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Although tropical cyclone (TC) rain fields assume varying spatial configurations, many studies only use areal coverage to
compare TCs. To provide additional spatial information, this study calculates metrics of closure, or the tangential completeness
of reflectivity regions surrounding the circulation center, and dispersion, or the spread of reflectivity outwards from the storm
center. Two hurricanes that encountered different conditions after landfall are compared. Humberto (2007) experienced rapid
intensification (RI), stronger vertical wind shear, and more moisture than Jeanne (2004), which was more intense, weakened
gradually, and became extratropical. A GIS framework was used to convert radar reflectivity regions into polygons and measure
their area, closure, and dispersion. Closure corresponded most closely to storm intensity, as the eye became exposed when both
TCs weakened to tropical storm intensity. Dispersion increased by 10km-hr™" as both TCs developed precipitation along
frontal boundaries. As closure tended to change earlier than dispersion and area, closure may be most sensitive to subtle
changes in environmental conditions, particularly as the storm’s core experiences the entrainment of dry air and erodes.
Displacement provided a combined radial and tangential component to the location of the rainfall regions to confirm
placement along the frontal boundaries. Examining area alone cannot reveal these patterns. The spatial metrics reveal changes
in TC structure, such as the lag between onset of RI and maximum closure, which should be generalizable to TCs experiencing
similar conditions. Future work will calculate these metrics for additional TCs to quantify structural changes in response to

their surrounding environment.

1. Introduction

The rainfall produced by tropical cyclones (TCs) can cause
devastating floods as recently witnessed during hurricanes
Harvey (2017) and Florence (2018). According to Rappaport
[1], more people die in floods induced by rainfall from TCs
than any other TC-related hazard when examined on a per-
storm basis. Thus, researchers are continually motivated to
better model the processes that contribute to the develop-
ment of intense precipitation within TCs and where pre-
cipitation is produced within the storm so that rainfall
forecasts can be improved [2-4].

One popular method of comparing rainfall regions
among multiple storms is to examine areal coverage [2, 5-7].
However, areal coverage does not provide information about

the spatial distribution of rainfall regions. Configurations of
TC rain fields can vary according to environmental con-
ditions and storm attributes. Intense TCs moving through
environments that are high in moisture with low vertical
wind shear are symmetric with rainfall encircling the storm
center [8, 9]. When vertical wind shear is large, TCs develop
wavenumber-1 asymmetries in rainfall as most convection
occurs in the downshear quadrants [10-13]. While TCs
embedded in moist environments can be larger [14, 15] and
environments that are more dry can limit storm size [16, 17],
the entrainment of dry air introduces asymmetries in
rainband configurations [18-20]. As the wind circulation
weakens after landfall, convergence into the circulation
center decreases, which allows entrainment of relatively dry
continental air masses into the storm’s core. Interaction
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with the middle-latitude westerlies and associated troughs
can lead to extratropical transition during which rainfall
decreases on the equatorward side of the storm but increases
on the poleward side of the storm [21, 22]. Weakening after
landfall, increasing vertical wind shear, reductions in
moisture, and baroclinic interactions should lead to less
rainfall surrounding the circulation center (decreasing
closure) and spreading of rainfall away from the storm
center (increasing dispersion).

One approach to analyzing TC rain fields is to consider
the spatial distribution of the rainbands. The Dvorak
technique [23, 24] uses satellite imagery to estimate the
current and future intensity of TCs through a set of curves
related to intensity change and images of central features and
outer banding features that correspond to each interval.
Convective clouds with large stratiform regions on the edges
surround the eyewall in a ring-like formation [25], which
causes the central features seen on visible satellite images in
Dvorak [23]. For the outer banding features, convection
forms in a more cellular nature beyond ~200km from the
center [26]. The primary, or tangential [27], and secondary,
or in, up, and out [28], wind circulations help to organize the
configuration of TC rainbands. The inner and outer regions
of the primary circulation may be controlled by different
physical mechanisms [29, 30], which may explain why cloud
development can differ in the inner vs outer regions of a TC.

Given that the primary and secondary circulations in a
TC weaken after landfall, the resulting configuration of
rainbands should also exhibit changes in the tangential and
radial directions relative to the storm center. The storm’s
center should become increasingly exposed to the conti-
nental air mass as the tangential component of its circu-
lation weakens, thereby decreasing the ability of rainfall
regions to completely encircle the center, which decreases
closure. Rainfall regions should decrease in coverage in the
storm’s core as its secondary circulation weakens but could
increase in the outer regions due to interaction with frontal
boundaries to become more dispersed rather than compact.
However, the rates of change in closure and dispersion
depend on storm intensity and size as well as the amount of
moisture available and vertical wind shear that is en-
countered. Thus, the need exists to calculate the rates of
change in TC rainband structures to better link their re-
sponses to changing environmental conditions and storm
attributes.

This study uses the spatial metrics of closure and
dispersion to compare tangential and radial components
of rainband configurations in addition to areal coverage in
two landfalling hurricanes that experience different con-
ditions. We define rainfall regions using reflectivity values
from the Weather Surveillance Radar 1988 Doppler (WSR-
88D) network, given their high spatial and temporal
resolution, and analyze the reflectivity regions using a
geographic information system (GIS). Regions of lower
(20dBZ) and higher (40 dBZ) reflectivity are considered.
Calculations of area, closure, and dispersion are made
every 10 minutes. Additionally, we calculate displacement
to provide a directional component to dispersion so that
the location of rainfall can be quantified as these TCs
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encounter different atmospheric conditions. While we
primarily analyze rainfall regions within 500 km of the
storm center, we also employ multiple search radii to
demonstrate that the method can be used to isolate dif-
ferent regions of a storm.

In this comparison study, we profile changes in the rain
fields of Jeanne (2004), a major hurricane which eventually
completed an extratropical transition, and Humberto
(2007), which rapidly intensified but then dissipated after
landfall. Different values and rates of change for closure,
dispersion, and area should occur in each case. Jeanne and
Humberto were selected for this study as they had key
similarities, important differences, and presented unique
opportunities for analysis. For data analysis purposes, both
TCs were detected by the WSR-88D network during the
legacy period when the spatial resolution for reflectivity
data is 1 km by 1° [31] so that the spatial resolution of the
observations is the same. According to Franklin et al. [32],
Jeanne made landfall as a major hurricane over eastern
Florida at 0400 UTC 26 September 2004. It weakened to a
tropical storm 14 hours after landfall and then to a tropical
depression 24 hours later while moving northward and
interacting with a frontal zone. It was declared posttropical
at 0000 UTC on 29 September. Humberto’s development
differed markedly as it formed close to land and experi-
enced rapid intensification (RI) from a tropical depression
into a hurricane before landfall at 0700 UTC 13 September
2007 [33]. Humberto spent less time over land compared
to Jeanne, becoming a tropical depression by 0000 UTC 14
September and dissipating 18 hours later. As both storms
reached their maximum intensity within an hour of
landfall, our study should sample them at their most
enclosed and compact configurations. However, differ-
ences in their spatial structure should be evident due to
variations in intensity and evolution. Jeanne had a max-
imum sustained wind speed of 54 m-s~" (105 kt) at landfall
and had been a hurricane for more than five days. Jeanne
also presents an opportunity for analysis over multiple
days while weakening and transitioning into an extra-
tropical cyclone. Humberto formed only 25 hours prior to
landfall and underwent RI in six hours to achieve maxi-
mum sustained winds of 41 m-s™' (80kt) at landfall,
providing an opportunity to measure changes in structure
during this process that infrequently occurs near landfall
[34].

2. Data and Methods

2.1. Spatial Analysis of Rainfall Regions. The spatial metrics
utilize the position of the storm’s circulation center in their
calculation. Thus, we first obtain storm positions and in-
tensity from the best track data [35]. However, the precision
of the 6-hourly data is limited to 0.1°. As we require data at a
higher temporal and spatial resolution, we perform a cubic
spline interpolation to produce positions every 10 minutes.
We inspect the new positions by overlaying them with the
reflectivity values in a GIS to ensure that they are reasonable.

We next utilize a map-reduce framework [36] to process
Level II reflectivity data from radars within 600km of
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the storm center. As detailed by Tang and Matyas [37], all
inputs, intermediate results, and outputs are represented
as key-value pairs. This allows us to chain multiple maps
and reduce functions in a pipeline to operate on complex
tasks in map-reduce jobs. The complete procedure includes
four steps: preprocess, map function chain, reducing
function chain, and postprocess. Preprocessing includes
decompressing raw Level II data and applying quality
control. In the map function chain, polar to Cartesian co-
ordinate system conversion occurs, and data are gridded at
1 km x 1 km x 0.5 km resolution every 10 minutes using data
from a 20-minute moving window. The reduction step in-
cludes calculations for weights applied when multiple
reflectivity gates cross a single grid cell and interpolations to
fill empty cells. Values for grid cells with data from multiple
radars are calculated by retaining the highest value as shown
by Steiner et al. [38] and Matyas et al. [19]. Cells with missing
values are filled using a distance-weighted interpolation.
Postprocessing is where results are written to disk. An in-
depth description of these procedures, see [37].

We then define the regions of reflectivity that will un-
dergo spatial analysis. We extract data from an altitude of
3.5km (Figure 1(a)) and use a GIS to draw contours that
enclose regions of reflectivity that are greater than or equal to
20 dBZ to represent lower rain-rate areas that define the edge
of the storm and greater than or equal to 40 dBZ to represent
regions of higher rain rates that could contain convective
cells [19, 39]. The contours are converted into polygons
(Figure 1(b)). For each polygon larger than 50 km’, we
calculate the center of mass and its distance from the TC’s
center. Many studies employ a 500 km search radius to
identify rainfall belonging to a TC [40, 41]. Thus, we employ
a 500 km search radius (Figure 1(c)) but include the entirety
of polygons that have their centroid within this radius rather
than truncating regions extending beyond this radius. We
sum the areas of all 20 and 40 dBZ polygons separately to
examine changes in area over time to make our results
comparable to other studies.

Spatial metrics are then calculated to describe the tan-
gential and radial properties of the reflectivity regions. As TC
rainbands tend to curve due to the spiral nature of inflow
into the system, we quantify the degree to which the storm
center is enclosed by reflectivity values [19, 42]. Closure
(equation (1)) is calculated by counting the number of 1°
radials emanating from the circulation center out to 500 km
that intersect with a polygon and dividing by 360 so that a
value of 1 indicates complete closure while 0.5 indicates that
only half of the arc contains reflectivity values:

c_no of 1° angles intersecting polygons

360 W

Dispersion (equation (2)) measures the radial dis-
tribution of reflectivity with respect to the circulation
center. Values increase as the reflectivity region centroid(s)
(Tcentroia) move away from the circulation center and toward
the search radius (rgearen) Of 500 km. Larger regions receive
more weight in the calculation, and the final value is ob-
tained by summing over all distinct reflectivity regions, with
NP representing the number of polygons [9]. In this analysis,

a value of one indicates that all polygon centroids are located
along the edge of the 500 km search radius:

NP
D= area; (rcentroid,i ) (2)

NP
i=1 Zj area; Tsearch

Prior to analysis, the area and metric values are
smoothed using a 30-minute window. In general, closure
should decrease after landfall due to the weakening of the
primary circulation, dry air entrainment, and increasing
vertical wind shear. Because Jeanne (2004) completed an
extratropical transition, we expect it to lose convection
within its inner core and its rain fields to expand poleward of
the storm center [43-45] so that dispersion should generally
increase. Humberto experienced RI prior to landfall; thus, its
shape should become more compressed, meaning a decrease
in dispersion [9]. However, the weakening of the secondary
circulation should cause dispersion to increase thereafter.

2.2. Analysis of Environmental and Storm Conditions. We
seek to connect changes in reflectivity to changes in the
environment surrounding each TC as well as the storm
intensity and size. Due to a relatively high spatial
(32km x32km) and temporal (3h) resolution, we extract
data for specific humidity and vertical wind shear from the
North American Regional Reanalysis (NARR) [46]. Zick and
Matyas [47] demonstrated that Jeanne and Humberto were
well represented in this dataset. To summarize moisture and
shear, we employ the same calculations as in the Statistical
Hurricane Intensity Prediction Scheme [48], which produce
areal averages by considering data 200-800km from the
storm center. Deep-layer vertical wind shear is calculated
over 200-850hPa. We calculate specific humidity over
900-1000 hPa to represent boundary layer, 700-850 hPa for
low, 500-700 hPa for mid, and 300-500 hPa for high tro-
pospheric conditions. Storm size and intensity are examined
using the 6 h data from the extended best track dataset from
the National Hurricane Center’s operational estimates. It
should be noted that unlike storm position and intensity,
data pertaining to storm size do not undergo a postseason
quality control. Specifically, we examine minimum central
pressure, radius of maximum winds, radius of gale-force
winds (R17) in each quadrant, and the radius of the out-
ermost closed isobar (ROCI).

2.3. Statistical Analyses. The first set of statistical tests
identify whether the storms had similar values of moisture,
shear, intensity, size, area, closure, and dispersion. The
Wilcoxon rank sum test [49] is nonparametric and compares
two independent samples that have equal variance. The null
hypothesis is that the samples have equal medians. If the test
produces a p value less than 0.05, we reject the null hy-
pothesis as the distribution of one population has higher
values than the other. The data from the two storms are
paired temporally by setting the time of landfall equal to
zero. Only time periods when data from both storms are
available are analyzed. For area and the spatial metrics, we
analyze data until 12 hours after landfall and we also pair the
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FIGURE 1: Hurricane Jeanne at 43 hours after landfall showing (a) mosaicked radar reflectivity values at 3.5 km altitude, (b) conversion of
reflectivity values to polygons whose boundaries are used in the closure calculation, and (c) search radius of 500 km where polygon centroids
within this distance are used for the dispersion calculation. At this time, 20 dBZ closure is 0.81 or 292° while 40 dBZ closure is 0.24 or 86°.
Dispersion for 20 dBZ regions is 0.44 or 220 km, while for 40 dBZ regions, it is 0.50 or 250 km.

observations by setting as zero the last observation point for A set of Spearman’s rank correlation coefficients are
each storm and examine the prior twelve hours to compare  calculated to compare the values of dispersion, closure, and
the periods when frontal interaction occurred. area to one another. As the primary and secondary
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circulations of a TC are related, we also expect closure and
dispersion to be related. Less area of reflectivity should
correspond to lower values of closure, as polygons need to
stretch around larger circles at more distant radii to produce
a high closure value. The exception would be when large
regions of rainfall formed in a linear pattern extending
outwards from the circulation center as could happen during
interaction with a frontal boundary instead of wrapping
around the center. Dispersion increases when rainfall di-
minishes in the storm’s core which should lower the area.
However, the development of rainfall in the outer regions
along a frontal boundary that stretches parallel to the tan-
gential circulation could increase both dispersion and area.

Measuring correlation provides a general view of the
relationship between variables. However, we also wish to
look more closely at variations in the trends of the spatial
metrics and the timing of when trends change. Thus, we
utilize a change point analysis that searches each time series
separately for up to four points where changes in trends
occur. These change points must be at least four observations
from either end of the time series and must have at least four
observations in between. We calculate a trend line that best
fits the observations between each change point and check its
rate of change, converting values from the ranges of 0-1 to
units of km-hr™" for dispersion and hr ™" for closure to give a
clearer physical interpretation of the results. To check the fit
of each trend line to the observations, we calculate the
coefficient of determination.

3. Results

3.1. Storm Size and Atmospheric Conditions. The results of
the Wilcoxon rank sum tests for the atmospheric conditions
(Table 1) confirm what is visible in Figure 2. While Hum-
berto experienced much stronger vertical shear on average as
compared to Jeanne, its surrounding environment also
contained more moisture in the low, middle, and upper
levels of the troposphere. Corbosiero and Molinari [10]
classify vertical wind shear as being weak if below 5m-s™".
Although shear increased for both storms overall, Hum-
berto’s shear first exceeded 5m-s~" prior to landfall, while
Jeanne’s shear remained weak for a day after landfall. As
shear limits the development of rainfall in the upshear
quadrants and induces a tilt in the downshear direction
[50, 51], dispersion should increase while closure may be
limited to 0.5 or less for Humberto as it experiences stronger
shear over its lifetime as strong shear is known to enhance
convection in the downshear quadrants [10-13]. The di-
rection of the shear differs between the two cases: westerly
for Humberto and southwesterly for Jeanne. It is important
to also consider moisture. While Jeanne has more moisture
in the boundary layer, likely due to its location over the
Florida peninsula at landfall, less moisture is available
compared to Humberto in the mid to upper troposphere
which may limit the support for deep convection. Thus,
closure for 40 dBZ regions in Humberto may be higher than
that for Jeanne if more 40 dBZ regions exist in Humberto.

As Jeanne was more intense than Humberto (Table 1),
the stronger primary and secondary circulations should lead

to rainfall completely surrounding the circulation center of
Jeanne, yielding high closure, and the main rainfall region
should surround the storm center so that its centroid is not
greatly dispersed. Jeanne was also larger in size than
Humberto (Table 1), with average ROCI of 370 km, R17
among all four quadrants of 224 km, and radius of maximum
wind 72km compared to 104, 30, and 22 km, respectively,
for Humberto when nonzero values were present. These
results are not surprising, given the long evolution of Jeanne
compared with the short history of Humberto. According to
the classification of TC size by Holland and Merrill [30],
Jeanne was in the mature stage, which is when growth in size
occurs. Humberto was either in the formative stage, which is
when hurricane-force winds first develop or immature stage
when rapid intensification occurs with minimal change in
storm size. Given the larger size of Jeanne, more area exists
over which rainfall could occur; thus, closure in the outer
regions may be lower as it is more difficult for precipitation
to completely encircle the storm center at large radial dis-
tances compared with smaller radial distances.

3.2. Reflectivity Regions. When examining the area occupied
by reflectivity regions around landfall time, both storms
had similar areas of 20dBZ, but Humberto contained
more 40 dBZ coverage (Table 2). Their trends in area differ
when considering both reflectivity thresholds (Figure 3 and
Table 3). Jeanne featured a long and steady increase in
20dBZ until 33 h after landfall with areas increasing at 232
and 836 sq. km-hr™" (Table 3). Yet, its 40 dBZ regions were
fairly small until 8.5 hours after landfall, and later, increases
did not exhibit a linear trend. Both 20 and 40 dBZ regions
lost area between change points 2 and 3. Humberto expe-
rienced a decrease in area during RI, but large increases
occurred between points 1 and 2. Figure 4 shows both storms
at seven hours after landfall when 40 dBZ coverage was the
most contrasting; yet, 20 dBZ coverage was more similar.
Despite the similar coverage, the 20 dBZ regions exhibited
different spatial patterns. While Humberto’s eye was ex-
posed on the south side, Jeanne’s eye was completely sur-
rounded by reflectivity values. The majority of Humberto’s
rain field was located east of the center in the downshear
direction. Jeanne’s main 20 dBZ region encircled the center
out to an average distance of 150 km, with a dry slot evident
toward the west. Smaller regions of reflectivity occurred
350 km southeast of the center. These observations dem-
onstrate that examining area alone does not convey im-
portant spatial differences in rain field structures.

Turning to the spatial metrics, we first examine closure
(Figure 5(a)). Closure was higher for Jeanne when consid-
ering 20 dBZ regions around landfall time as expected, but
higher for Humberto when considering 40dBZ regions
(Table 2), which was not expected. The higher closure values
for Humberto’s 40 dBZ regions may be associated with
strong convergence during RI, smaller size, and increased
moisture availability when compared to Jeanne. The dif-
ference in closure is visualized well in Figure 4. When
considering the final twelve hours of observations in each
storm, closure was higher for both regions in Humberto,
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TaBLE 1: Results of Wilcoxon rank sum tests for atmospheric conditions and storm size for data aligned according to time of landfall.

Condition Level n Z p value Larger values
Specific humidity 1000-900 hPa 19 -3.7 <0.00 Jeanne
Specific humidity 850-700 hPa 19 -3.82 <0.00 Humberto
Specific humidity 700-500 hPa 19 -3.82 <0.00 Humberto
Specific humidity 500-300 hPa 19 -3.82 <0.00 Humberto
Vertical wind shear speed 200-850 hPa 19 -3.82 <0.00 Humberto
Radius of outermost closed isobar 5 -2.02 0.04 Jeanne
Radius of gale-force winds All quadrants show the same result 10 -2.81 0.01 Jeanne
Radius of maximum wind 5 -1.75 0.08 Jeanne
Minimum central pressure 10 —-2.81 0.01 Humberto
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FiGure 2: Comparison of specific humidity (SH) averaged across four ranges of altitude (boundary layer (BL), 850-700 hPa (LO),
750-500 hPa (MD), and 500-300 hPa (HI)) and deep-layer vertical wind shear for Jeanne (J) and Humberto (H).

TaBLE 2: Results of Wilcoxon rank sum tests for reflectivity regions aligned by time of landfall from observation start time until twelve hours
after landfall (time: landfall) and aligned according to the last 12 hours of available observations (time: end).

Metric Reflectivity (dBZ) Time n Z p value Larger values
Area 20 Landfall 93 -1.57 0.12

Area 40 Landfall 93 -7.27 <0.00 Humberto
Closure 20 Landfall 93 -7.72 <0.00 Jeanne
Closure 40 Landfall 93 -3.93 <0.00 Humberto
Dispersion 20 Landfall 93 -8.37 <0.00 Humberto
Dispersion 40 Landfall 93 -2.95 <0.00 Humberto
Area 20 End 73 -7.32 <0.00 Jeanne
Area 40 End 73 -0.05 0.96

Closure 20 End 73 -2.85 <0.00 Humberto
Closure 40 End 73 —4.34 <0.00 Humberto
Dispersion 20 End 73 -3.94 <0.00 Jeanne
Dispersion 40 End 73 —4.89 <0.00 Jeanne
likely due to the fact that this period contains the peak or Jeanne’s main 20 dBZ region completely encircled the
near-peak values in closure following the RI for Humberto, eye for 17 hours after landfall (Figure 5(a)). This is the time

while Jeanne’s reflectivity regions spread radially along the  of the first change point (Table 4), when the center started
frontal boundary as extratropical transition was occurring.  to become exposed on the south side at a rate of 5.6 hr™".



Advances in Meteorology

250000 15000
200000 ~ 12000 P
N 150000 - — j 9000 S
S / J », g
S PR T 2
= 100000 - - \/J\/ 6000 S
5 g
g
< 50000 \H/ \\ J 3000 <

0 H I 0
RADALAN S ARAAT I QAR
0 O N —~ —~ N \O — Ff O A~ O FI>NAANFDN AT
| | | | — o AN AN AN NN N NN <F NN

Time after landfall (hours)
—— H20dBZ —— H40dBZ
J20dBZ J40dBZ

FIGURE 3: Areas occupied by all 20 and 40 dBZ polygons for Humberto (H) and Jeanne (J) aligned by time after landfall. Letters correspond
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TaBLE 3: Results of change point analysis for areas of 20 and 40 dBZ
regions with time of change point in hours after landfall, slope of
trend line in between each change point in sq. km-hr™', and the
coeflicient of determination for each trend line.

J 20 area ] 40 area H 20 area H 40 area
Change point 1 26.5 8.5 -1.5 -14
Change point 2 32.8 35.7 9.2 7.3
Change point 3 47.1 36.9 17 8.2
Slope 1 232 -28 —872 —42
Slope 2 836 43 1663 232
Slope 3 -177 —652 -1039 —887
Slope 4 1269 13 70 -127
R*1 0.82 0.59 0.96 0.55
R*2 0.99 0.67 0.99 0.92
R*3 0.30 0.98 0.90 0.99
R*4 0.97 0.17 0.02 0.89

This occurred near the time that Jeanne weakened to a
tropical storm and the dry slot evident in Figure 4(a)
reached the radius of maximum winds. Change points 2
and 3 mark a brief period when Jeanne’s center became
completely enclosed as a small region of 20dBZ values
developed 15 km south of the center but then dissipated so
that exposure proceeded at a rate of 11.9hr ', Jeanne’s
40dBZ regions reduced in closure until 9.5hours after
landfall (Figure 5(a)). This reduction began prior to
attaining maximum intensity and may be the result of
moving through an environment containing less moisture
as compared to Humberto (Figure 2). Change point 2 for
the 40 dBZ regions coincided with change point 1 of the
20 dBZ regions, and the decrease in closure occurred at a
similar rate for a similar length of time. This indicates that
the processes responsible for the decrease in closure, which
include weakening of the primary circulation and in-
creasing vertical wind shear, were affecting both the
stratiform and convective regions in a similar manner.
However, little change in closure occurred for the re-
mainder of 40dBZ observations despite increases and
decreases in 20dBZ regions. This may be attributed to

interaction with the warm front helping to increase
stratiform precipitation, but not convective precipitation.

The trends in closure between the 20 and 40 dBZ regions
match well for Humberto (Table 4) despite covering a dif-
ferent range of values (Figure 5(a)). The RI period coincided
with increased exposure at a rate of 25hr™', which is con-
trary to the hypothesized increase in closure. This difference
is likely explained by the lag in time needed for the con-
vergence of angular momentum to increase the tangential
winds by 13 m-s~" over a short six-hour span. This increases
the convergence of air, which is followed by uplift, con-
densation, and precipitation. This idea is supported by the
fact that closure increased beginning less than two hours
later at an even faster rate of 57 and 75hr™" for 20 and
40 dBZ regions, respectively. Thus, we find a six-hour offset
between time of maximum intensity and complete enclosure
of the circulation center. Maximum tangential extent of
40 dBZ regions occurred 6 hours later, suggesting a 12-hour
lag for these regions located farther from the circulation
center. At this point, 40 dBZ regions continued to spread
tangentially for five more hours at a much slower rate, while
the 20 dBZ regions completely enclosed the center over the
next four hours before decreasing in coverage as did the
40dBZ regions. During this period, shear continued to
increase as Humberto interacted with the stationary front.

Both storms became less dispersed as they intensified
before landfall, and then, dispersion generally increased
thereafter (Figure 5(b)). Despite its smaller size, Humberto
was more dispersed at the beginning (Table 2), which could
be attributed to its lower intensity and higher values of shear.
For Humberto, the change point analysis identified 6.5 and
3 hours before landfall as the point where slope changes from
-33 and -39 km-hr ™" to -3 and 9 km-hr " for 20 and 40 dBZ
regions, respectively (Table 5). This period is aligned with
that of RI. Subsequent increases in dispersion occurred when
vertical wind shear was also increasing to moderate strength.
The decreasing trend in the 40 dBZ regions for Slope 4 was
likely due to the rapid decrease in areal coverage (Figure 3).
Jeanne had higher values of dispersion when the last
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FIGURE 5: Values of (a) closure and (b) dispersion for all 20 and 40 dBZ polygons for Humberto (H) and Jeanne (J) aligned by time after

landfall. Letters correspond to change points in Tables 4 and 5.

12 hours of observations are compared (Table 2) as reflec-
tivity expanded radially along the warm front as shear in-
creased (Figure 2). For Jeanne’s 20 dBZ regions, all trends
were positive, but dispersion increased more slowly than for
Humberto. Change points 2 and 3 occurred near the same
time for 20 and 40dBZ regions in Jeanne (Table 5,
Figure 5(b)); both increased at approximately 10 km-hr ™" at
the end of the observation period and covered the same

range of values. This coincided with the time that vertical
wind shear increased to moderate strength (Figure 2).

The calculation of displacement toward the east and
north utilizes the same equation as for dispersion, save for
adding a cosine (equation (3)) and sine (equation (4))
component to provide a combined radial and tangential
measure of where the centroids of the main rainfall regions
are located [52]:
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TaBLE 4: Results of change point analysis for closure of 20 and
40 dBZ regions with time of change point in hours after landfall,
slope of trend line in between each change point in hr™', and the
coefficient of determination for each trend line.

] 20 close ] 40 close H 20 close H 40 close

Change point 1 17 9.5 -13 -22
Change point 2 33.5 14.8 1.3 1.5
Change point 3 38.5 27.3 14.5 6.7
Slope 1 0.13 -14.69 -25.8 -24
Slope 2 —5.62 21.6 72 57
Slope 3 16 -7.78 -19.5 6.6
Slope 4 -11.88 0.01 -6.3 -26.4
R*1 0.03 0.79 0.61 0.58
R*2 0.81 0.84 0.79 0.83
R*3 0.63 0.75 0.86 0.25
R* 4 0.91 0.004 0.13 0.96
NP
area; 7 idi
DisN = - i ( centrmd,t)cos 6i> (3)
i=1 Z] areaj Tsearch
NP
area; 7 i
DisE = Z o i < centrmd,z)sin 01'- (4)
i=1 Z] areaj Tsearch

We visualize these values on a scatter plot with the
circulation center at 0, 0 (Figure 6). Jeanne’s centroids began
west of the center which was the forward quadrant of the
storm. The main 20 dBZ region was aligned with the center
at landfall (Figure 6(a)) and remained within 50 km of the
center for ten more hours. At this point, drier air eroded
precipitation south of center and the centroid shifted north.
At 24 hours after landfall, the centroid shifted northeast as
the southwesterly shear increased to moderate strength.
During the last 24 hours, the shift was predominantly north,
parallel to the frontal boundary. The 40dBZ regions
(Figure 6(c)) were more prevalent in the relatively thin outer
rainbands northeast of the storm’s center (Figure 1) rather
than along the warm front.

By contrast, Humberto’s 20 (Figure 6(b)) and 40 dBZ
(Figure 6(d)) centroids were always more than 50 km away
from center as the rainfall never developed west of the
eyewall. The overall trend in motion was primarily east in the
downshear direction. However, a trend inward toward the
storm center happened during the RI period. The move away
from the center then occurred differently in the 20 and
40 dBZ regions. More 40 dBZ regions were east of the center
in the thin outer rainbands rather than along the stationary
front boundary northeast where the 20 dBZ regions were
concentrated.

Looking at the Spearmen’s rank correlation coefficients,
values are higher in general for Jeanne than for Humberto,
which is likely due to a more gradual weakening and
transition into an extratropical system for Jeanne, whereas
Humberto intensified and weakened faster. In both
storms, dispersion and closure are inversely correlated
while dispersion and area are positively correlated, but
these relationships are weak for Humberto’s 40 dBZ regions.
The largest difference between the storms occurs when

comparing closure and area for 40dBZ regions. These
variables are positively correlated in Humberto but inversely
correlated in Jeanne. This indicates that when 40 dBZ re-
gions were larger, they tended to encircle Humberto’s center
while for Jeanne, they did not.

Although the correlation analyses show an inverse re-
lationship between dispersion and closure (Tables 6 and 7),
examining the timing of changes in slope and the directions
of the slopes reveals that dispersion and closure can have a
positive association. The best examples of this occurred
around change point 1 in Humberto’s 20 and 40 dBZ re-
gions. Closure changed quicker than dispersion so that the
change points did not align precisely in time, but both
metrics decreased strongly in Slope 1 (Tables 4 and 5).
Humberto’s 40 dBZ regions then increased sharply in clo-
sure during Slope 2, and 40 dBZ dispersion also increased.
Another observation that can be made concerns the timing
of the change points. Closure tended to have more change
points earlier in the time series than dispersion (Tables 4 and
5). This occurred at all 20 and 40 dBZ times for Humberto,
and half of the times for Jeanne. Thus, closure may be more
sensitive than dispersion to subtle changes in environmental
conditions, particularly as the storm’s core experiences the
entrainment of dry air and erodes. Thus, both metrics
provide unique information to gain a more full un-
derstanding of structural changes in TC rain fields.

By adjusting the search radius, we can consider reflec-
tivity regions located at any distance range from the cir-
culation center. Previous researchers have used 50-162km
from the center to delineate the inner core of a TC while
designating rainfall 350-500+ km as belonging to the outer
region [53, 54]. For simplicity, we only discuss the results for
closure, which we recalculated for regions ranging every
100km outward from the circulation center to 500 km.
Other distances could be utilized such as those that corre-
spond to R17 or ROCI for a given storm or basin-wide
averages of these values such as those reported in Kimball
and Mulekar [55].

Figure 7 displays closure as previously calculated over
0-500 km in a black dotted line and the new calculation for
0-100 km in a solid black line to emphasize that closure was
mainly dictated by processes operating in the storm’s core at
the beginning of the observations. The other distances are
represented in progressively lighter shades to emphasize the
increase in distance away from the storm center as the
primary and secondary circulations weakened and the main
focus of convergence shifted to the area along the frontal
boundary and the outer rainbands. For 20dBZ regions,
Jeanne’s core (0-100km) became greatly exposed for 24—
36 hours after landfall, but overall closure remained high due
to the reflectivity regions 100-200km from the center
(Figure 7(a)). A clear difference is seen when comparing the
inner core regions 0-100 and 100-200 km from the center
and the outer regions located 300-400 and 400-500 km from
the center, with 200-300km splitting the difference. For
Humberto’s 20 dBZ regions (Figure 7(b)), the inner core
dominated the closure value until 12 hours after landfall. The
importance of reflectivity increasing along the stationary
front became evident in increasing closure values after
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TaBLE 5: Results of change point analysis for dispersion of 20 and 40 dBZ regions with time of change point in hours after landfall, slope of
trend line in between each change point in km-hr ™', and the coefficient of determination for each trend line.

J 20 disperse

J 40 disperse

H 20 disperse H 40 disperse

Change point 1 9.2 24.2 -6.5 -3
Change point 2 322 335 2.2 5.3
Change point 3 433 448 9.7 14
Slope 1 0.15 3.3 =33 -39
Slope 2 5.4 21.9 -3 9
Slope 3 0.15 -14.1 10.5 18
Slope 4 10.2 9 16.8 ~12.9
R*1 0.001 0.54 0.95 0.9
R*2 0.91 0.94 0.54 0.97
R*3 0.001 0.83 0.95 0.98
R* 4 0.92 0.73 0.93 0.64
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F1GURE 6: Displacement (km) from the storm center (located at 0, 0) at each observation time for (a) Jeanne 20 dBZ, (b) Humberto 20 dBZ,
(c) Jeanne 40dBZ, and (d) Humberto 40 dBZ regions. Positive Y-axis extends to the north, and positive X-axis extends to the east.

landfall from 200 to 500 km outward from the storm center
as moisture was sourced from over-ocean and rose over the
front oriented perpendicular to the flow. In Jeanne, 40 dBZ
values beyond 100 km accounted for most of closure after
20 hours after landfall as little convection remained in the
core (Figure 7(c)). The development of convection at
100-200 and then 200-300 km helped to increase closure for
Humberto’s 40dBZ regions for the first 12hours after
landfall (Figure 7(d)). These findings reveal how adjusting
the search radius facilitates investigation of processes oc-
curring in different regions of the storm that contribute to
overall rainfall production.

4. Conclusions and Future Work

This study examined changes in the tangential and radial
distributions of radar reflectivity regions in two landfalling
hurricanes, demonstrating that they provide important
spatial information that should be considered in addition to
areal coverage. We created a 3D mosaic of reflectivity data
from the WSR-88D network and extracted values along a
constant altitude of 3.5km. At 10-minute intervals, we used
a GIS to contour regions of reflectivity greater than or equal
to 20 and 40 dBZ and converted these regions into polygons.
We analyzed polygons whose centroids fell within a 500 km
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TaBLE 6: Coeflicients from Spearman’s rank correlation tests comparing dispersion, closure, and area for 20 and 40 dBZ regions in Jeanne. All

values are statistically significant at the 0.01 level.

J20C J20 A ] 40 D J 40 C ] 40 A
J20D -0.93 0.93 0.82 ~0.60 0.67
J20C - -0.87 -0.77 0.59 -0.71
20 A — 0.89 -0.65 0.67
J40 D - -0.75 0.58
J40 C — -0.17

TaBLE 7: Coefficients from Spearman’s rank correlation tests comparing dispersion, closure, and area for 20 and 40 dBZ regions in

Humberto.

H 20 C H20 A H 40 D H 40 C H40 A
H20D -0.75 0.64 0.88 -0.44 —0.02
H20C — -0.32 -0.56 0.73 0.29
H20 A — 0.65 0.29 0.67
H 40 D — -0.30 0.10
H 40 C — 0.83

The two values in italics are not statistically significant at the 0.01 level.
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FiGure 7: Closure values calculated over six ranges outward from the circulation center (km) for (a) Jeanne 20 dBZ, (b) Jeanne 40 dBZ, (¢)
Humberto 20 dBZ, and (d) Humberto 40 dBZ regions. Stippled black lines correspond to the same lines in Figure 5.

radius of the storm center. We calculated the area occupied
by each polygon and its distance and bearing relative to the
storm center. We then calculated values of closure, or the
tangential completeness of reflectivity regions surrounding
the circulation center, and dispersion, or the spread of
reflectivity regions outwards from the storm center. We also

calculated displacement to provide a combined radial and
tangential component to the location of the main rainfall
regions. Additionally, we demonstrate the flexibility of our
metrics by considering different ranges of search radii.
Our results indicate that by calculating these metrics at a
high spatial and temporal resolution, it is possible to detect



12

more subtle and shorter-term changes in rainband struc-
tures than would be possible using more coarse datasets.
Changes in closure occurred closer to the time of maximum
intensity and landfall than did dispersion or area despite the
strong and statistically significant correlation coeflicients
between the variables. The correlation analyses showed that
dispersion and area tend to have a positive association while
closure tends to have a negative association with dispersion.
But, a closer examination with the change point analysis
revealed that closure and dispersion were positively related
during Humberto’s RL

The metrics reveal contrasting patterns of response to
slower intensification and then weakening in Jeanne versus
RI and faster weakening in Humberto. The slopes of the
trend lines were higher for Humberto than Jeanne, which is
likely due to differences in rates of intensification and
velocity of wind shear experienced by each storm. Jeanne’s
eye was completely surrounded by 20dBZ values for
17 hours after landfall and during the majority of this time,
closure decreased for its 40dBZ regions. In contrast,
Humberto’s inner core only began to more fully enclose the
circulation center at the end of the RI period, revealing a
six-hour offset between time of maximum intensity and
complete closure near the circulation center and a 12-hour
lag for reflectivity regions located farther outward. Closure
increased despite the increasing shear as well, indicating
that in a smaller storm such as Humberto, inner-core
processes can withstand an increasingly hostile environ-
ment when moisture is high. The growth in area for
Humberto’s 40 dBZ regions after landfall along with in-
creasing dispersion also demonstrates the rate with which
the increased convergence from the primary circulation
eventually helps to increase convergence radially outward
from the circulation center.

Our analysis also revealed differences in rain field or-
ganization as each TC interacted with a frontal boundary.
Jeanne’s reflectivity regions were more dispersed along the
warm front, and 20 dBZ regions occupied a greater area than
those of Humberto. Perhaps, due to a smaller radius of
maximum winds, closure was higher for Humberto during
the last 12 hours of observations when compared to Jeanne.
Changes in the trends of area, dispersion, and closure tended
to occur later in Jeanne’s observations than for Humberto.
This indicates that rainband structure exhibited more
changes as the process of extratropical transition began for
Jeanne than when making landfall and weakening from a
major hurricane to a tropical storm.

In addition to examining additional TCs to determine
how generalizable the trends discovered in this study are,
tuture work will more closely examine the role of moisture in
the evolution of TC rainfall regions. Matyas [56] and
Takakura et al. [57] discuss the importance of moisture
advection for rain rates in TCs, and Matyas et al. [19] show
how dry air wrapped around the circulation of Hurricane
Isabel (2003) during extratropical transition. We aim to trace
the advection of dry air into the core of the storm and
expand our search radius more than 1500 km to measure the
extent of the deep tropical moisture that is advected into
some TCs as they approach land.

Advances in Meteorology

The dispersion of TC rain fields during their entire life
cycle has been calculated utilizing data from NARR [9].
However, the relatively coarse spatial resolution of the
NARR data did not permit the analysis of closure to capture
processes in the eyewall. Thus, we will analyze area, closure,
dispersion, and displacement over a large sample of TCs and
utilize a variety of search radii to compare results according
to storm size as indicated by the wind fields and rainfall
extent [58, 59]. In addition to using data from ground-based
radars, we will analyze high-resolution data available from
Geostationary Operational Environmental Satellite 16 to
enable analysis from formation to dissipation. We can also
utilize our metrics to compare rain-filled regions as detected
by both ground-based and space-borne sensors so that
continuous monitoring can occur in the absence of one of
the platforms.

Data Availability

The data pertaining to the hurricane tracks, radar reflectivity
values, NARR, and extended best track (EBT) were all
obtained from publically available websites. Storm tracks:
http://www.aoml.noaa.gov/hrd/hurdat/hurdat2.html; ra-
dar: https://www.ncdc.noaa.gov/nexradinv/; NARR: https://
www.esrl.noaa.gov/psd/data/narr/; and EBT: http://rammb.
cira.colostate.edu/research/tropical_cyclones/tc_extended_
best_track_dataset/. Codes for calculations are available on
GitHub at https://github.com/striges/RadarComposite and
https://github.com/striges/wrf_radar_project_mp.
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