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Abstract
A ground-based C-band Shared Mobile Atmospheric Research and Teaching 
(SMART) polarimetric radar and the National Weather Service WSR-88D radar 
near Wilmington, North Carolina simultaneously observed Hurricane Florence 
(2018) as it made landfall as a category 1 hurricane. The slow translation of 
Florence allowed for more than 30 hr of data collection before, during and after 
the tropical cyclone came ashore. Nearly 26 hr of three-dimensional wind re-
trievals every 6–10 min were constructed from the radar observations, providing 
an unprecedented view of the evolution of rainbands, the inner core and the 
eyewall of Hurricane Florence. This article describes the radar data, the proce-
dures used for automated quality control, data processing and the wind retrievals 
that have been constructed. The location of the data and wind retrieval archive 
is given. These data can be used to study the dynamics and rainfall of Hurricane 
Florence, to quantify the impact of winds on the natural and built environment, 
to validate numerical simulations of the tropical cyclone, and as an educational 
resource for courses in radar and tropical meteorology.
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1  |   INTRODUCTION

Hurricane Florence (2018) was a long-lived tropical cy-
clone (TC) that underwent two cycles of rapid intensity 
changes before making landfall near Wrightsville Beach, 
North Carolina on 14 September as a high-end category 1 
hurricane (Stewart & Berg, 2019). As part of the hurricane-
at-landfall research programme at the University of 
Oklahoma (OU), a C-band (5.37-cm wavelength) Shared 
Mobile Atmospheric Research and Teaching (SMART) 
radar (Biggerstaff et al., 2005) was deployed near 
Wilmington, NC to intercept Florence during landfall 
(Figure 1). The rural area in that part of North Carolina 
is heavily wooded with pine trees that reach up to 30 m 
in height. Fortunately, a bridge on Interstate Highway 140 
over the Cape Fear River was recently built 25 m above the 
river with an extra wide shoulder, providing an excellent 
location and mostly open view for the truck-based SMART 
radar.

Steering currents for Florence were weak during 
landfall, and the hurricane translated slowly (~8  m/s), 
which resulted in heavy flooding in North and South 
Carolina. The slow forward speed of Florence afforded 
an unprecedented opportunity for an exceptionally long 
observing period. More than 30  hr of data were col-
lected with the SMART radar. When combined with the 
National Weather Service (NWS) Weather Surveillance 
Radar—1988 Doppler (WSR-88D; Crum & Alberty, 1993) 
supporting the Wilmington, NC Weather Service Office 
(KLTX), about 26  hr of three-dimensional wind retriev-
als throughout the hurricane were able to be constructed. 
This is the longest record to date of wind retrievals from 
a dual-Doppler network that has ever been produced for a 
landfalling tropical cyclone.

Past wind retrievals using the SMART ra-
dars have elucidated the structure and evolution of 

supercell thunderstorms (Bela et al., 2018; Betten et al., 
2018; Calhoun et al., 2013; Davenport et al., 2019; DiGangi 
et al., 2016; Fried et al., 2016; Huntrieser et al., 2016; Li 
et al., 2017; Skinner et al., 2011) and mesoscale convective 
systems (Barth et al., 2015; Geerts et al., 2017; Lund et al., 
2009; Miller et al., 2020; Palucki et al., 2011). The relation-
ship between radar observed kinematics and cloud electri-
fication for both natural lightning (Biggerstaff et al., 2017; 
Bruning et al., 2010; Chmielewski et al., 2020; Kuhlman 
et al., 2009; MacGorman et al., 2008; Payne et al., 2010) 
and triggered lightning (Hare et al., 2016; Hill et al., 2013; 
MacGorman et al., 2015; Pilkey et al., 2013) has also been 
studied with SMART radar observations. Additionally, the 
boundary layer structure of landfalling TCs has been doc-
umented using SMART radars (Alford et al., 2020; Hirth 
et al., 2012; Knupp et al., 2006; Lorsolo et al., 2008), as 
has the existence of mesovortices along the inner edge of 
hurricane eyewalls (Alford et al., 2019b; Fernandez-Caban 
et al., 2019). Alford et al. (2019b) mapped the maximum 
winds observed during the landfall of major hurricane 
Harvey (2017) and found that the storm was a category 3, 
rather than the current official rating of category 4, hurri-
cane at the time of landfall.

Herein we describe the SMART radar observations, 
data processing and the associated wind retrievals ob-
tained from the Hurricane Florence deployment. This 
article is structured as follows: Section  2 describes the 
deployment of the SMART radar and the radar tasks 
prescribed to collect dual-polarization and radial veloc-
ity data. A brief description of the WSR-88D data is also 
provided. Section 3 summarizes the quality-control steps 
taken to produce research-ready radial velocity observa-
tions to use in dual-Doppler analysis. Section 4 describes 
processes taken to retrieve dual-Doppler-derived winds 
from the SMART radar and KLTX. Section 5 documents 
the location and format of the dataset. Section 6 concludes 

F I G U R E  1   (a) Photo of SMART 
polarimetric radar unit 1 (SR1-P) 
deployed on the L. Bobby Brown Bridge 
on Interstate 140 over the Cape Fear 
River at 34.273021°N, 78.001625°W. (b) 
Details of the dual-Doppler domain. The 
20° cross-beam angles of the western and 
eastern lobes are contoured in black. The 
SMART polarimetric radar and the NWS 
KLTX positions are denoted by the blue 
markers. The red line indicates the Best 
Track positions of Hurricane Florence in 
6-hr intervals. The 6-hr UTC intervals are 
indicated by the stars with time labels
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the work by commenting on the data significance and po-
tential use.

2  |   DATA COLLECTION

The spatially contiguous broad-area precipitation in TCs 
can severely limit centimetre wavelength radar observations 
due to the attenuation of the radar signal (Doviak & Zrnić, 
1993). Luckily, for this dataset, the contributing radars op-
erate at C- and S-band, and attenuation loss was minimal. 
Hence, the spatial extent of the analyses was mostly limited 
by the operational range of the radar systems.

2.1  |  SMART radar data

The SMART radar that deployed for Hurricane Florence 
had just been rebuilt and upgraded to dual-polarization 
diversity. While the truck platform remained the same as 
described in Biggerstaff et al. (2005), many of the radar 
characteristics changed. Table  1 lists the specifications 
of the new SMART polarimetric radar unit 1, or SR1-
P, which was previously referred to as SR1 before the 
dual-polarization upgrade. The radar was located on the 
shoulder of the Interstate-140 L. Bobby Brown bridge 
over the Cape Fear River to the north-west of the city of 
Wilmington, NC. The site (34.273021°N, 78.001625°W) 
was 20  km inland from the Atlantic Ocean coastline. 
The NWS WSR-88D KLTX radar is located about 50 km 
south-west of the city of Wilmington at 33.989147°N and 
78.429108°W. The baseline connecting the two radars was 
50.5 km with KLTX oriented at an azimuth angle of 231.4° 
from north relative to SR1-P. The SR1-P radar was levelled 
using hydraulic outriggers and a digital leveller mounted 
in the base of the pedestal with a display in the truck cab. 
The radar remained level throughout the deployment as 
verified by the in-cab display.

SR1-P operated in simultaneous transmit and re-
ceive (STaR) mode (Doviak et al., 2000) to collect dual-
polarization data along with radial velocity. The SMART 
radars have a half-power beamwidth of approximately 
1.5°, but data are oversampled to an effective resolution 
of 1° in azimuth. Operations in Florence began at 1306 
UTC on 13 September 2018 and concluded with the last 
volume scan at 1943 UTC on 14 September. Due to the re-
ceiver losing track of the burst pulse from the transmitter, 
the radar was inoperable for a 96-min period from 1846 
to 2022 UTC on the 13th. Shorter periods of downtime 
occurred from 0549 to 0600 UTC, 1106 to 1120 UTC, and 
from 1132 to 1148 UTC on the 14th either due to changes 
in scanning strategy or power disruptions in the azimuthal 
antenna drive.

After documenting the clutter from buildings and 
trees (mostly between 90° and 100° in azimuth) at the 
beginning of the observational period, SR1-P conducted 
continuous low-level surveillance scans from 1322 to 
1343 UTC. Each scan took about 21 s to complete. This 
allowed the operator time to program the other tasks 
used during the deployment. Those tasks were tested 
before finalizing the scanning strategy. Starting at 1424 
UTC on the 13th, the radar began a well-defined 12-
min cycle of tasks. The first minute was dedicated to a 
low-level surveillance scan. That scan was followed by 
three, volumetric, plan position indicator (PPI) sector 
scans covering the eastern dual-Doppler lobe (Figure 1b) 
over a 10-min period. The final minute in the cycle was 
used to perform a user-specified range height indicator 
(RHI) scan through a feature of interest or along the az-
imuth where a disdrometer had been placed to measure 
the raindrop size distribution. With time, the hurricane's 
outer rainbands moved over the western dual-Doppler 
lobe. At 2300 UTC on the 13th, the three eastern sector 
volume scans were replaced with two full 360° plan posi-
tion indicator (PPI) volume scans, so winds could be re-
trieved in both dual-Doppler lobes. The radar remained 
in that mode of operation until the end of the observ-
ing period. Table 2 lists the characteristics of the various 
tasks that were used.

The precipitation structure sampled by SR1-P varied 
as the hurricane washed ashore. Initially, only outer 
rainbands were in the eastern dual-Doppler lobe. The 
eyewall and inner core radar reflectivity were highly 
asymmetric with the precipitation-free side closest to 
the radar domain. The eyewall precipitation rotated 
quickly around the centre of circulation such that by 04 
UTC on the 14th, it was approaching the radars. Both 
outer rainbands and the inner core were being well sam-
pled by 06 UTC. Two hours later, the western portion 
of the eyewall had increased in precipitation coverage 
such that winds in that part of the storm were able to be 
retrieved in the eastern dual-Doppler lobe. Luckily, this 
part of the eyewall had the strongest radar returns as the 
centre of circulation approached the coast. The eyewall 
was over SR1-P by 10 UTC on the 14th and remained so 
for 2.5 hr as the eye contracted in size within the eastern 
dual-Doppler lobe. This dataset may be the best exam-
ple of eyewall contraction during landfall that has been 
collected to date. The eye was completely filled with 
precipitation by 15 UTC as the centre of circulation ap-
proached the baseline connecting the two radars, where 
winds cannot be retrieved. SR1-P continued to sample 
the remnant eyewall and inner core precipitation for the 
next few hours as the main precipitation moved over 
the western dual-Doppler lobe. However, the rain-free 
portion of the inner core travelled over the domain by 
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18 UTC, minimizing the area where winds could be re-
trieved. Eventually operations were terminated due to 
crew fatigue and the lack of precipitation in the analysis 
domain.

2.2  |  WSR-88D radar data

The NWS WSR-88D radar serving Wilmington, NC 
(KLTX) switched from operating in volume cover-
age pattern (VCP) 215 to VCP 212 at 0822 UTC on 13 
September 2018. With the exception of 1934–1948 UTC 
on 13 September when the radar was operated in VCP 
12, the KLTX radar remained in VCP 212 mode through-
out the landfall of Florence. All three VCPs have eleva-
tion angle sequences that start at 0.5° and end at 19.5°, 
with oversampling of the atmosphere at the lower lev-
els. The primary difference is that VCP 215 takes data at 
15 unique elevation angles over a 6-min period of time, 
while VCPs 12 and 212 take data at 14 unique elevation 
angles over approximately 4.5 min. The only difference 
between VCPs 12 and 212 is that VCP 212 makes use of 
the SZ-2 phase encoding technique (Zittel et al., 2008) to 
mitigate range folding.

Only data from VCPs 12 and 212 were included in 
the dual-Doppler analyses documented here. The VCP 
12 and 212 elevation sequence is 0.5°, 0.9°, 1.3°, 1.8°, 
2.4°, 3.1°, 4.0°, 5.1°, 6.4°, 8.0°, 10.0°, 12.5°, 15.6° and 
19.5°. At the discretion of the radar operator, the WSR-
88D can repeat the lowest sweep mid-way through the 
volume time, which is typically after the 3.1° elevation 
sweep. While the WSR-88D radars are 1° circular beam-
width radars, the data are oversampled in azimuth and 
recorded every 0.5° in azimuth. The range resolution is 
250 m for all variables.

3  |   DATA QUALITY CONTROL

The data quality control procedures used here were similar 
to those used for the Harvey dataset documented in Alford 
et al. (2019a) with a few modifications described below. 
As such, all 30  hr of PPI volumetric SMART radar data 
collected during Hurricane Florence have been prelimi-
narily quality controlled. Since the goal of our research is 
to develop maps of the wind characteristics during land-
falling hurricanes and to understand the circulations that 
produce significant wind damage, the quality control fo-
cused on the radial velocity field. No attempt was made to 
correct the radar reflectivity for attenuation or to verify or 
edit the dual-polarimetric variables. An RHI scan taken 
through the eyewall at 1023 UTC on the 14 September 
(Figure 2) illustrates the inherent quality of those fields as 
well as the raw radial Doppler velocity. As demonstrated 
in Figure 2f, we recommend utilizing surveillance sweep 
data to place RHI data in context due to their close tem-
poral proximity.

The effect of modest attenuation in radar reflec-
tivity is evident in the RHI scan through the eyewall 

T A B L E  1   Specifications of polarimetric diversity upgraded 
SMART radar unit 1 (SR1-P)

Transmitter

300 kW magnetron; 0.001 duty cycle; frequency is 5589 MHz.

Pulse durations of 0.25, 0.5, 1.0 or 2.0 µs (selectable)

Simultaneous transmit and receive dual-polarization (150 kW 
in each channel)

Can also operate in H transmit and H/V receive to measure 
linear depolarization ratio

Antenna

2.4 m solid parabolic reflector; 1.5° half-power circular beam 
width

Gain: ~40 dB; first sidelobe: −26 dB down (one way)

Minimum detectable signal: −108 dBm

Pedestal

Refurbished SCR-584 with up to 36° s−1 rotation in azimuth 
and 12° s−1 in elevation

0° to 90° elevation limits

Signal processor

SIGMET/Vaisala RVP-9

Time series I&Q capable

Dual-pol or H only processing

Pulse pair, fast Fourier transform, dual-PRF, staggered PRT or 
random phase signal processing

Radial resolution, dependent on pulse duration, down to 33 m

Nine levels of clutter filtering possible; data can be threshold 
on signal quality parameters

Full PPI, sector scan PPI, RHI or pointing mode capable

Output moments are radar reflectivity (filtered and 
unfiltered), signal quality index, radial velocity, spectrum 
width, differential radar reflectivity, differential phase, 
specific differential phase, co-polar correlation coefficient, 
linear depolarization ratio (H-only transmit mode), cross-
pol correlation coefficient (H-only transmit mode)

A-scope, RHI and PPI real-time displays

Base products can be generated for animation or inspection of 
any output moment

Data recorded in native IRIS format raw volumes

Platform

International Truck model 4700 dual, extended cab.

Length: 10.1 m (33 ft); height: 4.1 m (13 ft 6 in.); weight 
11,567 kg (25,500 lb)

Four hydraulic outriggers for leveling; 10 kW diesel generator 
for power to radar

190 L (50 gallon) dedicated tank for generator; two 190 L 
(50 gallon) tanks for truck engine
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(Figure  2a) as the precipitation intensity in the outer 
eyewall (beyond 35 km range) is notably less than that 
observed in the portion closer to the radar (within 20 km 
range). Nevertheless, the impact of the vertical wind 
shear felt by the hurricane is evident as the westward 
slope of the eyewall with height is easily discernible. 
The enhanced differential radar reflectivity associated 
with the melting band is observed at an altitude of about 
5.5 km (Figure 2b). Particularly oblate targets were ap-
parently also present below 2 km altitude from 5 to 8 km 

range from the radar where differential radar reflectivity 
was again enhanced. This low-level feature was also as-
sociated with high values of specific differential phase 
(Figure 2e), which, at these altitudes, indicates a region 
of particularly heavy rainfall. Another area of heavy 
rain was observed between 10 and 15  km range. Both 
the melting level and the low-level enhanced differential 
radar reflectivity area were associated with low correla-
tion coefficients (Figure 2c). Mixed phased precipitation 
associated with the melting of snow and graupel in the 

F I G U R E  2   Illustration of raw 
data quality using (a)–(e) Range Height 
Indicator and (f) Plan Position Indicator 
scans through the eyewall and eye of 
Hurricane Florence at 1023 and 1024 
UTC, respectively, on 14 September 2018: 
(a) radar reflectivity (ZH), (b) differential 
radar reflectivity (ZDR), (c) correlation 
coefficient (ρHV), (d) radial velocity (VR) 
and (e) specific differential phase (KDP). 
The values for each variable are in the 
units given on the associated colour bars. 
The location of the RHI relative to the 
low-level radar reflectivity structure is 
shown in (f), which is a 1.5° elevation 
angle PPI scan of radar reflectivity. Note 
that the range of the RHI scans extends 
out farther than indicated in the figure
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melting level is known to result in low correlation coef-
ficient (Matrosov et al., 2007). While it is possible that 
the lower altitude area of low correlation coefficient 
was associated with either biological targets (Stepanian 
et al., 2016) or debris (Ryzhkov et al., 2005) that had 
been lofted by the hurricane circulation, it is more likely 
that Mie scattering by precipitation sized droplets be-
yond 5 cm in diameter effectively reduced the correla-
tion coefficient magnitude (e.g., Zrnić et al., 2000).

The noisy regions in the raw radial velocity field 
(Figure 2d) indicate that the attenuated minimum detect-
able signal was about 3 dBZ at 25 km range. The appar-
ent discontinuity in velocity values around 12 m/s marks 
the Nyquist velocity (12.06  m/s) for the RHI scans. The 
velocity field is smooth and, once noise is removed, can 
be easily dealiazed by an automated dealiasing algorithm. 
However, the data processing reported here was not ap-
plied to the RHI or surveillance PPI data. Regardless, the 
structure of the flow is well defined, including the small-
scale boundary layer (below ~2  km altitude) turbulent 
features often noted in hurricanes (Foster, 2005) that have 
been linked to increased potential for damage (Morrison 
et al., 2005).

To conduct the automated dealiazing needed for the 
wind retrievals, the volumetric PPI radial velocity data 
were first run through several preprocessing steps using 
the authors' own software. Raw Doppler velocity (see 
Figure  3a) gates characterized by low (<0.07) Signal 
Quality Index (SQI) were removed. SQI is a variable calcu-
lated by Sigmet/Vaisala signal processors to determine the 
quality of data in each radar range gate (Vaisala, 2014). It 
is a function of both signal-to-noise and spectrum width 
and represents the autocorrelation at lag 1 of the clutter-
filtered time series of the complex voltage and its conju-
gate measured by the radar. The value varies from 0 for 
white noise to 1 for pure tone. The SQI field is included 
in the radar data archive. While values of SQI higher than 
the selected threshold can still represent gates with low 

signal-to-noise (SNR) ratio, we begin the objective process 
of removing gates at very low values to retain as much 
information as possible. Next, a rolling, 20-gate standard 
deviation of Doppler velocity at each gate was calculated 
in radius and azimuth independently. The minimum be-
tween the two rolling standard deviations for any gate 
whose radar reflectivity was below 5 dBZ was assigned as 
a ‘final’ standard deviation to each gate. If the gate's ‘final’ 
standard deviation exceeded 16  m/s, it was removed. 
Effectively, this removed all noise in the Doppler velocity 
field in regions of low SNR. A despeckling function over 
a width of five gates was finally employed to remove any 
speckled gates remaining in low SNR regions. A speck-
led gate is one with a velocity value significantly different 
from the velocity values at neighbouring gates.

The Python ARM Radar Toolkit (Py-ART; Helmus & 
Collis, 2016) software package was used to objectively 
dealiase the Doppler velocity data for all sector and 360° 
volumes, excluding RHI and surveillance volumes. The 
region-based method in Py-ART was employed to objec-
tively process all data collected between 1424 UTC on 13 
September and 1943 UTC on 14 September. For Hurricane 
Harvey, Alford et al. (2019a) used two methods, the region-
based method and the four-dimensional method (James 
& Houze, 2001), for dealiazing due to the extreme shear 
of the horizontal wind in Hurricane Harvey. Using the 
region-based method in Harvey, the horizontal wind shear 
tended to result in a greater number of errors resulting in 
Doppler velocities being dealiazed into the wrong inter-
val. However, in Florence, the region-based method was 
largely successful. The few errors produced by the region-
based method were further quality controlled subjectively 
using the National Center for Atmospheric Research 
Solo3 software package (Oye et al., 1995) to produce a final 
quality controlled version of the data (see Figure 3b). To 
increase productivity, some erroneous gates outside of the 
dual-Doppler domain may have been retained. The final 
products should be examined prior to use.

F I G U R E  3   An example of the 
dealiazing by the objective and subjective 
methods employed in this dataset. (a) 
Aliased Doppler velocities (m/s) are 
shown from SR1-P at 0954:16 UTC for the 
0.8° elevation PPI. (b) Dealiazed Doppler 
velocities from (a) are displayed
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KLTX data in Level II format were retrieved from the 
National Centers for Environmental Information (NCEI; 
available online at https://www.ncdc.noaa.gov/data-acces​
s/radar​-data) and were processed in a similar fashion. 
SQI values were not available for WSR-88D data for use 
in the initial threshold step. Instead, radial velocity data 
were excluded if the gate's reflectivity was characterized 
by values <0 dBZ. The data were then passed through the 
same standard deviation filter as above before Py-ART's 
region-based dealiazing scheme was applied to correct 
the aliased Doppler velocities for the entire dataset. The 
region-based method, as with SR1-P, was sufficient and 
produced minimal velocities dealiazed into the incorrect 
interval. The data are also included for reference in the 
Zenodo archive. While the automatically dealiazed data 
were examined manually using Solo3, very few subjective 
edits were needed.

4  |   DUAL-DOPPLER ANALYSIS

Dual- and multiple-Doppler analysis is often used to re-
trieve the three-dimensional flow within storms and to 
characterize the spatial and temporal evolution of con-
vective systems. Errors common to dual-Doppler analy-
ses are often related to the temporal and spatial offset 
of radar observations, the underlying assumptions of 
mass continuity and the under-sampling of the bound-
ary layer or storm top divergence (Chong et al., 1983; 
Dowell & Shapiro, 2003; Potvin et al., 2012b; Shapiro 
et al., 2010).

The SMART radar and KLTX were operated in a quasi-
time synchronous task cycle to reduce the spatial off-
set of observations. After discussion with the National 
Weather Service in Wilmington, the task cycle described 
in Section 1 was chosen to collect SMART radar data as 
close as possible to KLTX data collection. The radar with 
the least numerous total volumes (KLTX) was identified to 
account for the maximum number of dual-Doppler anal-
yses possible. For each KLTX volume, the central (mean) 
volume time was used to select the SMART radar volume 
whose central volume time was the nearest to KLTX's for 
dual-Doppler analysis. Figure  4 shows the difference in 
the central volume time between the volume pairs used 
in the dual-Doppler wind retrievals. Most pairs were offset 
by <2.5 min.

4.1  |  Natural neighbour interpolation

The processed volumes were passed into a natural neigh-
bour (Sibson, 1981) scheme modified from Betten et al. 
(2018) to interpolate each radar volume to a common 

Cartesian grid of 1  km horizontal and 0.5  km vertical 
resolution. The advantage of natural neighbour interpola-
tion compared with other common interpolation methods 
(e.g., Barnes, 1994 or Cressman, 1959) is that the inher-
ent resolvable scale of the radar data is somewhat pre-
served. Hence, grid locations close to the radar will retain 
observed small-scale variability, while grid locations at 
farther ranges from the radar will retain variability at the 
scale of the spatial distance between neighbouring azi-
muth and elevation angles.

To preserve the shape of the dealiazed and noise-
threshold data volume, the natural neighbour scheme is 
applied in a series of two-dimensional steps. First, each 
PPI of Doppler velocity and radar reflectivity (converted 
to a linear scale) is interpolated to a regular azimuthal 
grid with 1° spacing. This azimuthal interpolation is per-
formed to reconstruct RHIs from the PPI data at each az-
imuth and is necessary because the recorded azimuths 
of the raw PPI data can vary on the order of tenths of a 
degree between elevation tilts. Note that the reflectiv-
ity data volume may have a slightly different shape than 
the Doppler velocity data volume due to the removal of 
noisy velocities. Masks of both of these arrays (defined as 
1 where data exist and 0 where data are removed) are also 
azimuthally interpolated. To later aid the dual-Doppler 
analysis, a two-dimensional Gaussian filter is applied to 
the interpolated Doppler velocity mask with a sigma of 4. 
Interpolated Doppler velocity and reflectivity are removed 
where their interpolated mask values are <0.4.

A second two-dimensional natural neighbour interpo-
lation is then performed to create a common range–height 
grid for each regularly spaced azimuth of reflectivity, 
Doppler velocity and their masks. The range grid has 
100-m resolution and extends from the first gate to the 
last gate of the radar PPI. The height grid is defined ac-
cording to the grid specifications that will be used in the 
dual-Doppler wind retrievals. At this point, some extrap-
olation vertically (no more than one grid level or 500-m 
distance for this case) is allowed by retaining the Doppler 
velocities such that the Doppler velocity mask is above 0.4. 
Given the lowest analysis level of this dataset is at 500 m 
altitude, the downward extrapolation mainly affects grid 
points beyond ~80 km from the radars where the curva-
ture of the Earth and vertical profile of the index of refrac-
tion combine to result in the lowest elevation angle (0.8°) 
being above the lowest analysis level (500 m). This proce-
dure slightly expands the contiguous data available at the 
lowest analysis level, which is useful in applying the mass 
continuity constraint in the dual-Doppler wind retrieval 
described below. This technique is similar to other dual-
Doppler radar studies using weighting function-based in-
terpolation. All reflectivity data with a mask greater than 
0 are retained.

https://www.ncdc.noaa.gov/data-access/radar-data
https://www.ncdc.noaa.gov/data-access/radar-data
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The result of the first two interpolation steps is a 
three-dimensional volume of data defined in a cylindrical 
coordinate system. The final natural neighbour interpola-
tion takes each height level in the cylindrical coordinate 

system and interpolates the data onto a Cartesian grid 
with the spacing and size defined by the dual-Doppler 
wind retrieval requirements. Additional data smoothing 
is applied in the Cartesian domain to aid the smoothness 
constraint embedded in the dual-Doppler 3D Var wind re-
trieval method. The Cartesian interpolated Doppler veloc-
ity mask, reflectivity mask and Doppler velocities at each 
height are passed through a Gaussian filter with a sigma 
of 1. Finally, the interpolated masks are applied to retain 
Doppler velocity and reflectivity data where their respec-
tive masks have values above 0.2. This threshold allows 
some extrapolation of the data volume horizontally (no 
more than one grid cell or 1  km in this case), which is 
helpful when computing the divergence field using finite 
differencing during the dual-Doppler wind retrievals.

4.2  |  Dual-Doppler details

The origin of the dual-Doppler grid created here is located 
at KLTX at 0  km above mean sea level. The minimum 
x, y and z locations of the grid were set to −90, −90 and 
0.5 km, respectively. The grid spans 230, 230, by 20 grid 
points in the x, y and z directions, respectively, with incre-
ments of 1 km horizontally and 0.5 km vertically. Figure 5 
shows the analysis grid relative to the dual-Doppler lobes 
on each side of the radar baseline. The Cartesian wind re-
trieval domain was chosen to include both quasi-elliptical 
dual-Doppler lobes. As such, there are areas within the 
analysis domain in which no retrieved winds were pos-
sible due to beam geometry not providing linearly inde-
pendent measurements.

The temporal offset between radar volumes from KLTX 
and the SMART radar was limited to 5 min maximum but 
was generally on the order of 2–3  min. As the intent of 

F I G U R E  4   Time series of the difference in the mean volume times (in minutes) used in the dual-Doppler wind retrievals. Note that the 
time scale on the horizontal axis is in the day (13th or 14th of September 2018) followed by the UTC hour and minute

F I G U R E  5   Dual-Doppler grid (blue box) relative to the areas 
in which the three-dimensional winds can be retrieved in the 
western and eastern dual-Doppler lobes (black outlined areas). 
The radar locations are denoted by the red stars. The vertical axis 
is latitude in degrees north. The horizontal axis is longitude in 
degrees east
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the data collection was focused on mesoscale processes, 
the spatial/temporal offset of sub-kilometre scale features 
should induce minimal error as argued in Alford et al. 
(2019a). The curvature of the horizontal wind made typi-
cal linear-velocity advection correction (e.g., Ziegler, 2013) 
impossible. In the future, we intend to test recently de-
veloped techniques using objective non-linear advection 
correction schemes (e.g., Shapiro et al., 2021). But that 
advection correction method has not yet been applied to 
the data.

The Cartesian radar volumes were passed into a three-
dimensional variational dual-Doppler wind retrieval algo-
rithm documented in Potvin et al. (2012a). The procedure, 
as applied here, minimizes a total cost function composed 
of two separate constraining cost functions associated 
with the radial velocity measurement and mass continu-
ity. The radial velocities were corrected for the influence 
of terminal velocity of the hydrometeors using density-
weighted power-law fall speed-reflectivity relationships 
for rain and snow separately following Biggerstaff and 
Houze (1991). As in Alford et al. (2019a), the smooth-
ness constraint in Potvin et al. was replaced with a one-
step Leise filter (Leise, 1981) applied on the retrieved 
wind components every 50 iterations of the cost function 
and is similar to the technique inherent to Jackson et al. 
(2020). The variational technique is advantageous over 
traditional techniques, since the explicit integration (and 
associated errors) of the mass continuity equation is not 
employed. The cost function was minimized as described 
in Potvin et al.

The retrieved winds at 0.5 km above mean sea level at 
the time of the landfall of Hurricane Florence (1256 UTC 
on 14 September 2018) demonstrates the dual-Doppler 
analysis procedure (Figure 6). The maximum reflectivity 
between the two contributing radars and the horizontal 
wind vectors are shown in Figure 6a. The asymmetric na-
ture of Florence was evident in the reflectivity field with 

the strongest part of the eyewall approaching the baseline 
between the radars, where winds cannot be retrieved. At 
this time, some of the fastest winds (45–50 m/s) were ac-
tually observed in the outer rainband across the western 
dual-Doppler lobe (Figure 6b). Pockets of winds with sim-
ilar strength were also observed in the eastern eyewall. But 
the eyewall winds, in general, had already been dimin-
ished by increased friction over land and the overall weak-
ening of the primary vortex circulation prior to landfall.

5  |   ARCHIVE INFORMATION 
AND DATA FORMAT

5.1  |  PPI and RHI data

All SMART radar and KLTX data are stored at the Zenodo 
archive with https://doi.org/10.5281/zenodo.4594350. 
The data are separated by radar. The SR1-P dataset is par-
titioned into RHI, full 360° PPI volumes, sector PPIs and 
surveillance scans. KLTX did not collect surveillance or 
RHI data. The edited volumes contain both the raw and 
dealiazed velocity fields. The radar data are presented in 
cfradial netCDF format (Dixon, 2010). This data format 
is easily malleable by common software packages used in 
radar processing (e.g., Py-ART or RadxConvert). Included 
in each subset directory is a file detailing the header infor-
mation present in the netCDF files.

The raw SR1-P data also exist at https://doi.org/10.5281/
zenodo.4592632 in native format with a reference to docu-
mentation on how to read the IRIS_DATA files.

5.2  |  Dual-Doppler data

The dual-Doppler dataset is also contained in the Zenodo 
archive. The files are archived in netCDF format (Rew 

F I G U R E  6   An example of a dual-
Doppler analysis at 14 September 2018 
1256 UTC at 0.5 km above mean sea level. 
(a) Reflectivity (colour-filled contours 
according to the colour bar) is shown 
with horizontal wind vectors overtop 
the reflectivity. (b) The magnitude of 
the horizontal wind speed is displayed 
according to the colour bar

https://doi.org/10.5281/zenodo.4594350
https://doi.org/10.5281/zenodo.4592632
https://doi.org/10.5281/zenodo.4592632


      |  283BIGGERSTAFF et al.

et al., 2018). Each dual-Doppler analysis is denoted by 
the average times of the two contributing radar volumes. 
Within each file, a maximum reflectivity field is included, 
which is simply the maximum of the 1-km interpolated 
reflectivity values at each grid point between the two con-
tributing radar volumes. Kinematic fields include u (east-
west), v (north-south) and w (vertical) wind components. 
In addition, a coverage variable is also included. The cov-
erage value of 1 indicates that a grid point within the dual-
Doppler lobe contains data. A value of 0 indicates that the 
point is either outside of the area in which the two radar 
beams intersect at an angle >20° (i.e., the dual-Doppler 
lobe) or contains no data. Similar to the raw and dealiazed 
radar data, a file detailing the netCDF file header informa-
tion is included in the archive.

6  |   SIGNIFICANCE AND USE OF 
DATA

The dataset presented herein affords the opportunity for 
extensive analysis of Hurricane Florence's wind and pre-
cipitation fields prior to, during and after landfall. Using 
C- and S-band radar data with little attenuation due to pre-
cipitation provides mesoscale retrievals of winds and dual-
polarization observations during a landfalling hurricane 
that produced a 300-year flood event over large portions of 
North and South Carolina, a 1000-year flood event in some 
areas (Griffin et al., 2019), 53 fatalities and more than $16 
billion in property damage (Paul et al., 2019). Stored in the 
relatively common cfradial netCDF format, we have pre-
sented the steps taken to dealiaze radial velocity data and 
archive the raw dual-polarization moment data. In addi-
tion, the procedure used to produce nearly 26 hr of dual-
Doppler analyses during Florence's landfall is detailed, and 
the analyses are made available for community use. This is 

the longest record of dual-Doppler wind retrievals during 
the landfall of a hurricane to be recorded to date.

The dual-polarization differential phase information 
can be used to perform attenuation correction (Gu et al., 
2011; Testud et al., 2000), and the corrected reflectivity 
and other dual-polarimetric variables can be used to es-
timate rainfall (Bringi et al., 2011) produced by different 
components of the hurricane circulation. These rainfall 
estimates can then be fed into hydrological models to ex-
amine river flooding (Krajewski & Smith, 2002), which 
was extreme during Florence, and used to study erosion 
of roadways (Wang et al., 2019) and other infrastructure.

The wind retrievals can be used to study the dynamics 
of outer and inner core rainbands (c.f., Li & Wang, 2012) 
and eyewall structure (Marks et al., 2008), particularly 
the contraction of an eyewall (Li et al., 2019), which oc-
curred while the eye was in the wind retrieval domain. 
Additionally, the study of vortex Rossby waves (Corbosiero 
et al., 2006; Guimond et al., 2020) in the inner core can 
be examined. The winds can also be used to validate nu-
merical simulations of Hurricane Florence using actual 
observations as opposed to simulated observations (Nolan 
et al., 2013) or evaluating parametric wind models used to 
estimate oceanic waves during tropical cyclone conditions 
(Ruiz-Salcines et al., 2019).

The dual-Doppler analyses can also aid in the delinea-
tion of water versus wind impacts, which is paramount 
to the wind engineering and insurance communities 
(Baradaranshoraka et al., 2017). For example, following the 
procedures of Alford et al. (2019b) for Hurricane Harvey, 
a map of the maximum windspeeds at each grid cell re-
trieved in the dual-Doppler analyses over an ~26-hr period 
including landfall (Figure  7) indicated that the strongest 
winds (in excess of 75 m/s) were observed offshore in the 
north-eastern part of the eastern dual-Doppler lobe about 
7  hr before landfall. This area of maximum windspeed 

F I G U R E  7   (a) Maximum wind speed 
at each 1 km by 1 km grid cell (in m/s) 
and (b) time of occurrence in UTC at 
500 m altitude from the wind retrievals 
between 1616 UTC on 13 September and 
1915 UTC on 14 September 2018 during 
the landfall of Hurricane Florence. The 
time labels correspond to the tick marks 
to the left
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extended onshore within an hour of landfall to the north-
east of Wrightsville Beach, NC where the centre of the eye 
of Florence crossed the coastline. No doubt extensive flood-
ing associated with storm surge occurred in that area. The 
fastest winds over land are typically found along the coast 
in landfalling hurricanes (Alford et al., 2020). In Florence, 
a secondary region of windspeeds in excess of 70 m/s was 
observed about 20–40 km inland near the border of North 
and South Carolina over a sparsely populated region. This 
area of extreme winds occurred about 7 hr after landfall. 
Preliminary analysis of the evolution of the vortex (not 
shown) indicates that the onshore component of flow in-
creased after landfall during the time period observed. In 
a future study, we will project these wind estimates to the 
surface to construct additional maps of wind characteristics 
associated with the landfall of Florence. We therefore antic-
ipate uses of this dataset and similar future datasets beyond 
the meteorological community to achieve a more compre-
hensive, interdisciplinary assessment of TCs at landfall.
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