

provide an additional constraint for these retrievals. With this in mind, we have the ability to create a large, high quality30

dataset of continental convective air motions over a large domain derived from radial velocity observations. This dataset would

provide, at minimum, an additional observational constraint for improving current convective parameterizations used in CRMs

and GCMs.
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Table 1. Prominent convective events during MC3E, including a brief description and approximate time frame each event was sampled by

UAZR-C1.

Event Description Time frame (UTC)

25 Apr 2011 Isolated, elevated convection 0900-1100

11 May 2011? Isolated convection, widespread stratiform precipitation 1800-2300

20 May 2011† Mesoscale convective system, squall line 0600-1600

23 May 2011† Isolated, severe convection 2130-2300

24 May 2011† Isolated, severe convection 2100-2230

? CSAPR-I7 nonoperational

† XSAPR-I6 data recording issue
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Table 2. Operational parameters of the ARM XSAPR, CSAPR, and UAZR during MC3E (convection mode).

Parameter XSAPR CSAPR UAZR (long mode)

Frequency (GHz) 9.4 6.3 0.915

Wavelength (cm) 3.2 5.4 33.0

PRF (kHz) 2.2 1.2 8.3

Pulse width (ns) 460 800 2833

Nyquist velocity (ms−1) 16.8 16.5 20.0

3-dB beamwidth (deg) 1.2 1.0 9.0

Range resolution (m) 50 120 200?

Temporal resolution (s) 360 420 6

Maximum range (km) 40 117 15

Number of elevations 22 17 –

Elevation range (deg) 0.5-50.1 0.8-42.0 –

? UAZR dataset has 120 m range resolution.

Table 3. Summary of 3DVAR constraint weights derived from sensitivity analysis. Study values indicate the weight values used in this study.

Nominal values reflect those used in previous OSSE studies. Equation (1) produces Λo values between 0 and 1 for this study.

Weight Analysis Study Nominal

Λo – (0, 1) 1

Λc (250, 1000) 500 1

Λb (0, 0.5) 0.01 0.01

Λp – 1000 –

Λsu (0, 100) 1 1

Λsv (0, 100) 1 1

Λsw (0, 100) 0.1 0.1
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Table 4. Radar reflectivity comparisons between CSAPR-I7 and UAZR-C1 at three characteristic heights for all events. Error statistics have

units of dBZ.

Height Sample

Event (km AGL) Size MBE MAE RMSE ρ r

25 Apr 2011

2 28 -1.00 2.22 3.79 0.95 0.80

6 23 -1.62 2.73 3.51 0.93 0.64

8 24 -1.09 2.50 3.81 0.92 0.67

All 864 -0.94 2.97 3.96 0.94 0.55

11 May 2011?

2 70 -2.11 2.45 3.57 0.86 0.47

6 85 -2.04 2.23 2.98 0.62 0.44

8 69 -0.41 1.62 2.11 0.87 0.38

All 2462 -1.16 1.98 2.79 0.92 0.40

20 May 2011

2 52 -2.11 2.33 3.24 0.97 0.77

6 68 -1.90 2.28 3.79 0.79 0.76

8 54 -1.29 1.79 3.60 0.85 0.70

All 1983 -1.66 2.32 3.71 0.90 0.62

23 May 2011

2 6 -1.10 3.29 3.68 0.73 0.53

6 19 -3.86 4.02 4.83 0.86 0.59

8 11 -0.94 1.97 2.34 0.73 0.39

All 398 -1.75 3.18 4.03 0.82 0.34

24 May 2011

2 6 -0.98 2.45 3.03 0.66 0.48

6 16 -1.51 3.41 4.85 0.90 0.69

8 29 -1.31 3.77 4.45 0.72 0.58

All 557 -0.93 3.50 4.58 0.86 0.44

? Comparison between KVNX and UAZR-C1.
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Table 5. Vertical air motion comparisons between 3DVAR and UAZR-C1 at three characteristic heights for all events. Error statistics have

units of m s-1.

Height Sample

Event (km AGL) Size MBE MAE RMSE ρ r

25 Apr 2011

2 20 -0.46 0.65 0.92 0.54 0.53

6 20 1.18 1.58 1.86 0.43 0.51

8 20 0.43 2.17 3.09 0.23 -0.03

All 676 0.50 1.63 2.22 0.14 0.11

11 May 2011

2 27 0.02 0.79 1.05 0.34 0.35

6 27 0.66 0.93 1.08 0.51 0.55

8 27 0.23 0.61 0.74 0.68 0.63

All 897 0.45 0.87 1.07 0.48 0.48

20 May 2011

2 55 0.38 0.99 1.24 0.22 0.69

6 58 0.35 0.86 1.22 0.44 0.61

8 51 0.14 0.94 1.49 0.38 0.15

All 1871 0.29 0.92 1.27 0.32 0.50

23 May 2011

2 6 0.54 1.01 1.45 0.33 0.33

6 19 0.42 0.99 2.31 0.32 0.41

8 11 0.50 1.88 1.89 0.21 0.40

All 398 0.52 1.74 2.11 0.29 0.40

24 May 2011

2 6 0.36 0.98 1.21 0.34 0.31

6 16 0.39 1.32 1.75 0.51 0.29

8 29 0.49 1.87 2.02 0.42 0.35

All 557 0.50 1.41 2.01 0.49 0.47
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Figure 1. ARM SGP site with locations of scanning and profiling radars surrounding the Central Facility (CF). Dashed black box in main

panel corresponds to a 100 km x 100 km horizontal analysis domain (also shown in inset panel). Black circles are 40 km XSAPR maximum

range (see Table 2). The separate analysis domain used in the sensitivity analysis (see Section 4) is shown as the dashed blue box surrounding

the southeast radar wind profiler (UAZR-I9). The inset panel provides the large-scale view of the region including surface elevation in

kilometers above mean sea level and the closest NEXRAD WSR-88Ds.
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Figure 2. UAZR-C1 observations on 25 Apr 2011 (a) reflectivity (b) Doppler velocity (c) spectrum width and (d) corresponding vertical air

motion retrieval. Within the melting layer (2.5-3.5 km AGL) no vertical air motion retrieval was attempted.
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Figure 3. Nearest neighbour distances within 20 km x 20 km surrounding SGP CF for select radars CSAPR-I7 (C), XSAPR-I4 (X), and

KVNX (S). Horizontal cross sections are at 0 km (surface), 2 km, 6 km, and 10 km AGL.
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Figure 4. 3DVAR constraint weight sensitivity analysis for two metrics: CSAPR-I7 radial velocity RMSD (left column) and normalized

mass continuity residual (right column). Sensitivity analysis is performed by perturbing (a-b) λc versus λb and (c-f) λc versus λsu, λsv , and

λsw constraint weights. The nominal values for weights not being tested in a given panel are set to those used in previous OSSE studies (see

Table 3).
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Figure 5. Similar to Fig. 4a-b but for an iterative upwards integration technique.
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Figure 6. Radar reflectivity observations on 20 May 2011 at three characteristic heights (a) 2 km (b) 6 km and (c) 8 km AGL. CSAPR-I7

and KVNX error bars indicate the full range of radar reflectivities within Rs and the volume scan time (valid time). UAZR-C1 observations

have been filtered using a 61 x 7 time-height median filter. KVNX observations are shown between 1000-1100 UTC, exclusively.
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Figure 7. Two independent vertical air motion retrievals on 25 Apr 2011 from (a) 915-MHz radar wind profiler (UAZR-C1) and (b-e)

3DVAR. Radar reflectivity background and vertical velocity contours of 4 (light), 6 (medium), and 8 (thick) ms−1 are shown in all panels.

Wind vectors are shown in every 3DVAR panel. The horizontal cross sections shown in (b-c) are at 4 and 8 km AGL, respectively, with dashed

black lines indicating the corresponding vertical cross sections in (d-e). The 3DVAR retrieval was derived from scanning radar observations

recorded between 0916-0924 UTC. The origin in (b-e) corresponds to the location of UAZR-C1.
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Figure 8. Vertical air motion time series on 25 Apr 2011 at three characteristic heights (a) 2 km (b) 6 km and (c) 8 km AGL. 3DVAR error

bars indicate the full range of vertical velocities within Rs and the 3DVAR valid time. UAZR-C1 retrievals have been filtered using a 61 x 7

time-height median filter.
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Figure 9. Similar to Fig. 8 but for 20 May 2011.
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Figure 10. Two independent vertical air motion retrievals on 23 May 2011 from (a) 915-MHz radar wind profiler (UAZR-I9) and (b-e)

3DVAR. Radar reflectivity background and vertical velocity contours of -4 (light), -6 (medium), and -8 (thick) ms−1 are shown in all panels.

Wind vectors are shown in all 3DVAR panels. Horizontal cross sections shown in (b-c) are at 2 and 6 km AGL, respectively, with dashed

black lines indicating the corresponding vertical cross sections in (d-e). The 3DVAR retrieval was derived from scanning radar observations

recorded between 2236-2243 UTC. The origin in (b-e) corresponds to the location of UAZR-I9.
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Figure 11. Comparison of 20 May 2011 squall line wind retrieval between 3DVAR and iterative upwards integration technique, showing

(a) radar reflectivity (b-c) 3DVAR and iterative vertical air motion, respectively (d-e) 3DVAR and iterative horizontal wind divergence,

respectively (f) CSAPR-I7 radial velocity RMSD profile (g) NMCR profile and (h) vertical air motion bias (3DVAR minus iterative; 2 ms−1

bin width). Select heights for (a-e) are 1 km, 2 km, and 8 km AGL. Origin in (a-e) corresponds to CF.
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