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ABSTRACT: Polarimetric radar observations from the NEXRAD WSR-88D operational radar network in the contiguous
United States, routinely available since 2013, are used to reveal three prominent microphysical signatures in landfalling
tropical cyclones: 1) hydrometeor size sorting within the eyewall convection, 2) vertical displacement of the melting layer
within the inner core, and 3) dendritic growth layers within stratiform regions of the inner core. Size sorting signatures within
eyewall convection are observed with greater frequency and prominence in more intense hurricanes, and are observed
predominantly within the deep-layer environmental wind shear vector-relative quadrants that harbor the greatest frequency
of deep convection (i.e., downshear and left-of-shear). Melting-layer displacements are shown that exceed 1 km in altitude
compared to melting-layer altitudes in outer rainbands and are complemented by analyses of archived dropsonde data.
Dendritic growth and attendant snow aggregation signatures in the inner core are found to occur more often when echo-top
altitudes are low (=10 km MSL), nearer the —15°C isotherm commonly associated with dendritic growth. These signatures,
uniquely observed by polarimetric radar, provide greater insight into the physical structure and thermodynamic charac-
teristics of tropical cyclones, which are important for improving rainfall estimation and the representation of tropical cy-
clones in numerical models.
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1. Introduction stressed the pivotal role of frequent, deep convective bursts in
the TC inner core (e.g., Hendricks et al. 2004; Montgomery
et al. 2006; Guimond et al. 2010; McFarquhar et al. 2012; Chen
and Zhang 2013; Rogers et al. 2016; Hazelton et al. 2017) and
eyewall replacement cycles (Sitkowski et al. 2011; Kossin and
DeMaria 2016; Fischer et al. 2020) to TC intensification.

The intensification of TCs is closely related to the distribution
and organization of convection around the TC center. It has long
been known that strong deep-layer vertical wind shear is detri-
mental to the formation, intensification, and maintenance of TCs
by disrupting convective axisymmetry in the inner core (e.g., Gray
1968; DeMaria 1996; Black et al. 2002). Observational works
have shown that the azimuthal distribution of convection is highly
dependent on the direction and strength of the deep-layer
(850-200hPa) environmental vertical wind shear (Corbosiero
and Molinari 2002, 2003; Chen et al. 2006), with the most intense
convection (and lightning) generally occurring within the
downshear-left quadrant of the inner core under moderate-to-
strong shear regimes (Chen et al. 2006; DeHart et al. 2014;
Fierro and Mansell 2017). However, when the vertical tilt of
the vortex is not aligned with the shear vector direction, deep
convection can preferentially occur in other quadrants (e.g.,
upshear left, Stevenson et al. 2014). The response of the primary
circulation to the shear controls the azimuthal distribution of
convection, such that downshear tilt of the vortex (eyewall slope;
Corresponding author: Cameron R. Homeyer, chomeyer@ou.edu  Stern and Nolan 2009; Hazelton et al. 2015) can counteract this

Tropical cyclones (TCs) are a considerable threat to coastal
communities and the shipping industry each year. TCs under-
going changes in intensity and precipitation structure as they
approach landfall pose an ongoing major challenge for oper-
ational forecasters (Gall et al. 2013; Rozoff et al. 2015).
Because TC tracks are chiefly governed by the larger-scale,
synoptic-scale environment (steering flow), recent advances in
numerical weather prediction models and data assimilation
techniques have largely accounted for a notable improvement
in their forecast in the last few decades (Hendricks et al. 2011).
Intensity predictions, however, have improved at half the rate
as track forecasts over the same period (DeMaria et al. 2014)
because intensity fluctuations are significantly influenced by
forcing external to synoptic-scale environmental conditions
(Molinari and Vollaro 1989; Bosart et al. 2000; Hanley et al.
2001) and, most importantly, by small-scale, transient, hard-to-
forecast, moist convective processes in the TC inner core or
eyewall. Many observational and modeling studies have indeed
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vertical misalignment through an enhanced secondary circula-
tion downshear (Jones 1995; Frank and Ritchie 1999; Reasor
et al. 2004). Several mechanisms have been put forth to account
for the resiliency of the primary vortex to tilt, which includes
upshear precession of the vortex (Jones 1995) and vortex Rossby
wave damping (e.g., Reasor and Montgomery 2001; Schecter
et al. 2002).

Broadly, shear is associated with inner-core (azimuthal)
asymmetries (generally of wavenumber 1, Reasor et al. 2000)
in vertical velocity, surface convergence, and accumulated
rainfall (Frank and Ritchie 1999; Black et al. 2002; Rogers et al.
2003). More specifically, convection, maximum sustained winds at
the surface, and rainfall in the inner core of a TC generally or-
ganizes to the left of the shear vector relative to the downshear
direction (Willoughby et al. 1984; Marks et al. 1992; Franklin et al.
1993; Gamache et al. 1997; Corbosiero and Molinari 2002; Black
et al. 2002; Eastin et al. 2005; Reasor et al. 2009, 2013; Uhlhorn
et al. 2014; Fierro and Mansell 2017). Updrafts initiated down-
shear right, where low- to midtropospheric convergence is favored
by the shear, ultimately result in a maximum vertical motion in the
downshear-left quadrant upon cyclonic revolution around the
core by the (primary) tangential circulation (e.g., Braun and Wu
2007; Hence and Houze 2012; DeHart et al. 2014).

The relationship between convective processes (ultimately
latent heating), TC intensification, and TC precipitation is
largely influenced by the evolution of the TC microphysics. It is
well known that, at a given grid spacing, TC intensity and
precipitation structure in model simulations is particularly
sensitive to the chosen microphysics parameters and scheme
within the simulation (e.g., Lord et al. 1984; McFarquhar et al.
2006; Fierro et al. 2009; Brown et al. 2016; Fierro and Mansell
2017, Wang et al. 2020). It is critical that such parameteriza-
tions are constrained by accurate and thorough observations of
TC microphysics. Past observational studies have shown that
the inner core of TCs is generally dominated by warm rain
processes (Jorgensen et al. 1985) characterized by a sharp de-
crease in radar reflectivity with height (Cecil et al. 2002).
Jorgensen et al. (1985) argued that early fallout of the majority
of the liquid water from the updraft before the particles freeze
is consistent with a generally weak updraft (<5ms™ ', Zipser
and Lutz 1994) near the freezing level. Black (1984) showed
that little liquid water was found within the updrafts signifi-
cantly above the freezing level in hurricanes Allen (1980) and
Irene (1981), which reduces the potential for significant rimed
ice formation such as graupel or hail. In fact, most of the super-
cooled liquid water that subsists above the freezing level becomes
frozen before the temperature reaches —10°C, indicating a rapid
glaciation of the cloud (Black and Hallett 1986).

Willis and Heymsfield (1989) hypothesized that in the
inner core of the TC, the graupel that is largely confined to
convective regions is actively involved in secondary nucle-
ation (i.e., the Hallett-Mossop mechanism; Hallett and
Mossop 1974), providing an abundant supply of ice crystals
for aggregation outside the convective region (Marks and
Houze 1987; Houze et al. 1992). This is consistent with the
study of Black and Hallett (1986) who found that most of
the ice within eyewall updrafts originates from the ‘‘ice
multiplication’ mechanism. These small ice particles are
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then redistributed throughout the storm by the upper- and
midtropospheric circulations.

An improved understanding and model representation of
TC microphysics is likely to improve our ability to predict re-
lated hazards during landfall including extreme precipitation
such as that observed with recent hurricanes Harvey (2017;
Wolff et al. 2019; Brauer et al. 2020) and Florence (2018). The
operational weather radar network in the United States—Next
Generation Weather Radar (NEXRAD)—was created in 1957
to monitor clouds and precipitation. Beginning in 1988, the
network was upgraded to Doppler S-band (10-11.1cm
wavelength) horizontal polarization radars—named Weather
Surveillance Radar-1988 Doppler (WSR-88D; Crum and
Alberty 1993). The WSR-88D network, which includes 143
radars in the contiguous United States (CONUS), was again
upgraded between 2011 and 2013 to transmit in horizontal
and vertical polarization (dual-polarization or polarimetric).
The new polarimetric variables observed by the upgraded
NEXRAD WSR-88D network enable considerable im-
provements in the discrimination between meteorological
and nonmeteorological scatterers as well as between various
precipitation types (e.g., rain, snow, hail) by providing in-
formation on the size, shape, phase, and concentration of
scatterers. Given the recent upgrade of the NEXRAD net-
work to dual-polarization and the occurrence of several
high-impact landfalling TCs since that time, there exists a
unique opportunity to more systematically analyze micro-
physical observations of TCs to better understand in-cloud
hydrometeor structure, variability, and utility in assessing
rainfall rates and potential hazards.

Given the emerging stage of this research, recent work
aimed at leveraging the unique potential of polarimetric radar
observations to understand TC microphysics has been pri-
marily focused on individual case studies. For example, Van
Den Broeke (2013) identified unique signatures of biological
scatterers in the eyes of Hurricanes Irene (2011) and Sandy
(2012) using polarimetric observations from the NEXRAD
network, indicating a likely association with oceanic birds
based on inland ground reports. Griffin et al. (2014) used po-
larimetric observations from the prototype WSR-88D in
Norman, OK to diagnose the microphysical and electrical
characteristics of the remnants of Tropical Storm Erin (2007)
and its reintensification over Oklahoma, arguing from these
perspectives that inner-core convection was critical to the
reintensification. Didlake and Kumjian (2017, 2018) lever-
aged polarimetric observations from NEXRAD to examine
the bulk microphysics in relation to storm kinematics and
asymmetries for Hurricanes Arthur (2014) and Irma (2017),
respectively, and found unique polarimetric indications of
transitions between convection and stratiform precipitation
and size sorting within primary and secondary eyewall re-
gions. Feng and Bell (2019) also analyzed the size sorting in
the eyewall of Hurricane Harvey (2017) and estimated the
associated drop size distribution (DSD) in different areas of
the eyewall.

Several recent studies have placed emphasis on more de-
tailed and extensive microphysics retrievals, including drop
diameter and concentration, for inner and outer rainbands in
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FIG. 1. Map of storm tracks. Stars indicate the locations of each
storm at the time of analysis in Figs. 2-4. The thicker segments
overlaid on the tracks indicate each TC’s center location used for
analysis in this study.

TCs using polarimetric radar and disdrometer observations.
Wang et al. (2016, 2018) and Wen et al. (2018) utilized polar-
imetric radar observations in several landfalling typhoons in
China to demonstrate the dominance of warm rain processes
and small- to medium-sized (1-2mm diameter) drops within
outer rainbands, in agreement with many previous studies us-
ing alternative data. Wang et al. (2018) further revealed that
within outer rainbands there is a transition between precipi-
tation dominated by warm rain processes in convective updraft
regions to precipitation dominated by melting of convectively
generated graupel outside of the updrafts, while Wu et al.
(2018) revealed that there is an increase in the importance of
riming (i.e., graupel production) to heavy rainfall in outer
rainbands compared to that in inner stratiform bands. Hu et al.
(2020) revealed the same tendency of increased graupel pro-
duction in the outer rainbands of Hurricanes Harvey (2017)
and Florence (2018) in the United States, while DeHart and
Bell (2020) carried out microphysics retrievals for these TCs
and revealed once again that precipitation is broadly domi-
nated by warm rain processes but indicated that raindrop
concentrations are about an order of magnitude smaller than
those found in the landfalling typhoons in China.

To continue to improve understanding of the microphysical
characteristics of TCs using polarimetric radar observations, a
broader investigation into commonalities and differences be-
tween storms with various intensities and environmental con-
ditions is required. In this study, we examine polarimetric radar
observations from the NEXRAD WSR-88D network during
eight recent landfalling hurricanes in the CONUS: Arthur
(2014), Hermine (2016), Matthew (2016), Harvey (2017), Irma
(2017), Nate (2017), Florence (2018), and Michael (2018). A
map of storm tracks from these eight TCs is shown in Fig. 1.
By leveraging lower-tropospheric maps, vertical profiles, and
unique data processing techniques, we identify coherent and
consistent signatures in the polarimetric radar variables that
reveal new information on the physical and thermodynamic
characteristics of TCs at and near landfall. The results pre-
sented in the following sections have important implications
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for future research and numerical modeling of TCs, especially
for storm-scale and mesoscale impacts on coastal and inland
areas near the landfalling location.

2. Data and methods
a. Radar observations

As outlined in section 1, the relatively recent upgrade of the
NEXRAD WSR-88D network to dual-polarization provides a
unique opportunity to analyze in detail scatterers contained
within radar sample volumes. Each polarimetric radar within
the NEXRAD network samples precipitation at approxi-
mately 5-min intervals on a polar grid with a range resolution
of 250 m, an azimuthal resolution of 0.5° in the lowest three to
five elevations and 1.0° aloft, with measurements obtained at
14 elevations in most cases (especially when the precipitation
column is deep). The variables measured by the polarimetric
WSR-88Ds include radar reflectivity factor at horizontal po-
larization (Zj), radial Doppler velocity (Vg), velocity spec-
trum width (o), the differential radar reflectivity factor
(ZpRr), differential phase (¢pp), and the copolar correlation
coefficient (pgv). This study focuses on analysis of four mi-
crophysical variables (Zy, Zpr, ¢pp, and pyy). Note that
rather than performing a direct analysis of ¢pp, we compute
half the range derivative of ¢pp, a key polarimetric variable
commonly known as the specific differential phase, or Kpp
(Seliga and Bringi 1978).

The polarimetric variables used in this study provide infor-
mation on the characteristics of anisotropic particles that can
be used to elucidate important microphysical and/or dynamical
processes taking place within cloudy areas of TCs. Specifically,
Zy; is dependent on hydrometeor concentration and size given
its proportionality to the sixth moment of the observed particle
size distribution for rain and approximately the fourth moment
for snow; Zpr—the logarithmic difference between reflectivity
factors at horizontal and vertical polarizations—provides a
reflectivity-weighted indication of average particle shape, ori-
entation, and/or phase composition; Kpp relates to the total
mass of nonspherical particles; and pyv indicates the diversity
of particle type and phase within the sample volume. Moreover,
combinations of the polarimetric variables can help to reveal the
significance and occurrence of unique microphysical processes at
work within storms and retrieve common microphysical pa-
rameters (see end of this subsection), especially when thermo-
dynamic properties of the environment are known. Additional
detailed descriptions of the polarimetric variables and their
physical meaning can be found in several textbooks (e.g., Doviak
and Zrni¢ 1993; Bringi and Chandrasekar 2001; Ryzhkov and
Zrni¢ 2019) and review papers (e.g., Herzegh and Jameson 1992;
Hubbert et al. 1998; Zrni¢ and Ryzhkov 1999; Straka et al. 2000;
Ryzhkov et al. 2005b; Kumjian 2013a,b,c).

AIINEXRAD WSR-88D data analyzed in this study were
obtained from the National Centers for Environmental
Information (NOAA/NWS/ROC 1991). Analysis of NEXRAD
data in the remainder of this work is performed using three
analysis techniques: (i) merged polarimetric volumes from
multiple radars via the Gridded NEXRAD WSR-88D Radar
(GridRad; http://gridrad.org) space- and time-weighted binning
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algorithm (Homeyer and Bowman 2017), (ii) quasi-vertical
profiles (QVPs) from azimuthally averaged high-elevation ra-
dar scans (e.g., Ryzhkov et al. 2016), and (iii) columnar vertical
profiles (CVPs) from range and azimuth restricted sectors of full
volume scans (Murphy et al. 2020). While an hourly archive of
Zy-only GridRad data are publicly available (Bowman and
Homeyer 2017), a unique set of polarimetric GridRad data are
created at 5-min intervals on a ~0.02° X 0.02° longitude-latitude
grid, with 0.5 km vertical grid spacing from 1 to 7km and 1km
vertical grid spacing above that for all analyzed TCs. Similar
polarimetric GridRad data have been created and analyzed for
microphysical studies in Homeyer and Kumjian (2015) and
Handler and Homeyer (2018). These data provide large-area
depictions of cloud microphysics that are not possible via anal-
ysis of observations from a single radar. We use GridRad data to
investigate the scale and robustness of identified polarimetric
signatures and characteristics, primarily through long-duration
composite analyses. To identify convection and stratiform pre-
cipitation within each TC, we apply the Storm Labeling in Three
Dimensions (SL3D) algorithm (Starzec et al. 2017) to the
GridRad data, which was developed using GridRad data and
demonstrated good reliability in both midlatitude storms and
TCs over the CONUS.

To merge and analyze the polarimetric variables in GridRad
data, several important quality-control techniques are applied.
First, only observations with pygy > 0.5 are merged into
GridRad volumes to limit deleterious impacts from contribu-
tions of nonmeteorological scatterers. Second, Kpp is calculated
using first-order centered differencing of ¢pp observations that
are first smoothed using a 7.5-km radial running-mean filter to
reduce random noise. Third, Zpr observations from each radar
are objectively bias-corrected prior to binning by using obser-
vations of snow aggregates and a ‘“‘natural scatterer’”” approach
(e.g., Ryzhkov et al. 2005a). An exhaustive review of these
techniques and reasoning for their application is provided in
Homeyer and Kumjian (2015). Following creation, all GridRad
data undergo two quality-control steps before analysis. First,
echoes are removed if they occur within a GridRad volume
sampled infrequently by NEXRAD WSR-88D radars and/or
only at large distances from contributing radar locations (this
process is described in further technical detail within Homeyer
and Bowman (2017) and is referred to as “filtering”). Second,
echoes are discarded if Zy; < 40dBZ and pyv < 0.9, which
eliminates the vast majority of nonmeteorological scatterers
that remain.

In this study, time-height analyses are created using QVPs,
profiles from select locations within GridRad data volumes (in
the supplemental material), and CVPs. QVPs provide azimuthally
averaged observations of high elevation scans (those >10°) from a
single radar, resulting in instantaneous high-resolution “profiles”
of radar variables that reduce inhomogeneities and/or noise in the
physical variables that are inherent to short-duration pulses of
operational radars (e.g., Kumjian et al. 2013; Tromel et al. 2013,
2014; Ryzhkov et al. 2016; Tobin and Kumjian 2017). When
computing QVPs from a continuous set of radar volumes, these
provide detailed time-height depictions (i.e., curtains) of the radar
variables that enable understanding of the dominant microphys-
ical processes occurring throughout the vertical dimension of a
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storm. QVPs are ideal for studying broad regions of precipitation
that are horizontally homogeneous (i.e., stratiform precipitation)
and have become increasingly used for research. For example,
recent efforts have leveraged QVPs to study microphysical pro-
cesses and signatures such as those in and near the melting layer of
stratiform precipitation within mesoscale convective systems (e.g.,
Kumjian et al. 2016) and precipitation types and growth processes
within winter storms (e.g., Van Den Broeke et al. 2016; Kumjian
and Lombardo 2017; Griffin et al. 2018). Here, we leverage the
QVP method to analyze the broad physical characteristics of
TCs from two storms that passed within close proximity to a
NEXRAD WSR-88D site during landfall.

Time-height analyses using the CVP method are also cal-
culated and designed to coincide with the track of TCs as they
pass by. Since CVPs are based on a single point (column)
within a radar’s domain, they provide a less vertically resolved
depiction of storm microphysics and their variability with al-
titude compared to that from QVPs. Despite this limitation,
bulk microphysical characteristics are diagnosed reasonably
well, as summarized in the remainder of this work. The
GridRad time-height analyses in the supplemental material
are comparable to these CVPs.

The CVPs produced for this study were used for rain and ice
microphysics retrieval. The retrieval, based on work outlined
in Ryzhkov et al. (2018, 2020) and Ryzhkov and Zrnic¢
(2019)—their chapter 11, summarized briefly below, provide
estimates of liquid water content (LWC) in rain, ice water
content (IWC) in ice, mean volume diameter D,,, and total
number concentration N,. Equations relating the polarimetric
variables to the retrieved quantities are defined as follows:

In rain,

LWC=138%x103 z, % 106243 %0, +11225 ~017Z)) 1)

D, =0171Z}y —0.725Z%, +1.48Z . +0.717, (2)
log,((N,) = —237+0.1Z, —2.89Z, +1.28Z}, — 0.213Z
3)
in ice,
KA
IWC=4x10"3 —22— 4
(52)
VA 172
=-0.1+2. DP
D, 0.1+2 O(KDP/\> , (5)
Zpp
log,((N,)=0.1Z, —2log,,| — | —1.11, (6)
Kph

where Z;, and Z, are the horizontal and vertical radar re-
flectivity factors in linear units (mm®m %), respectively; Z, is
the differential reflectivity in linear units, Zpp = Z;, — Z,, and
A is the radar wavelength in mm. The retrieved LWC and IWC
are in gm73, D,, is in mm, and N, is in L

Equations (1)—(3) were derived using more than 47 000 DSDs
obtained by a 2D-video disdrometer in central Oklahoma
(Schuur et al. 2005) and are applicable to both convective and
stratiform rain. Based on comparisons with these disdrometer
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observations, the LWC estimate from Eq. (1) has a fractional
standard deviation (FSD) of ~35% for LWC varying from 0.1 to
1.0gm™>. The standard deviation of the D,, estimate from
Eq. (2) increases with D,,, but the FSD is constant at ~10%.
The standard deviation of the log;o(V;) estimate from Eq. (3) is
~0.3 for the majority of DSDs and tends to be larger for very
high [log;o(NV;) > 0] and very low [logio(N,) < —1] raindrop
concentrations.

Equations (4)-(6) were obtained theoretically using scat-
tering computations for 12 ice habits assuming a multitude of
gamma size distributions, aspect ratios, orientations, and de-
grees of riming and are mainly applicable to stratiform pre-
cipitation without much graupel aloft. The derivations assume
that the bulk density of ice or snow is inversely proportional to
the particle’s equivolume diameter, as in Brandes et al. (2007).
The ratio Zpp/Kpp in Egs. (4)—(6) is very robust with respect to
the variability of particle aspect ratios and orientations because
these factors affect Zpp and Kpp similarly, and, therefore, the
ratio remains almost intact (Ryzhkov et al. 1998). Equations
(4)—(6) are somewhat sensitive to the variability of the assumed
degree of riming of snow and changes of the shape parameter
o of the gamma size distributions. Theoretical simulations
show that the FSD of the IWC estimate from Eq. (4) is within
20% if —1 < u < 1, and IWC tends to be overestimated for
< —1, while the estimate is almost insensitive to the degree
of riming. For a given degree of riming, the accuracy of the D,,,
estimate from Eq. (5) is within 20%. The accuracy of the
log;o(N,) estimate from Eq. (6) is dependent on the accuracy of
the D,, retrieval and may vary from 0.7 to 1.0 (in log units) if
D,, is estimated with an accuracy of 20%.

b. Tropical cyclone tracks

Longitudes, latitudes, and intensities at a minimum of 6-h
intervals along the path of each storm analyzed here are ob-
tained from the National Hurricane Center’s second-generation
North Atlantic hurricane database (HURDAT2; Landsea and
Franklin 2013). For times in between available track information
where storm locations are desired, we linearly interpolate storm
positions in time from the HURDAT?2 tracks.

c¢. Environmental assimilations

To compute the 850-200hPa wind shear (direction and
magnitude) necessary for all shear-relative quadrant analyses,
this work employs 6-hourly assimilations from the European
Centre for Medium-Range Weather Forecasts (ECMWF) in-
terim reanalysis (ERA-Interim; Dee et al. 2011). ERA-Interim
provides atmospheric state variables on a ~0.75° X 0.75°Gaussian
longitude-latitude grid with 61 vertical levels. The vertical coor-
dinate is a hybrid sigma—pressure coordinate that results in a
vertical resolution ranging from approximately 250-1000 m
throughout the troposphere. For analysis at intermediate times
(e.g., hourly intervals), all ERA-Interim data are first interpo-
lated linearly in space and time on the native model grid. To
compute the 850-200 hPa wind shear vectors, profiles of zonal
and meridional wind speeds are extracted within radial distances
ranging from 200 to 800km relative to storm center locations
estimated from the HURDAT2 cyclone tracks. We use the
azimuthal-mean shear vector from these profiles at hourly
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intervals along each storm track to partially circumvent the in-
fluence of the primary circulation from the TC. This approach is
similar to that outlined in studies such as Kaplan and DeMaria
(2003), Chen et al. (2006), and Hence and Houze (2011) using
alternative forecast models or reanalysis model output.

d. Dropsonde data

Global positioning system (GPS) dropsonde data from the
Tropical Cyclone-Dropsonde Research and Operations Product
Suite (TC-DROPS; Nguyen et al. 2020) during 1996-2019 (N =
2697 sondes in 111 TCs) are used to quantify changes in altitudes
of the 0° and —15°C isotherms with TC intensity, as a function of
distance from storm center. We choose to use this larger dataset
rather than the eight cases included in the radar analysis since
sonde coverage can be limited for such a small group of storms
and to provide a large enough sample to statistically examine
changes in these two isotherms. TC-DROPS is a collection of
sondes from: 1) operational NOAA and Air Force aircraft re-
connaissance including those from the NOAA-DHA Long-term
Dropsonde Hurricane archive (Wang et al. 2015) and 2) various
NASA, ONR, NSF, and NOAA-sponsored field experiments
including most recently the NOAA and NSF-sponsored Sensing
Hazards with Operational Unmanned Technology (SHOUT,;
Dunion et al. 2018) and NASA-sponsored east Pacific Origins and
Characteristics of Hurricanes (EPOCH; Emory et al. 2015)
campaigns. Each dropsonde has been quality-controlled by the
National Center for Atmospheric Research (NCAR) Earth
Observing Laboratory (EOL) or the NOAA Atlantic
Oceanographic and Meteorological Laboratory (AOML)
Hurricane Research Division (HRD) using NCAR/EOL’s
Aspen sonde processing software, as well as additional manual
quality-control steps. The radial distance from the TC center is
determined for each dropsonde by interpolating the HURDAT2
cyclone track locations to the time of measurement.

3. Results
a. Summary of cases

As outlined in section 1, this study focuses on eight recent
TCs that were densely observed by the polarimetric NEXRAD
WSR-88D network as they approached and/or made landfall in
the CONUS at hurricane strength on the Saffir—-Simpson scale.
While the storm tracks and key time periods used for the
analysis of each case are identified in Fig. 1, a brief summary of
the time periods analyzed in this study and corresponding
characteristics of each storm is provided here.

Table 1 summarizes the following key characteristics of each
storm: the time period(s) the TC was a hurricane, the first U.S.
landfall time and location, maximum intensity reached (sus-
tained wind speed and category on the Saffir-Simpson scale),
the focal time of analysis (chosen to be near the time of first
U.S. landfall and in most cases near the earliest times at which
the TC is within range of multiple NEXRAD radars), and the
maximum storm-relative range of the eyewall convection
during the focal time of analysis. While many of the TCs ana-
lyzed were major hurricanes [sustained wind =96kt (1kt ~
0.51ms ') and category =3] at one point during their life cy-
cle, the times analyzed comprise four weak TCs (Hurricanes
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radar observations to outline several microphysical signatures
that are repeatedly observed within the eight TCs of interest.
Many unique signatures are present within the inner core of
each storm and reveal microphysical and thermodynamic de-
tail that, to the best of our knowledge, has not yet been ex-
tensively documented in prior work. Focus is first directed on
signatures within the eyewall convection of each TC and then
geared toward signatures within the broader domain of the
inner core. These polarimetric signatures are then summarized
in an idealized conceptual model for TCs.

= Arthur, Hermine, Nate, and Florence) and four strong TCs
Qi (i.e., major hurricanes; Hurricanes Matthew, Harvey, Irma,
o and Michael).
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b. Lower-tropospheric maps

Maps containing column-maxima of the polarimetric variables
within the 1-4 km MSL layer (hereafter lower-tropospheric maps)
reveal important signatures within the eyewall convection of each
TC. To establish broader context, we first present a large-area
lower-tropospheric map of Zj; from each TC in Fig. 2. This map
demonstrates that each storm has unique structure, scale, and
organization. Hurricane Hermine features the broadest and least
organized eye and all TCs show significant asymmetry in the
eyewall convection and/or the broader rain region. In each of
these cases, a clear rainband complex is present within an
~150km radius (i.e., within the superimposed black boxes), but
Hurricane Irma appears to have a somewhat broader rainband
complex than the remaining TCs. As in Willoughby et al. (1984),
we define a storm’s “inner core” as the region spanned by the
innermost rainband complex (e.g., see Fig. 30 in Houze 2010). To
reveal important polarimetric signatures within the eyewall con-
vection of the inner core, Fig. 3 provides lower-tropospheric maps
of Zy, Zpr, and Kpp within the black boxes of Fig. 2.

The inner-core lower-tropospheric maps (Fig. 3) reveal
consistent polarimetric signatures within the eyewall convec-
tion of each storm. Namely, Z;; > 40 dBZ near storm center
outlines well the prominent convective regions within each
storm’s eyewall (diagnosed by analysis of echo vertical extent,
not shown). Embedded within and upstream of the eyewall Z;;
maxima are regions of enhanced Zpr (=1dB) and Kpp
(=0.33°km "), which are azimuthally offset from one another.
Considering the strong primary cyclonic circulation of each TC
at low levels, enhanced Zpg zones are found both upstream of

1300 UTC 7 Oct (105 kt; Cat 3)

Focal time of analysis (intensity)
~0000 UTC 4 Jul (85kt; Cat 2)
0330 UTC 2 Sep (70kt; Cat 1)
0200 UTC 26 Aug (115kt; Cat 4)
0930 UTC 10 Sep (115kt; Cat 4)
0230 UTC 8 Oct (75kt; Cat 1)
1100 UTC 14 Sep (80 kt; Cat 1)
1800 UTC 10 Oct (135 kt; Cat 4)

Max intensity
85kt (Cat 2)
70kt (Cat 1)

145kt (Cat 5)

115kt (Cat 4)

155kt (Cat 5)
80kt (Cat 1)

130kt (Cat 4)

140kt (Cat 5)

First U.S. landfall time (location)

Near 0300 UTC 4 Jul (North Carolina)
Near 0530 UTC 2 Sep (Florida Panhandle)

Near 1500 UTC 8 Oct (South Carolina)

Near 0300 UTC 26 Aug (Texas)
Near 1730 UTC 10 Oct (Florida Panhandle)

Near 1300 UTC 10 Sep (Florida Keys)
Near 1115 UTC 14 Sep (North Carolina)

TABLE 1. For each TC analyzed: time periods when sustained winds exceeded the minimum threshold for a hurricane (=64 kt), initial U.S. landfall time and location, the maximum
Near 0000 UTC 8 Oct (Louisiana)

intensity reached [sustained wind speed with the category (Cat) in parentheses on the Saffir-Simpson scale: 1, sustained wind 64-83 kt; 2, 84-95kt; 3, 96-112 kt; 4, 113-136 kt; and 5,
=137kt), and the focal time of analysis in this study (and corresponding intensity]. All details except for the maximum range of eyewall convection were obtained from the HURDAT2

track dataset, with eyewall convection ranges determined subjectively from radar analysis at the focal time of analysis.

=
20 and overlapping enhanced Kpp areas. This azimuthal offset
I 0 of Zpr and extension of Kpp signatures is robust evidence of
2 =
2 o = 8 hydrometeor size sorting within the eyewall convection, as
[ . .
3 § ~ f; §‘ diagnosed further for Harvey in Feng and Bell (2019). The Zpgr
2 = . .
£ <983 g enhancement, which extends slightly upstream of the 40 dBZ
% § 82 %":I SIE Zy region in several of the more intense TCs analyzed
32 E (§‘ éi gﬂg 'c% 8 (Hurricanes Matthew, Harvey, and Irma), is coincident with
Glea? E f % © :| the expected location of convection initiation and maturation
Al OE T within the eyewall, where the strongest upward motion would
be located and the largest drops formed (given the long es-
o e ° tablished relationship between drop size and terminal velocity;
= — . . .
S|y E L2 ::)’ 3 Gunn and Kinser 1949). Due to the strong azimuthal circula-
g €55 E g 23 S tion and the vertical nature of the secondary circulation, the
T|<EEEEZ2E2 smaller (and, hence, lower terminal velocity) drops formed in

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 01/14/21 02:34 PM UTC



JANUARY 2021

Hurricane Arthur:
2014—07—04 at 00: 00 UTC

HOMEYER ET AL.

Hurricane Hermine:
2016-09-02 at 03:30 UTC

137

Hurricane Matthew:
2016-10-07 at 13:00 UTC

K =
2 > '
35.2° . 30.3° L
(0] N
° . X ~
2 34.0°— 29.0° i =
5 " j i
32.8° 27.8° -
g ‘
b
31.5° 27.2° = 2 Al 26.5° -
280.2° 281.5° 282.7° 284.0° 285.2° 273.2° 274.5° 275.7° 277.0° 278.2° 277.1° 278.4° 279.6° 280.9° 282.1°

Hurricane Harvey:
2017—08—26 at 02: 00 UTC

Hurricane Irma:
2017-09-10 at 09:30 uUTC

Hurricane Nate:
00 2017-10-08 at 02:30 UTC

EAER =PIET gl
2 H -'-; e TRl O
of2 T SN AT e ° R 0
29.2°F~ : > s 25.4 4 bt 31.0
h e
8 V. b
2279 A 24.2° — rah S Bt 29.7°
i : ¥ Wy | ¢
\% ‘x a ,
f L b * G e
26.7°1\ ;}; A 22.9° - 28.5°
25.4° S T 21.7° 2N N 27.2°
260.6° 261.9° 263.1° 264.4° 265.6° 276.1° 277.4° 278.6° 279.9° 281.1° 268.4° 269.7° 270.9° 272.2° 273.4°
Hurricane Florence: Hurricane Michael:
2018-09-14 at 11:00 UTC 2018—10 10 at 18:00 UTC
I = = o R, | =
T e = I
4 W '&
= T :
o - ol t
35.5 = 31.4°HE - '
ANz
[ - 9 - 2
Saal = \ 30.2° |
g B B .
§0 ) f R\
4 [} -
. / l o
33.0°1% = P& 28.9° :
‘_ 4 ‘._._
31.7° 70 D
279.7° 281.0° 282.2° 283.5° 284.7° 272.0° 273.3° 2745° 275.8° 277.0°
Longitude Longitude
AdEEEN | [T
0 15 30 45 60 75
Z,, (dB2)

FIG. 2. Map of merged lower-tropospheric (column maxima in a layer 1-4 km MSL) Z,, from GridRad data. The thick black squares
centered on each storm represent the extent of the domains used for Fig. 3. Thick black plus symbols indicate the locations of the GridRad
time-height curtains included in the online supplemental material, with the only exception being Hurricane Irma (location is off the map

at 27.5°N, 278.05°E).

the convective cells are transported longer distances through
the cyclone and reach the surface at a location downstream
of the largest drops, which is consistent with that implied by the
azimuthal offset of the Kpp enhancement (representing high
concentrations of smaller raindrops). Additional microphysi-
cal processes such as drop—drop collisions, growth (coales-
cence), and droplet breakup are anticipated to occur more
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readily at these altitudes in TCs, but such processes are more
influential on variability in the radar variables in altitude rather
than in the horizontal dimension.

The polarimetric signature of size sorting within the eyewall
convection identified in these storms appears to reveal some
noteworthy sensitivity to storm intensity and environmental
wind shear. In particular, the size sorting signature is least
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FIG. 3. Lower-tropospheric maps (column maxima in a layer 1-4 km MSL) of three polarimetric variables—(from left to right) Z;, Zpg, and
Kpp—from GridRad data (from top to bottom) for each TC analyzed in this study (in chronological order). Thick black arrows superimposed on
each map represent the direction and magnitude (length) of the 850-200 hPa wind shear vector, with the precise magnitudes of the shear vectors
labeled in the Kpp maps. Thick black contours in each map outline the 40 dBZ Z;, contour corresponding to eyewall convection. Radars used for
QVP analysis in Fig. 5 are shown by the large black labeled circles in the Z;; maps for Hurricanes Harvey and Irma.
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FIG. 4. Two-dimensional density diagrams (or histograms) of lower-tropospheric (1-4 km MSL) Z; as a function of azimuth relative to
storm center and the deep-layer shear vector, with shear-relative quadrants (from left to right in each panel) upshear right (UR),
downshear right (DR), downshear left (DL), and upshear left (UL) denoted for each storm. Data are from a 3-h period centered on the
times shown in Fig. 3, within the maximum range of eyewall convection from TC center (see Table 1). The bin resolutionis 2.5dBZin Zy
and 30° in azimuth, with all bin values normalized relative to the maximum value found in any bin of each plot. Superimposed on the
density diagrams are average Zpg (red lines; every 0.25 dB at increasing thickness) and Kpp (blue lines; every 0.25°km ™! at increasing
thickness) of the data points falling within each bin. Signatures consistent with the presence of large raindrops (elevated Z;; and ZpR) are
indicated by the yellow arrows and those consistent with a high concentration of small drops (elevated Z and Kpp) by the blue arrows for
select storms, pointing to the maximum Zpg and Kpp values.

apparent in the weakest and least organized/symmetric storms
(Hurricanes Hermine and Nate) and gradually fades in all
storms as they weaken (not shown). When considering the
remaining storms in order of increasing intensity at these
analysis times (i.e., Florence, Arthur, Matthew, Harvey, Irma,
and Michael), the size sorting signature becomes more ap-
parent with increasing intensity (see also section 3¢ and Fig. 4).
Namely, the Zpr and Kpp enhancements become larger in
magnitude and are found over a larger range in azimuth.
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Environmental wind shear is also found to have a relationship
with the azimuthal location of these size sorting signatures. The
ERA-Interim 850-200 hPa shear vectors for each TC are su-
perimposed in all maps of Fig. 3, demonstrating that the size
sorting signature is observed in a largely consistent shear-
relative location within each storm—in the downshear and left-
of-shear sectors. These shear-relative locations of size sorting
are consistent with prior research on the typical locations of the
strongest eyewall convection in TCs experiencing moderate
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TABLE 2. For each TC analyzed, the fraction (%) of radar echo
that is classified as convective precipitation using the SL3D algo-
rithm. Fractions are provided for each shear-relative quadrant
[upshear right (UR), downshear right (DR), downshear left (DL),
and upshear left (UL)] and for all echoes, within the maximum
range of eyewall convection (see Table 1).

Hurricane UR DR DL UL All
Arthur 17.3 21.6 4.0 6.7 12.6
Hermine 8.9 16.4 12.8 9.9 11.7
Matthew 1.2 23.1 19.3 7.7 14.8
Harvey 3.7 1.9 46.6 37.8 21.9
Irma 4.2 39.3 35.8 7.9 25.0
Nate 0.0 10.7 14.8 10.9 13.4
Florence 8.9 2.8 23.5 19.7 13.6
Michael 13.0 19.6 37.9 31.6 25.1

(5-10ms ') or strong (>10ms~') environmental wind shear
(as outlined in section 1; e.g., Corbosiero and Molinari 2002,
2003; Chen et al. 2006; DeHart et al. 2014).

c. Lower-tropospheric density plot analyses of
hydrometeor size sorting

The influence of size sorting of raindrops within the eyewall
convection and its dependence on TC intensity can be more
convincingly (and quantitatively) revealed through simple
time-composite evaluation. Figure 4 shows two-dimensional
frequency (or density) plots of Z;; as a function of 850-200 hPa
shear vector-relative azimuth for all 5-min radar observations
below 4km MSL and within a 3-h window centered on the
times shown in Fig. 3. Superimposed on these density plots are
contours indicating the average values of Zpr and Kpp for
observations in each Zy—azimuth bin. It is clear from this more
extensive composite analysis that the size sorting signature is
more prevalent—with greater magnitudes, azimuthal extents,
and azimuthal offsets of Zpr and Kpp enhancements within
high-Z,, regions found in stronger storms. In particular, azi-
muthal offsets in Zpr and Kpp maxima within Z; = 40 dBZ
are approximately 90° in Matthew, Harvey, Irma, and Michael,
at most 60° in weaker storms and nearly or entirely indistin-
guishable in Hermine and Florence (both of which are in rel-
atively weak shear environments). Similarly, maximum Zpg
and Kpp exceed 1.5dB and 1.25°km ™!, respectively, in the
stronger storms, but largely fail to exceed 1dB and 1°km ™! in
weaker storms. This analysis also demonstrates that Zpr en-
hancements are commonly found in the downshear quadrants
of the eyewall, while the greatest Kpp enhancements are
commonly found in the left-of-shear quadrants. These shear-
relative preferences are also least apparent in the weaker
storms. Additionally, diagnosed convection analyzed for the
same time period and radii from the TC center (Table 2)
demonstrates well that convective precipitation is more prev-
alent in the stronger TCs.

d. Time-height analyses

QVP analysis is possible for only a subset of the TCs ana-
lyzed in this study, as construction of such profiles requires that
the center of the TC comes in close proximity (within ~50 km)
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of a NEXRAD WSR-88D site such that the inner core is well
sampled. Hurricanes Hermine, Harvey, and Irma each have
sufficient observations for QVP analyses, which show consis-
tent physical characteristics of precipitation in the outer rain-
bands and inner core. Because QVP analysis of Harvey and
Irma is possible for an entire 24-h period without interruption
in observations, we focus on these storms here. Figure 5 pres-
ents time-height curtains of all four radar variables from the
QVP analysis of Harvey and Irma. In each case, time series of
the location (azimuth) and distance of the radar site used to the
TC center and the direction of the 850-200 hPa shear vector
are also provided. The locations of the corresponding radars
where these QVPs were generated are shown in a storm-
relative frame within the lower-tropospheric Z, maps of Fig. 3.
Figure 5 reveals several clear polarimetric signatures within
each TC: upward melting-layer displacement within the inner
“warm” core compared to that within outer rainbands, a
dendritic ice crystal growth layer (DGL—revealed by en-
hanced Zpr and Kpp in environments near —15°C, which are
found between 7.5 and 8 km MSL for all TCs analyzed here;
e.g., see Kennedy and Rutledge 2011; Andri¢ et al. 2013;
Bechini et al. 2013) spanning altitudes ~1-3km above the
melting layer (illustrated by the blue ovals), and snow aggre-
gation in a shallow layer immediately above the melting layer
(revealed by decreasing Zpgr and increasing Z;; with decreas-
ing altitude; e.g., see Ryzhkov and Zrni¢ 1998; Ryzhkov
et al. 2005a).

Previous studies have established that there are prominent
signatures of hydrometeor melting in the polarimetric vari-
ables. Such signatures are typical of hydrometeors falling
within broad stratiform rain regions and include the so-called
Zy; bright band (a shallow layer of enhanced Zy) and pgy
reduction, which are some of the most pronounced polari-
metric signatures of melting (e.g., Austin and Bemis 1950;
Zrni¢ et al. 1993; Ryzhkov and Zrni¢ 1998). These signatures
arise as a result of large variability in the shapes, orientations,
and phase of melting snow aggregates within stratiform rain
regions and from the differences in dielectric constants of liq-
uid and ice. They appear just below the altitude at which
melting begins—where the wet bulb temperature in the envi-
ronment exceeds 0°C.

In Fig. 5, the upward displacement in the melting layer is
evidenced by rising altitudes of Z; and Zpg bright bands and
puv reductions over time in each case. For Harvey, these up-
ward displacements are approximately 500 m, and for Irma,
approximately 750m. In both TCs, melting-layer displace-
ments become increasingly defined with decreasing storm-
relative distance and are centered near an altitude of 5km.
In Harvey, the rise in melting-layer height is more gradual,
occurring over a period of ~6 h and is centered on a distance of
~100 km from storm center. In Irma, the more pronounced rise
is more rapid, occurring over a period of ~2h and centered
on a distance of ~150km from the storm center. These dif-
ferences in the times during which displacements are seen are
likely related to the radar-relative translation speed of the TCs
or TC size and the nearest range to TC center sampled. Taken
together with the lower-tropospheric maps of Figs. 2 and 3, the
distances from storm center where the largest changes are



142 MONTHLY WEATHER REVIEW VOLUME 149

Hurricane Harvey Hurricane Irma

Radar Reflectivity at Horizontal Polarization (Z,)

10 10]
€
2
[0}
kel
2
Ed
127 ' 127
Copolar Correlation Coefficient (p,,)
10 10]
_ | |
€ 1
:% 3.‘&"’_‘ 16 (s %(-wm'-g_-AW)!‘A*“ |
i {1 1
L | ‘
E T al [ el N
18Z

¥ el
127
Differential Radar Reflectivity (Z;)
10

8

7 | 1 8|

) afh [ B

00Z 062

Altitude (km)

Altitude (km)

Distance from Tropical Cyclone Center, Location (Azimuth) Relative to TC Center, and Shear Vector Direction

£ 300 360  300( 3605
% 200F 270 500F | Downshear 52708
e =180 F =180 ~
g 1007 Jo0  100p Hoo E
2 o 0 0 <
0 12z 182 00Z 06Z 122 122 182 00Z 06Z 12Z
25 August 2017 26 August 2017 9 September 2017 10 September 2017
— Radar Distance from TC Center —— Radar Location Relative to TC Center = 850-200 hPa Wind Shear Direction
Z,(dB2) Zyq (dB)
0 9 18 27 36 45 -0.5 0 0.5 1 1.5 2
1.0 097 094 091 088 0.85 -0.25 0 025 050 0.75 1
Pay Ko (deg km™)

FIG. 5. QVP analyses of Hurricanes (left) Harvey and (right) Irma. (from top to bottom) Time-height curtains of
Zu, puv, Zpr, and Kpp, and time series of the distance between the radar location and the TC center (black line),
the location of the radar relative to TC center (azimuth in °E of N, red line), and the direction (azimuth) of the
850-200 hPa wind shear vector (blue line). QVPs were created using data from the 12.5° elevation scan in volumes
obtained by the Corpus Christi, TX, radar (KCRP) for Hurricane Harvey, and from the 19.5° elevation scan in
volumes obtained by the Key West, FL, radar (KBYX) for Hurricane Irma. Vertical and horizontal gray lines
demarcate the approximate time and distance from the TC center, respectively, at which the melting layer was
displaced upward in each storm. Gray color-filled regions in the bottom panels indicate time periods when the radar
was located downshear of the TC center. Thick dashed black horizontal lines indicate an altitude of 5km for
reference and thin black contours in the pyv, Zpgr, and Kpp panels show Z;; = 15 and 30 dBZ. Signatures consistent
with the presence of a dendritic growth layer (DGL) are highlighted by the superimposed blue ellipses and those
consistent with aggregation by the blue arrows.
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Hurricane Florence

Radar Reflectivity at Horizontal Polarization (Z,)
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FIG. 6. As in Fig. 5, but for CVP analyses of Hurricanes (left) Harvey and (right) Florence, valid at the same
locations as those used for the GridRad time-height curtains included in the online supplement and indicated in
Fig. 2. CVPs were created using data from the Corpus Christi, TX, radar (KCRP) for Hurricane Harvey, and from
the Wilmington, NC, radar (KLTX) for Hurricane Florence.

observed are consistent with the transition between outer rain-
bands and inner-core precipitation in each TC [a largely strati-
form area referred to as the inner band in Cecil et al. (2002) and
Cecil and Zipser (2002)]. Though not shown, this melting-layer
displacement in Hermine is also approximately 500m and
coincides with the transition between outer rainbands and inner-
core rainband complexes. Hence and Houze (2012) reveal sim-
ilar offsets in the Z;; bright bands of outer rainbands and inner
cores of TCs observed from 10 years of satellite-based radar
observations. Didlake and Kumjian (2017) also reveal similar
melting-layer displacements within Hurricane Arthur through
analysis of profiles of the polarimetric variables from multiple
NEXRAD WSR-88D radars. Together, these results reveal the
detailed radius-height structure of the TC warm core.

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 01/14/21 02:34 PM UTC

The DGL and aggregation signatures in the QVPs for
Harvey and Irma show considerable temporal variability. The
variability in the DGL, characterized by periodic enhance-
ments in Zpr and Kpp beyond the broad enhancement en-
compassed within the blue superimposed ellipses in Fig. 5, may
indicate evolving mechanisms for ice production (e.g., vertical
drafts). Such time-dependent ice production is likely driven in
part by variability in convection abundance within outer rain-
bands and differences near the transition to inner-core pre-
cipitation. Overall, these signatures appear to be associated
with some of the highest Z; observed above and below the
melting layer, which is consistent with previous studies on
winter storms and TCs. In particular, multiple aircraft cam-
paigns targeting TCs have observed large aggregates in the
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FIG. 7. As in Fig. 6, but for microphysical retrievals of (top) ice water content and liquid water content, (middle)
particle size D,,,, and (bottom) particle concentration N,.

inner-core precipitation outside of the eyewall convection
(e.g., Houze et al. 1992; Heymsfield et al. 2006).

The final time-height analyses summarized here are rain
and ice microphysics retrievals using CVPs from two ex-
ample TCs—Hurricanes Harvey and Florence (Figs. 6 and 7 ).
The CVPs for Hurricanes Harvey and Florence were cre-
ated for a 20km X 20° range—azimuth sector centered on
locations that intersect with each TC track, such that the
storm passes over the location during the analysis time.
Similar time-height curtains of GridRad data for the po-
larimetric variables only are provided in the supplemental
material. Time-height curtains of the polarimetric vari-
ables from CVP analysis (Fig. 6) show similar features to
those diagnosed in the QVPs, with some minor differences
in detail/resolution in the vertical dimension owing to the
differences in the two analysis techniques. The corre-
sponding microphysics retrievals (Fig. 7), neglecting data in
the melting layer as identified by the radar-observed bright
band, provide a more quantitative assessment of precipi-
tation microphysics in TCs and reveal additional detail that
is easily overlooked in subjective evaluation of the polari-
metric variables alone. Namely, D,, <1 mm and N, exceeds
1000 L™ ! nearly everywhere above the melting layer in both
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TCs, indicating a high concentration of small ice particles
aloft. This high concentration of small ice increases com-
petition for available vapor and reduces the likelihood of
dendritic growth. However, the microphysics retrievals for
the CVPs indicate that signatures of dendritic growth (re-
duced N, and increased D,, at altitudes 2-3 km above the
melting layer) are found at times when the echo-top alti-
tudes descend to levels near the —15°C isotherm (com-
monly found at ~8km MSL; see section 3e and Fig. 10).
Signatures of aggregation (increasing D,, and decreasing N,
with decreasing altitude) are also more common at times
when dendritic growth is more evident aloft, but such sig-
natures are far weaker than that observed in midlatitude
convective systems (e.g., see Fig. 11.12 in Ryzhkov and
Zrnic 2019).

Microphysics retrievals below the melting layer, as expected,
reveal the dominance of the collision-coalescence warm rain
process in TCs, especially in the inner core. Such dominance is
evidenced by broadly increasing D,,, and LWC with decreasing
altitude (driven in the retrievals by strong vertical gradients in
Zy, Zpr, and Kpp). One additional notable feature in the
CVPs is the slight depression of pyy observed between 0100
and 0600 UTC 26 August 2017 in Hurricane Harvey within a
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FIG. 8. Contoured frequency by altitude diagrams of the CVP microphysical retrievals in Fig. 7.

~1.5-km-deep layer above ground level. Given that the loca-
tion of this observation is over the ocean, this signature likely
indicates substantial lofting of sea spray by the strong category-4
winds near the storm center at these times. A similar but less
apparent reduction of pyyy is seen near storm center in the CVP
for the much weaker Hurricane Florence, which is also located
over the ocean.

To facilitate comparison of the CVP microphysics re-
trieval results with prior studies, contoured frequency by
altitude diagrams (CFADs) of the time-height curtains are
shown in Fig. 8. The CFADs demonstrate that our estimates
of D,, for rain mostly span 1.0 to 1.5mm for Hurricane
Harvey and 0.7 to 1.2mm for Hurricane Florence, which

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 01/14/21 02:34 PM UTC

agree well with the results of DeHart and Bell (2020) (who
analyzed the same landfalling TCs, finding a median D,,, of
~1.2mm) and of Wang et al. (2016) and Wen et al. (2018)
(for several landfalling TCs in China, finding a mean D,,, of
~1.4mm). Previous studies also typically estimate N, a
normalized intercept parameter of a gamma DSD instead of
the total raindrop concentration N,. For an exponential
DSD, N, is related to N, using N,, = 4N,/D,,. Based on the
CFADs, N, varies mostly between —0.8 and 0in log;o(L 1)
for the microphysics retrievals here. This translates to an N,,
varying between 2.7 and 3.7inlog;o(m > mm™"), which is
broadly consistent with the value of 3.5 found in Feng and
Bell (2019) for the same TCs analyzed here and more than
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an order of magnitude lower than that reported for typhoons
in China.

e. Composite analyses of melting-layer displacements and
dendritic growth—layer signatures

Similar to the density plot analyses used to diagnose lower-
tropospheric size sorting signatures within the eyewall convec-
tion, we leverage the large volumetric coverage of the GridRad
data here to more quantitatively diagnose signatures of melting-
layer displacement and dendritic growth via composite analyses.
These analyses use data for the same 3-h period as before,
centered on the times of the maps in Figs. 2 and 3.

To diagnose melting-layer displacement in each TC using the
GridRad data, we collect observations in altitude and distance
(radius) from the TC center during the 3-h analysis period.
Rather than diagnosing the frequency of such observations, we
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show the average pyv as a function of altitude and radius from
the TC center in Fig. 9. Note that this analysis was conducted for
each shear-relative quadrant, but no significant differences were
found, so we simply show the result for all observations here.
This analysis, focused on the inner 150 km of each TC, reveals a
different character of melting-layer displacement than that
identified in the QVP analysis. Namely, the pyyv minimum in-
dicative of the melting layer is displaced upward from below
Skm MSL at far ranges to nearly 6 km MSL within 50 km of the
TC center, with the greatest inward radial increase in displace-
ment occurring within ~80km. This upward “bend” in the
melting-layer height is somewhat more pronounced in the co-
hort of weaker TCs, likely driven by a reduced incidence of deep
convection within the eyewall (see Table 2). Since the radar
bright bands are a prominent stratiform signature, increased
convection would bias or even prevent one from diagnosing
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melting-layer height from radar. For the strong TCs analyzed
here (Matthew, Harvey, Irma, and Michael), the pyy minimum
indicative of the melting layer is clearly muted inward of the
maximum range of the eyewall convection (illustrated by the
white vertical lines in Fig. 9).

For an independent evaluation of the melting-layer dis-
placement and its sensitivity to TC intensity, an analysis of
melting-level (0°C) heights determined from several thousand
dropsondes in category-3-5 hurricanes, category-1-2 hurri-
canes, and tropical storms are presented in Fig. 10a. This
analysis also clearly demonstrates that melting-level/layer
displacements are commonly greatest in strong TCs, particu-
larly within a 50-km radius from the TC center (i.e., within the
eyewall convection and cloud-free eye). Thus, despite the fact
that melting-level displacements in the inner core can ap-
proach 1 km relative to the far-field environment in strong TCs,
the increased likelihood that these are within (and partially
driven by) convection (e.g., see Table 2) means that radars will
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not be able to diagnose the melting layer well in this region,
which is likely the primary reason why less melting-layer dis-
placement is identified in the stronger TCs analyzed here. The
dropsondes also reveal a smaller transition in melting-level
height of ~200 m near a radius of ~150km that is consistent
with that identified in the QVPs here.

DGLs are well-revealed in the GridRad data. The time-
evolving character of the DGL signatures in each TC from
GridRad can be seen in time-height curtains provided in the
supplemental material, but here we focus on the unique
relationship between DGL occurrence and echo-top alti-
tude identified in the CVP analysis. To demonstrate this
more robustly, Fig. 11 shows density diagrams of observed
Zpr at an altitude of 8 km MSL (broadly coinciding with the
altitude of the —15°Cisotherm) as a function of the observed
Zy = 10dBZ echo-top altitude for observations at ranges of
up to 200 km and outside of the maximum range of eyewall
convection in each TC. The GridRad data are ideal for this
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type of analysis because the echo-top altitudes diagnosed from
GridRad have an uncertainty of =1km (comparable to the
vertical sampling of overlapping radars) and are unbiased based
on comparisons with independent, higher-resolution observa-
tions (e.g., Homeyer and Bowman 2017; Cooney et al. 2018).
Figure 11 demonstrates that DGLs (evidenced by Zpg near and
exceeding 1dB here, though similar diagrams using Kpp are
consistent) only routinely appear when the echo-top altitude is
nearer the —15°C isotherm (=10km).

The tendency for DGLs to be more common when echo-top
altitudes are low is consistent with that found in winter storms
by Griffin et al. (2018). Such sensitivity to echo-top height is
likely indicative of the sensitivity of ice crystal growth to crystal
size. When ice crystals are sufficiently small (i.e., shortly after
nucleation), their growth and resulting aspect ratio that will de-
termine their radar scattering characteristics will be most sensitive
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to the temperature and excess vapor in their environment, which
dictates the primary habit (i.e., particle shape) they will assume.
Thus, when echo-top heights are near the —15°C isotherm (and
ice crystals are assumed to be nearer to nucleation size and fewer
in concentration) in an environment with significant excess vapor,
rapid dendritic growth is most likely. As ice particles increase in
size, they will require a greater mass of excess vapor for similar
incremental growth in the thermodynamically preferred aspect
ratio and significant dendritic growth will be less likely. While
shear-relative location is not shown here, we did not find a strong
relationship between the occurrence of the DGL and shear-
relative location, but DGLs were not found within eyewall con-
vection and were most common within the stratiform regions of
the inner core. It should also be noted that the altitude at which a
DGL would be found will increase with decreasing radius from
the TC center. In particular, the dropsonde analysis in Fig. 10b
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shows that the —15°C isotherm often associated with the DGL is
displaced slightly more than the melting level with decreasing
radius, since temperature anomalies in the warm core increase in
magnitude with increasing altitude in the middle and upper
troposphere inside and outside of the eye in association with
the warm-core storm structure (Hawkins and Rubsam 1968,;
Frank 1977; Stern and Nolan 2012). This issue is minimized in
Fig. 11 by excluding observations within the maximum radius of
eyewall convection from the analysis.

4. Summary and discussion

This study documented recently observed polarimetric radar
signatures within TCs from an analysis of eight landfalling
storms in the CONUS that spanned a broad range of hurricane
intensities on the Saffir—-Simpson scale. A two-dimensional il-
lustration summarizing these polarimetric signatures is pro-
vided in Fig. 12. Observations from the NEXRAD WSR-88D
network were used to analyze maps and vertical profiles of the
polarimetric variables, which revealed three prominent mi-
crophysical signatures that have been diagnosed previously for
individual cases:

1) Hydrometeor size sorting within the eyewall convection
(Figs. 3 and 4) that is most prevalent in stronger storms and
in downshear and left-of-shear storm quadrants (indicated
by the yellow and blue shading for high Zpr and high Kpp,
respectively, in Fig. 12);

2) Upward melting-layer displacement near the transition
zone between the outer rainbands and inner-core rainband
complex (see Fig. 5) and to a greater extent as the radial
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distance from the TC center decreases, especially within a
radius of 50km (Figs. 9 and 10a; illustrated by the gray
color-fill in Fig. 12); and

3) Indications of dendritic growth and aggregation above the
melting layer within stratiform regions of the inner core
(Figs. 5-7 and 11; illustrated by dendrite symbols outside of
the eyewall in Fig. 12) that are most prevalent when echo-
top altitudes are low (=10km MSL, nearer the —15°C
isotherm often associated with dendritic growth, which is
commonly near 8§ km in TCs—e.g., see Fig. 10b).

The main novelty of the work summarized here is the in-
vestigation of multiple landfalling TCs at varying intensity
using polarimetric radar observations. The dependence of the
lower-tropospheric size sorting result on TC intensity is par-
ticularly notable as previous work revealing this signature had
focused on case studies of only a single TC. In addition, the
dependence of melting-layer altitude on range from TC center
has been well known, but this work has revealed the increase in
vertical displacement with increasing TC intensity and the com-
plexity of its identification using polarimetric radar observations.
Identification of the melting-layer displacement from radar can
help remotely assess the often rapid evolution of TC intensity at
landfall and the corresponding warm cloud depth and precipita-
tion potential of landfalling TCs. Finally, the identification of
routinely observed DGLs in TCs and their dependence on echo-
top altitude is perhaps the most novel result of this work and
demonstrates the unique potential of leveraging polarimetric ra-
dar observations for characterization of TC microphysics.

The routinely identified microphysical signatures in TCs
documented here are of relevance to future observational and
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modeling work. While a strength of this analysis was a review
of common signatures across multiple landfalling events and at
varying TC intensity, more detailed examinations of each
storm and their time-evolving microphysical characteristics are
necessary, particularly focused on the less examined DGL.
Moreover, understanding the evolution of small ice particles
growing into larger particles is particularly important for assess-
ing cloud radiative processes, which need to be examined more
closely as well given their ties to storm size and intensity evolu-
tion. Current numerical models have difficulty reproducing small
ice and raindrop size sorting signatures, so validation studies and
microphysical parameterization experiments are necessary ef-
forts that must be carried out to improve the models based on
emerging polarimetric radar studies of TCs.
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