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Abstract Prior research has shown that tropical cyclone (TC) size, which is integral in determining the
spatial extent of TC impacts, is influenced by environmental wind shear and the overall moisture environment.
This study considers North Atlantic TCs located within low to moderate wind shear and at least 100 km from
major landmasses. An empirical orthogonal function (EOF) analysis is applied to distinguish moisture
environments based on the spatial pattern of total column water vapor surrounding the TC. Using these EOF
patterns, four separate categories (groups) are created. Principal component scores indicate the TC samples most
contributing to each EOF pattern and ultimately determine the cases in each group. TC structural differences
among the groups are compared using size metrics based on the wind and precipitation fields and shape metrics
based on the precipitation field. These metrics are considered across a 48-hr window centered on the sample
times evaluated in the EOF analysis. There are no statistically significant differences in the TC wind field size,
but TCs with abundant moisture to the southeast have larger rain areas with more outer rainbands. TCs in a dry
environment or with dry air southeast of the TC center have generally smaller rain areas and less closed
rainbands than TCs with moisture to the southeast. Future work will investigate the physical processes
contributing to these spatial differences in precipitation.

Plain Language Summary Previous research shows that hurricane size and structure is affected by
environmental humidity and wind shear, which is a change of wind speed and/or direction with height in the
atmosphere. This project explores hurricanes in lower wind shear environments to focus on how the humidity
around them affects their wind and precipitation structure. Size and shape metrics that capture the spatial extent
of a hurricane's wind and rain are applied to hurricanes in different humidity patterns. Within the four humidity
patterns, the extent of hurricane winds is similar across all groups. However, hurricanes with more moisture to
their southeast tend to be the largest in terms of overall rain area, and hurricanes that have drier air to their
southeast are generally smaller with the most rainfall concentrated near the storm center. Given these results,
future work should focus on the processes contributing to the size and shape differences observed among these
moisture groups.

1. Introduction

Complex relationships exist between tropical cyclone (TC) characteristics, such as intensity and the size of the
wind and rain fields, and conditions in the surrounding environment including moisture and vertical wind shear.
TC size is integral in determining the spatial extent of TC impacts. Size is influenced by numerous factors
including the overall moisture environment (Hill & Lackmann, 2009; Matyas, 2017; Wu et al., 2015; Ying and
Zhang, 2012), exposure to environmental wind shear (Corbosiero & Molinari, 2002; Frank & Ritchie, 1999;
Reasor, 2004), and the location of the TC center relative to vertical wind shear and moisture (Ge et al., 2013;
Matyas, 2010). Additionally, higher relative humidity is associated with greater rainfall production in landfalling
TCs (Feng & Shu, 2018; Jiang et al., 2008). Based on idealized modeling and case studies, it is generally accepted
that TCs developing in a dry environment intensify more slowly and are smaller in size compared to those
developing in a moist environment (Braun et al., 2012; Hill & Lackmann, 2009; Martinez et al., 2020; Tang &
Emanuel, 2010; Wu et al., 2015; Ying and Zhang, 2012). Idealized simulations show that environmental relative
humidity values of 80% within 100 km of the TC center result in larger storms and a lower central pressure (Hill &
Lackmann, 2009) since these storms have better access to moisture and produce more rainfall (Matyas, 2017) and
convection within the storm (Ying and Zhang, 2012). The location of dry air also affects TC intensity: dry air
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located within 100 km of the TC center slows intensification or leads to weakening (Braun et al., 2012), whereas
dry air surrounding a storm (but more than 100 km from the TC center) can contribute to a stronger TC. Since dry
air is not conducive to convection outside of the TC, there is less interaction between the TC and convection
beyond the TC (Wu et al., 2015). In addition, the extent to which this dry air impacts the TC depends on TC
intensity (Tang & Emanuel, 2010).

Environmental moisture can affect the inner core and outer regions of a TC in different ways. Weatherford and
Gray (1988a, 1988b) define the inner core as the region extending from the TC center to 1° latitude (approxi-
mately 111 km radius) and the outer core as extending 1-2.5° (approximately 111-278 km) from the TC center.
The inner and outer core are generally related in terms of size and wind shear-induced asymmetries but are
distinguished by different processes (Chavas & Lin, 2016; Weatherford & Gray, 1988a). Specifically, the inner
core is characterized by turbulence and upward motion whereas the outer core is characterized by atmospheric
stability and widespread downward motion (Chavas & Lin, 2016). TC intensity (maximum sustained winds)
increases when the inflow of angular momentum increases (Holland & Merrill, 1984; Ying and Zhang, 2012).
However, outer core convection can lead to a decrease in inflow to the inner core, slowing intensification (Rogers
et al., 2013; Shapiro & Willoughby, 1982; Weatherford and Gray, 1988b). Although theoretical models can
predict both the inner and outer sizes (Chavas & Lin, 2016; Chavas et al., 2015), the physical mechanisms that
lead to changes in inner and outer size are not the same (Chavas & Knaff, 2022; Weatherford & Gray, 1988a).
Studies using modern satellite data sets have also shown that outer core size is only weakly correlated with in-
tensity and intensity change (Chavas & Emanuel, 2010; Ruan & Wu, 2022). More recently, Wang et al. (2022)
and Wang and Chavas (2024) introduced an analytical model for TC potential size that predicts the equilibrium
outer radius of a TC based solely on potential intensity and environmental parameters such as sea surface tem-
perature, the Coriolis parameter f, outflow temperature, and surface exchange coefficients of enthalpy and mo-
mentum. Although their analytical solution for potential size does not explicitly include environmental relative
humidity, the model itself is based on air-sea thermodynamic disequilibrium, which depends on sea surface
temperature and atmospheric humidity. In summary, numerous studies have found that the outer core wind field is
strongly influenced by environmental variables such as large-scale moisture (e.g., Chan & Chan, 2018). Although
the inner core is where the highest winds occur and thus where intensity is defined, outer core size is important in
understanding the over-land damage potential of TCs because it affects the rainfall associated with a TC, the
radius of gale-force winds, and even storm surge potential (Irish et al., 2008; Klotzbach et al., 2020; Powell &
Reinhold, 2007; Wang & Toumi, 2016; Weatherford and Gray, 1988b).

Although the current study focuses on the relationship between environmental moisture and TC size, it is
impossible to completely isolate the impacts of moisture from the impacts of wind shear because the large-scale
wind and moisture fields are determined by the synoptic-scale environment (e.g., Berislavich, 2023). Wind shear
can tilt the TC vortex and cause a shear-induced secondary circulation that disrupts the in-up-and-out motion of
the original forced secondary circulation, a disruption that results in structural asymmetries and a potentially
expanded extent of TC-related convection (Corbosiero & Molinari, 2002; Ge et al., 2013; Matyas, 2010; Riemer
& Laliberté, 2015). Additionally, wind shear that is primarily from the south or southwest can connect Northern
Hemisphere TCs to deep tropical moisture, thus increasing the amount of rainfall associated with a TC
(Matyas, 2017). Some studies have shown that the wind shear direction can be important to the TC's evolution as
well (Chen et al., 2021; Ge et al., 2013; Matyas, 2010). In the North Atlantic, for example, since midlatitude
frontal systems advect dry air north and west of the TC center (Ge et al., 2013), easterly wind shear can tilt the
storm's primary circulation toward this dry air, therefore allowing dry air to penetrate the core and slow devel-
opment. However, in the case of westerly shear, the cyclonic vortex tilts such that areas of upward motion are
aligned with ample moisture thus enhancing development (Ge et al., 2013). Wind shear also influences the
distribution of convection and rainfall in TCs as well as TC size. For example, Halverson et al. (2006) note that
wind shear leads to subsidence upshear and left of the shear vector, a setup which can potentially reduce TC size
through warming and drying in the upshear quadrants of the storm, potentially reducing TC size. However, strong
shear, especially out of the southwest, leads to convection downshear and slightly left of the primary shear vector,
which expands the TC (Corbosiero & Molinari, 2002; Matyas, 2010).

Given the complex relationships between environmental moisture, wind shear, and TC intensity described above,
this research focuses on TCs in lower wind shear environments to assess the relationship between environmental
moisture and TC size. Previous research used idealized models and case studies to investigate the role of envi-
ronmental moisture on TC size and structure. However, to our knowledge, there are no observational studies
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spanning numerous TCs that focus on how TCs respond to various environmental moisture pattern configura-
tions. The current study uses observations to measure TC size and shape and then compares metrics that capture
these characteristics across various large-scale moisture environments, therefore filling an important gap in the
literature by investigating the relationship between environmental moisture and TC size in real TCs. In practice,
the environment tends to be described as “dry” or “moist,” but we will not use this binary classification since the
surrounding two-dimensional moisture pattern is often asymmetric. The following research question is investi-
gated: how do TC size metrics and precipitation spatial attributes differ in varying moisture environments?
Specifically, we explore the differences among TCs in varied moisture environments at a “central” time step as
well as differences in the evolution of shape and size metrics from 24 hr before through 24 hr after the central time
step to better understand how the moisture environment affects storm size and structure.

The goal of this research is to enhance our understanding of the relationship between environmental moisture and
TC size and structure and to provide an observational study that can be used to compare the results from numerous
observed TCs with the results from existing modeling and case studies. Though this study focuses on TCs when
their centers are over water, the results will be valuable for coastal communities since previous research shows
that initial TC size is related to future TC size (Chan & Chan, 2014; Knaff et al., 2014). Results from this research
should support improved prediction of the extent of TC impacts, which may later contribute to improving
communication tools among hurricane forecasters, emergency management agencies, and coastal communities.

2. Data

This study uses the following data sets: (a) The National Hurricane Center (NHC) best-track (HURDAT?2) data
set, (b) the Statistical Hurricane Intensity Prediction Scheme (SHIPS) data set, (c) the Extended Best Track data
set, (d) the NASA Integrated Multi-satellitE Retrievals for Global Precipitation Measurement (GPM) (IMERG)
precipitation product version 6, and (e) the fifth generation European Center for Medium-Range Weather
Forecasts (ECMWF) atmospheric reanalysis (ERAS).

The HURDAT? data set https://www.nhc.noaa.gov/data/#hurdat; Landsea & Franklin, 2013) provides the TC
latitude and longitude, 1-min 10-m maximum sustained winds, minimum sea level pressure, and the “tropical”
nature of the TC at six-hourly time intervals (Landsea & Beven, 2019). Time since genesis (here, the time since
designated as a tropical depression, in hours) is calculated using HURDAT? since the TC wind field is known to
expand over the TC lifecycle (Knaff et al., 2014). Vertical wind shear is provided by SHIPS, listed as SHRD,
which is computed over the 200-800-km annulus between 200 and 850 hPa. In SHIPS, the shear magnitude and
direction are calculated from the GFS analysis fields after the TC vortex has been removed (DeMaria &
Kaplan, 1994; SHIPS Predictor File, 2022; Trabing & Bell, 2020). The Extended Best Track data set (EBT;
Demuth et al., 2006; Regional and Mesoscale Meteorology Branch, 2022) reports numerous parameters for TCs
occurring between 1988 and 2021 beyond those in HURDAT?2, including the radial extent of 34- (R34) and 64-
(R64) knot winds by quadrant, radius of maximum wind (RMW), and radius of the outermost closed isobar
(ROCI) (Regional and Mesoscale Meteorology Branch, 2022). For this study, R34 and R64 values are averaged
over all quadrants, meaning that we consider the average wind field size and ignore asymmetries. Additional
potential biases in EBT wind data include potentially larger errors in TCs far from land due to (a) reduced aircraft
reconnaissance and (b) more uncertainty in model analyses for TCs in data-sparse regions (e.g., over remote
oceans).

Total column water vapor (TCWYV) from ERAS (Guillory, 2022; Hersbach et al., 2020) is used as input to the
empirical orthogonal function (EOF) analysis, a procedure discussed further in Section 3.1. Additionally, we use
ERAS 10-m wind data to diagnose the outer wind radius of the TC, a process described in Section 3.2. Although
the spatial resolution of reanalysis data sets tends to be too coarse to resolve the TC inner core and other mesoscale
features (Aarons et al., 2021; Dirkes et al., 2023; Murakami, 2014; Schenkel & Hart, 2012; Zick and
Matyas, 2015a, 2015b), their resolution is sufficient to explore large-scale environmental patterns that affect TCs
(Dirkes et al., 2023; Murakami, 2014; Slocum et al., 2022).

The NASA IMERG version 6 precipitation data set (Huffman et al., 2020) provides global rain rate estimates from
2000 through 30 September 2021 using observations from the Global Precipitation Measurement (GPM) mission
and Tropical Rainfall Measuring Mission (TRMM) as well as other satellites (NASA Global Precipitation
Measurement, 2022). IMERG integrates data collected from a range of passive microwave sensors in low-earth
orbit alongside geostationary infrared observations, and the Final Run version recommended for research
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Figure 1. Total column water vapor [mm] plots of (a) the field averaged across all 00 UTC samples, (b) the pattern for Hurricane Alberto (AL032000), and (c) the

anomaly for Hurricane Alberto.

purposes is calibrated to rain gauge measurements. The spatial resolution of this data set is 0.1° by 0.1°, and data
are produced every 30 min (Huffman et al., 2020). For spatial analysis in this research, the IMERG data are
interpolated to a 5 km X 5 km Lambert conformal grid. Li et al. (2022) show that the IMERG product tends to
overestimate storm size and underestimate rain rates especially for small systems. These discrepancies are
attributed to different precipitation types within the system and its position relative to local terrain. Because this
study focuses on TCs located away from land, the effect of local terrain on the reliability of the IMERG product is
likely minimized, but the effect of stratiform and convective precipitation types should be considered. Given the
focus on spatial analysis and the interpolation of this data to a new grid, IMERG may have difficulty resolving the
inner cores of TCs with small eyes. However, the IMERG data set is generally agreed to be the best product for
estimating over-ocean TC precipitation and has been used for this purpose in previous studies (e.g., Rios Gaona
et al., 2018).

3. Materials and Methods
3.1. Moisture Pattern Identification Using Empirical Orthogonal Function (EOF) Analysis

This study considers TCs in the mature stage (hurricanes with category 1+ intensity) during 2000-2021 located in
an environment with weak to moderate vertical wind shear (<20 kt) following thresholds defined in past work (e.
g., Rios-Berrios & Torn, 2017). This study also limits the analysis to cases when the TC center is at least 100 km
from major landmasses. Small islands with a maximum elevation of 100 m or less are not considered major land
masses and therefore do not count toward this stipulation. Here, mature TCs have intensities of at least 64 kt for at
least 24 hr. Next, we enforce a 48-hr constraint such that samples meeting the above criteria must be at least 48 hr
apart for a given TC to ensure the independence of the inputs. There are 147 and 156 cases meeting these criteria
for 00 UTC and 12 UTC, respectively. We evaluate 00 UTC and 12 UTC cases (or samples) separately to account
for potential diurnal effects on the large-scale moisture field.

We perform EOF analysis using the python eofs package (Dawson, 2016) to identify the dominant moisture
modes based on the large-scale spatial patterns surrounding these TCs. An EOF analysis, or principal component
(PC) analysis (PCA), is used to reduce dimensionality of large data sets by creating new variables (principal
components; PCs) that reveal dominant spatial patterns (Hannachi, 2004). Since ERAS data are provided on a
fixed latitude-longitude grid, storm-centered TCWYV fields are converted to a fixed cylindrical coordinate system
spanning 200-1,000 km from the center prior to conducting EOF analysis (e.g., Figure 1). Anomalies at each time
step are computed relative to the total sample mean (Figure 1a), and grid points within 200 km of the TC center are
excluded to focus on the environment surrounding the storm (Figures 1a—1c). To remove the influence of diurnal
effects, the EOF analysis is performed twice: once on the subset of 00 UTC samples and once on the subset of 12
UTC samples. The resulting 00 and 12 UTC EOF patterns strongly resemble each other (Figure 2), so these
samples are combined for all subsequent analyses.

Statistically significant EOF patterns are identified via the North test (North et al., 1982); here, the North test
reveals EOFs 1-3 to be significant. However, this study focuses on EOFs 1 and 2 since these patterns represent
commonly observed large-scale moisture patterns in the North Atlantic and explain 55% of the variance whereas
EOF3 explains only 8% of the variance. Each TC sample has a corresponding PC score (or loading), which reveals
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Figure 2. Plots showing total column water vapor (TCWV) anomaly patterns corresponding with empirical orthogonal
functions (EOFs) 1, 2, and 3 (rows) at 00 and 12 UTC (columns). To obtain the amplitude represented by these EOFs in the
original units of mm, we regress the principal components normalized to unit variance onto the original TCWV anomaly data
set (e.g., Hannachi et al., 2007).
how well the sample matches the amplitude of that EOF, and the sign associated with that PC score represents
whether the sample varies the same as or opposite to that EOF (Wilks, 2011). We then separate cases based on
their normalized PC score by applying a threshold of +0.75. To ensure unique sampling among our groups, we
apply additional constraints: samples that meet the PC score threshold for multiple EOFs are removed, and if
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precipitation objects. The circles on each panel indicate 500-km search radius is shown by the white and black circles. The top row shows Hurricane Irma at 12 UTC 5
Sep 2017, a sample from the Moist_SE group. The bottom row shows Hurricane Gaston at 12 UTC 30 Aug 2016, a sample from the Dry_Ext group. Solidity and
dispersion values for each time step and rain rate threshold are provided below the corresponding panels.

multiple samples from a single storm appear in the same group, only the sample with the highest PC score is
retained. These additional criteria reduce the sample size to 75 cases from 61 unique storms.

3.2. Size Metrics

This study uses TC size parameters similar to those described by Kimball and Mulekar (2004) including ROCI,
R34, R64, and RMW, which are provided by the EBT. Since impacts can extend beyond the TC rain field, these
parameters help capture the overall size of the TC. Specifically, this study uses the ROCI and R34 values to
examine effects of environmental moisture on the TC outer core and the RMW and R64 values to examine effects
on the TC inner core. Wind radii are averaged over the entire storm, so some error may be introduced in
asymmetric or small storms, a limitation discussed in Section 5. These values are evaluated over a 48-hr time
period centered on the time steps used for EOF analysis to assess storm size for a given EOF pattern as well as the
size evolution of those storms.

Beyond EBT data, we also consider outer wind radii, which we calculate using 10-m winds from ERAS5. Spe-
cifically, we calculate the radii (in km) for the 6, 8, 10, and 12 m s~ wind speed thresholds (hereafter R6, R8, R10,
and R12), following Schenkel et al. (2017) and Gori et al. (2023). They noted that TC outer wind field size in
reanalysis data sets (such as ERAS) is generally in good agreement with QuikSCAT satellite-derived wind field
size for the period under consideration (2000-2021).

3.3. Shape Metrics

To identify precipitation objects, a 500-km search radius is applied to the 5 km X 5 km regridded IMERG fields to
exclude precipitation features not directly related to the TC (Lonfat, 2004). Thresholding analysis is conducted by
assigning a value of one (1) to rain rates greater than or equal to a threshold and a value of zero (0) to rain rates
below that threshold (Figure 3). The 2 mm hr™" rain rate delineates regions where stratiform cold rain processes
dominate. The 5 and 10 mm hr™" rain rate thresholds represent transitions between stratiform and convective
precipitation. Typically, the 5 mm hr™" rain rate refers to convective areas over water whereas the 10 mm hr™" rain
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rate represents areas of convection over land (Lau & Wu, 2003; Schumacher & Houze, 2003; Tokay et al., 1999).
Since our study focuses on TCs over the ocean, we use the 5 mm hr™' rain rate to designate convective pre-
cipitation, and the 10 mm hr™" rain rate is used as an additional threshold above which convective processes are
highly likely to be occurring. Lastly, all small objects within the search radius must be removed to focus on meso-
to synoptic-scale structures such as rainbands rather than small-scale thunderstorms similar to prior studies
(Bytheway & Kummerow, 2015; Stackhouse et al., 2023). Objects become smaller at higher rain rate thresholds,
S0 a stricter minimum area threshold is implemented (e.g., Stackhouse et al., 2023). To be included in the object-
based analysis, 2 mm hr™' objects must have a minimum area of 15,000 km?, 5 mm hr™" objects must have a
minimum area of 2,500 km?, and 10 mm hr™' objects must have a minimum area of 1,000 km?.

The shape metrics in this study assign a value to precipitation fields to support quantitative comparisons of TC
structure in varying environmental moisture patterns. All metrics are calculated for the three rain rate thresholds
(2, 5, and 10 mm hr™") for the 48-hr period centered on the EOF analysis sample times. Area is defined as the two-
dimensional coverage of precipitation objects within a prescribed distance of the TC center (Kirkland &
Zick, 2019). In this research, the sum of areas (SOA) refers to the sum of precipitation object areas within 500 km
of the TC center.

Closure is the proportion of the 360° around the TC center where precipitation exists (Kirkland & Zick, 2019). It
is calculated as the number of 1-degree angles intersecting polygons divided by 360° (Equation 1), where a value
of 1 suggests a fully enclosed arc whereas a value of 0.5 suggests a half-enclosed arc (Matyas & Tang, 2019;
Stackhouse et al., 2023).

C = (no. of 1° angles intersecting polygons)/360 (1)

To calculate closure, annuli (radial bins) are explored within the defined search radius following Zick
et al. (2022): C100 represents 0—100 km to focus on the TC inner core as defined by Weatherford and
Grat (1988a); C200 represents 100-200 km to evaluate the intermediate region between the TC inner and outer
core; and C300, C400, and C500 represent the 200-300, 300400, and 400-500 km bins, respectively, to capture
the TC outer core. Wind shear has been shown to reduce closure (Matyas & Tang, 2019; Matyas et al., 2018) by
shifting and/or removing areas of precipitation, resulting in a less symmetric storm. Therefore, closure estimates
support investigations of the impact of atmospheric moisture on TC size because enclosure of a TC center protects
the TC from unfavorable wind shear and dry air. Midlevel dry air intrusion can lead to a weaker, narrower
overturning secondary circulation, potentially leading to a smaller TC inner core (Alland et al., 2017), whereas
dry air intrusion in outer regions of the TC can lead to expansion of the outer TC wind field (Wang &
Toumi, 2019). Though shear is not allowed to exceed 20 kt for the samples included in the EOF analysis, it can
breach this threshold in the latter portion of the 48-hr period being examined.

Dispersion (Equation 2) is a measure of centrality of precipitation around the TC center:

D=

ye Areaj (rcentroid,i) (2)

= Zjv r Area; \ Tsearch

where NP is the number of polygons, 7...oiq 1S the radial distance between the TC center and the object's centroid,
and 7g,.cn 15 500 km. A value near 1 suggests an asymmetric, or dispersed, storm whereas a value near 0 indicates
a symmetric storm (Zick et al., 2022; Zick and Matyas, 2016). In the examples in Figure 3, the precipitation
objects are centrally located with respect to the TC center, and the dispersion is low. The dispersion of the 2, 5, and
10 mm hr™! rain rates highlights how each rain rate intensity may be affected by the surrounding moisture
environment. Since dispersion measures the spatial layout of precipitation, this metric is related to closure. The
dispersion metric can also provide insight into the interaction of TCs with fronts (Matyas & Tang, 2019) and/or
degree of symmetry of the TC rainbands.

Solidity compares the area of a single precipitation object to the area of the entire rain field and is calculated by
dividing the area of an object by the area of its convex hull (Equation 3).

Area

3)

Convex Area
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Values near zero suggest a more asymmetrical storm or a storm with outer rainbands (leading to empty areas)
(e.g., Figure 3c). Smaller regions also tend to be more solid. A value of 1, however, suggests a circular, compact,
and filled rain field (Zick et al., 2022; e.g., Figure 3f). In this project, a solidity metric helps us investigate TC
structural differences because a TC with minimal banding will have higher solidity and a TC with extensive
banding will have lower solidity (Figure 3).

3.4. Statistical Tests

A 95% confidence level (p < 0.05) is used for all statistical tests implemented in this study to compare TCs within
moist and dry environments. The small sample size and non-normal distribution of TC size and spatial attributes
requires a nonparametric test to evaluate the differences among the groups. The Kruskal-Wallis test is used to
determine whether significant relationships exist among the four moisture groups (Kruskal & Wallis, 1952). Here,
the null hypothesis is that all groups are similar in terms of the value of the metric measured. If significant re-
lationships exist, the Dunn's multiple comparison test is applied to determine which groups(s) are significantly
different (Dunn, 1964).

The Kruskal-Wallis test is also used to evaluate the significance in the temporal evolution of all spatial metrics
during the 48-hr period of study. More specifically, we compare each spatial metric distribution for the five
reference times: —24, —12, 0, +12, and 424 hr. Again, the null hypothesis is that the shape metric values are
similar for the five time periods. A 5% significance level (p < 0.05) indicates that there are differences among the
time periods, although it does not indicate which time period is different. If such a difference is indicated by the
Kruskal-Wallis test, we apply the Dunn's multiple comparison test to determine which time period or pairs of time
periods are significantly different from one another.

4. Results and Discussion
4.1. EOF Analysis Results

From the EOF analysis, we identify four categories of moisture patterns, which are named according to the
geographic distribution of moisture surrounding the TC (Figure 4). Two EOF1 moisture fields are generated by
adding (PC1+4) and subtracting (PC1—) the EOF1 TCWYV anomaly pattern (Figures 2a and 2b) to the TCWV
mean field, and two EOF2 moisture fields are generated in a similar manner with the EOF2 TCWV anomaly
pattern (Figures 2c and 2d). For all moisture patterns, we calculate the mean TCWV within 200-1,000 km of the
TC center to help identify the environment as generally “moist,” “moderate,” or “dry.” PC1+ (Moist_SE) is
characterized by a moist anomaly to the southeast of the TC center; it is the most moist environment with 52.0 mm
average TCWV. PCI1- (Dry_Ext) is characterized by a dry environment around the entire storm with 37.8 mm
average TCWV. PC2+ (Dry_NW) has dry air to the northwest of the TC center, and PC2- (Dry_SE) has dry air to
the southeast of the TC center. The Dry_ NW and Dry_SE environments have similar average TCWV with 47.7
and 46.1 mm, respectively. However, the spatial distribution of that moisture varies with respect to the cardinal
direction of the driest air (NW vs. SE) and also the degree of symmetry (with Dry_NW being more asymmetric).
Based on average TCWYV values, we can consider Moist_SE to be a moist environment, Dry_Ext to be a dry
environment, and the Dry_NW and Dry_SE to be moderate environments. The number of cases in each group is
as follows: Moist_SE: 21, Dry_Ext: 13, Dry_SE: 21, and Dry_NW: 20.

The moisture environments described above resemble those found by Matyas et al. (2025), which applied a deep
learning approach (a convolution autoencoder) and k-means cluster analysis to identify spatial patterns of TCWV
around North Atlantic hurricanes. Their study found similar moisture patterns even though their methods and
input TC cases were different, lending confidence to the results above. Like in this study, the inputs to the
convolution autoencoder are ERAS TCWYV fields, but they explored all 2000-2021 North Atlantic hurricanes
with no constraints on vertical wind shear, distance to land, or time between their 4,652 samples. Of the four
distinct moisture patterns they identified, Cluster 1 (moderate moisture symmetrical) is similar to Dry_SE with 18
of the 21 TC samples coinciding with that cluster. Moist_SE and Dry_NW match quite well with cluster 2 (high
moisture symmetrical) (17/21) and cluster 4 (high moisture asymmetrical) (18/20), respectively. Their cluster 3
(low moisture asymmetrical) lacks a clear counterpart in our results, likely due to the higher wind shear that these
TCs experience (average > 23 kt). Our Dry_Ext group is the only environment that does not closely correspond
with any of their clusters: six of the 13 fall within their cluster 1 and seven fall within their cluster 3. Note that their
cluster 3 was their driest and had lower amounts of moisture with a 200-1,000-km average value of 33.4 mm
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Figure 4. Total column water vapor (TCWYV) patterns for the four groups created by compositing the TCWYV for TC time steps meeting criteria for each group. Each
group is named according to the moisture distribution, and sample sizes are included in parentheses.

compared to 38.1 mm in the current study. Overall, the similarities in three of the four moisture environments (and
their geographic distributions) in this study suggest that the moisture environments we identified are robust even
when a larger TC sample is considered.

Some geographic differences exist among the samples examined in this study (Figure 5). Most notably, cases
within the Dry_Ext group are located farther north (Figure 5), clustered around 30°N latitude, compared to the
other groups. Based on the Dunn's multiple comparison test, the Dry_Ext group is located significantly farther
north than the Moist_SE (p < 0.0001) and Dry_NW (p < 0.001) groups, and the Dry_SE group is located slightly
farther north than the Moist_SE group (p < 0.05). Longitudinally, Moist_SE TCs are located slightly farther west
than the Dry_Ext group, which is generally confined to longitudes east of 65°W. Additionally, numerous
Moist_SE and Dry_NW cases are located in the Gulf of Mexico and Caribbean Sea whereas there are no Dry_SE
or Dry_Ext cases in this region (Figure 5). Dry_SE environments appear to be uncommon west of 75°W, although
there are no statistically significant differences in the longitudes of this group compared with other groups
(Figure 6). Dry_NW and Moist_SE cases have a larger zonal spread (~60°) than Dry_Ext and Dry_SE cases
(~35°). Latitudinal differences among the groups could contribute to size and structure differences and will be
discussed in Section 4.2.
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Figure 5. Map showing the locations of TC cases included in each group.

4.2. TC Characteristics by Moisture Environment

4.2.1. TC Size and Intensity Metrics

A correlation matrix is used to investigate the relationships between the size and shape metric variables and shows
that these variables are not independent of each other (Table S1 in Supporting Information S1). This research

focuses on relationships with a moderate to strong correlation (Pearson's r > 0.6). The RMW is not strongly

associated with any other metric investigated here (Table S1 in Supporting Information S1). R34 is associated

(a) Latitude

(b) Longitude

Latitude (degrees)
N
<

Group

*
| . B Moist_SE
m M Dry_Ext
T 8 1 0 Dry_SE
¥ g 607 % . O Dry NW
" 2 8 3
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e g-, -100-
o
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Figure 6. Box plots showing the latitudes and longitudes for four moisture environments. All box plots display the median and interquartile range (IQR), and the
whiskers extend from the edges of the box to show the range of the data including any outliers. Dots represent all data values in the sample. The number of asterisks
indicates statistical significance (*p < 0.05; **p < 0.01; ***p < 0.001 ****p < 0.0001).

ADDINGTON ET AL.

10 of 21

a 01 ‘STOT *9668691T

:sdpy woiy papeof

ASURDI'] SUOWIWO)) dANEaI1) djqedrjdde ayy £q pouIeAoS axe sa[oILE () {asn JO Sa[NI 10§ KIRIQIT dUI[UQ) A3[IA) UO (SUOLIPUOD-PUE-SULIA)/W0d" Ad[1m’ KIeiqi[aur[uo//:sdny) suonipuo)) pue sua ] oy 99 [Sz0z/01/82] uo Areiqry aurjuQ A2[iAy ‘aimnsuy oluydik[od eruisiA £q S¢1eH0ArYT0T/6201°01/10p/wod KoM,



M\I Journal of Geophysical Research: Atmospheres 10.1029/20241D043135
AND SPACE SCIENCES
Table 1 with the outer core of a TC and is moderately correlated with ROCI values
Results From the Kruskal-Wallis Test ( p-Values) for Maximum Sustained (Table S1 in Supporting Information S1). Since hurricane-force winds are
Winds, MSLP, Radius of Maximum Wind, Radius of the Outermost Closed constrained to the area near the eye of the storm, we expect R64 to be most

Isobar, R64, R34, R12, R10, R8, and R6 Compared Between Each Moisture  associated with the inner core of the storm, and indeed, R64 is only moder-

Group

ately correlated with R34 and MSLP (Table S1 in Supporting

Size/Intensity metric

Kruskal-wallis test p-value Information S1).

Maximum Sustained Winds
MSLP

RMW

R64

R34

ROCI

R12

R10

RS

R6

0.0988 Though we did not find statistically significant differences in TC size among
0.1296 groups (Table 1, Figure S1 in Supporting Information S1), TCs in the
0.6678 Dry_NW and Dry_SE groups have slightly larger RMWs and more skewed
0.5563 distributions of RMW than TCs in the Moist_SE and Dry_Ext groups (Figure
0.8524 S1 in Supporting Information S1). Additionally, TCs in the Dry_Ext group

have the smallest R64 values and the smallest range of R64 values (Figure S1
03338 in Supporting Information S1). We also explore ROCI in addition to wind
D radii because ROCI concerns the pressure field rather than the wind field.
0.6971 Since pressure and wind are closely related, ROCI offers yet another way of
0.4503 comparing TC size. However, ROCI median values are similar across all four
0.0791 moisture environments (Table 1, Figure S1 in Supporting Information S1). In

comparing our median size values to those of hurricanes from Kimball and
Mulekar (2004), we find that our hurricanes are smaller compared to hurricanes in their study. We also find that
our R34 values are lower than those in Matyas et al. (2025), who included hurricanes experiencing higher vertical
wind shear and located at higher latitudes. Thus, the smaller range of hurricane sizes in our sample could partially
explain the lack of significant differences among our four groups.

When we explored outer wind radii (R6, R8, R10, and R12), the differences among moisture groups were not
statistically significant at a 95% confidence interval. Physically, TCs in the Dry_SE group have the smallest R6
and the smallest ROCI (Figure S1 in Supporting Information S1), which may be related to these cases occurring
within comparatively dry environments (e.g., Chan & Chan, 2018; Hill & Lackmann, 2009; Matyas et al., 2025).
Note that R6 is significant at a 90% confidence interval and R10 through R6 have decreasing p-values, which
suggest that the R6 relationship could become significant in a larger sample of TCs.

4.2.2. Shape Metrics

In this study, shape metric calculations use satellite-derived rain rates to quantify storm size and structure. The
sum of areas (SOA) is a basic measure of the TC rain field area (Section 3.3). Closure, solidity, and dispersion
offer further insight beyond storm size and help to describe and measure structure within a storm. We evaluate
each of the below shape metrics at three rain rate thresholds (2, 5, and 10 mm hr_]).

4.2.2.1. Sum of Areas (SOA)

The SOA of all precipitation objects is largest for TCs in the Moist_SE group (Figure 7). A larger 2 mm hr™' SOA is
typically associated with a larger 5 and 10 mm hr™' SOA (Table S1 in Supporting Information S1). As noted in
Section 2.3, the 5 and 10 mm hr™! rain rates represent transition areas and areas of convective precipitation,
respectively, and areas of convection are typically located closer to the TC center. The SOA for convective areas
(10 mm hr™" rain rate) is largest in the Moist_SE group (Figure 7) and associated with higher closure in the inner
regions of the TC (Table S1 in Supporting Information S1), which suggests that most of these precipitation objects
are present in the inner region of the storm.

The Dry_Ext group is significantly smaller than the Moist_SE and Dry_NW groups at all rain rates. Additionally,
the Dry_SE group is significantly smaller than the Moist_SE group at the 2 mm hr~" rain rate (Figure 7). The
smaller SOA observed in the Dry_Ext group (Figure 5) may be due to physical processes present in the subtropics
(e.g., dry air and subsidence) compared to physical processes present in the deep tropics (e.g., moist air and
ascent) (Deng & Ritchie, 2018; Laing & Evans, 2016).
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Figure 7. Same as Figure 6 but for box plots showing the precipitation areas for four moisture environments for 2, 5, and 10 mm hr™" rain rate thresholds. The number of
asterisks indicates statistical significance (*p < 0.05; **p < 0.01; ***p < 0.001).

4.2.2.2. Closure

Closure is evaluated over multiple radii spanning the inner core (C100), intermediary (C200), and outer regions
(C300, C400, and C500). A higher closure in intermediary regions of the TC (100-200 km) is associated with a
higher closure in the outer regions of the TC (300-500 km) (Table S1 in Supporting Information S1). A higher
closure also typically aligns with a larger SOA especially at the 2 and 5 mm hr™"' rain rate thresholds (Table S1 in
Supporting Information S1, Figure 7). Interestingly, there are no differences in closure among the groups for
rainfall in the inner (C100) and intermediary (C200) regions of the TCs, which is the region where TCWYV values
were ignored for the EOF analysis. Lastly, there are no differences in closure between Moist_SE and Dry_NW,
suggesting similar closure in the TC inner core and intermediate and outer regions (Figure 8). Interestingly, these
two moisture patterns that have higher moisture located to the southeast of the TC, a location that could be
favorable for TCs in low-moderate westerly shear (Ge et al., 2013).

Significant differences in closure occur primarily at the 2 mm hr™" rain rate and in the outer rainband region
(r > 200 km). TCs in the Moist_SE group are significantly more closed than TCs in the Dry_Ext group for the
radial bins 200-300, 300-400, and 400-500 km from the TC center at all rain rates (Figure 8). For example, C300
(for radial bin 200-300 km) is higher in Hurricane Irma for the 2 and 5 mm hr™! rain rates (Table 2) due to the
outer rainbands extending to the northwest and southeast of the TC (Figure 3). At even larger radii, closure for
radial bin 300-400 km (C400) and for radial bin 400-500 km (C500) is higher in Hurricane Irma for the
2 mm hr™! rain rate (Table 2) due to the outer spiral rainband extending to the southeast of the TC (Figure 3). The
results presented in Figure 8 demonstrate that rainbands are much more prevalent in the outer region ( > 200 km)
for TCs in the Moist_SE group. Additionally, the Moist_SE group is significantly more closed than the Dry_SE
group for the outer rainband region for radial bins 300400 and 400-500 km from the TC center at the 2 and
5 mm hr~! rain rates (Figures 8a and 8b) and for the radial bin 400-500 km from the TC center at the 10 mm hr!
rain rate (Figure 8c). Lastly, the Dry_NW group is significantly more closed than the Dry_Ext group for the outer
region 300-400 km radial bin at the 2 mm hr™" rain rate (Figure 8a).

ADDINGTON ET AL.

12 of 21

a 01 ‘STOT *9668691T

:sdpy woiy papeof

ASURDI'] SUOWIWO)) dANEaI1) djqedrjdde ayy £q pouIeAoS axe sa[oILE () {asn JO Sa[NI 10§ KIRIQIT dUI[UQ) A3[IA) UO (SUOLIPUOD-PUE-SULIA)/W0d" Ad[1m’ KIeiqi[aur[uo//:sdny) suonipuo)) pue sua ] oy 99 [Sz0z/01/82] uo Areiqry aurjuQ A2[iAy ‘aimnsuy oluydik[od eruisiA £q S¢1eH0ArYT0T/6201°01/10p/wod KoM,



I ¥edl

NI Journal of Geophysical Research: Atmospheres 10.1029/20241D043135

ADVANCING EARTH
AND SPACE SCIENCES

2 mm hr! Closure
*

1.0+ r\
g ok =
8 0.5 : * ok
: ‘ .
(a) 0.0 r T

T
C100 C200 C300 C400 C500
Band (km)

5 mm hr'! Closure

1.09m & B Moist_SE
E I Dry_Ext
O Dry_SE
i T = O Dry_NW
! i :
i
bp
(b) 0.0 —t

C100 C200 C300 C400 C500
Band (km)

Closure
o
(3, ]
L

10 mm hr! Closure
1.0q

Ly

C100 C200 C300 C400 C500
Band (km)

Closure
o
[3,]
L

Figure 8. Same as Figure 6 but for the closure of precipitation regions for
four moisture environments for (a) 2, (b) 5, and (c) 10 mm hr™! rain rate
thresholds. C100 represents 0—100 km to focus on the TC inner core; C200
represents 100-200 km to evaluate the intermediate region between the TC
inner and outer core; and C300, C400, and C500 represent the 200-300,
300-400, and 400-500 km bins, respectively, to capture the TC outer core.
The number of asterisks indicates statistical significance (*p < 0.05;

##p < 0.01).

4.2.2.3. Solidity

As noted earlier, there is a relationship between the closure within various
radial bins and the SOA of different rain rates. Most notably, the 5 and
10 mm hr~' SOA is most associated with higher closure values in the inner
and middle regions of the TC (Table S1 in Supporting Information S1). So-
lidity values across all groups appear similar; however, storms in the Mois-
t_SE group are significantly less solid than those in the Dry_Ext group at the
2 mm hr™' rain rate and those in the Dry_SE group at the 5 mm hr™" rain rates
(Figure 9). Such differences indicate that storms in the Dry_SE group have
smaller but significantly more solid convective areas compared to storms in
the Moist_SE group and that storms in the Dry_Ext group have smaller but
significantly more solid areas of stratiform precipitation compared to storms
in the Moist_SE group. Higher solidity may be related to less outer spiral
banding and, as a result, a more compact storm (e.g., Figures 3¢ and 3d). Prior
research has indicated that TCs in a moist environment generate more distant
rainbands, which could contribute to solidity differences and an overall larger
storm size when measuring size via rain rate (e.g., Hill & Lackmann, 2009;
Zhou and Matyas, 2018).

4.2.2.4. Dispersion

Dispersion is moderately correlated with closure in the outer regions
(r > 200 km) of the TC (Table S1 in Supporting Information S1). Despite the
statistical relationships between the other shape metrics discussed in earlier
sections, there are no significant differences in dispersion measures among
moisture groups. Physically, the lack of significant differences suggests that
stratiform precipitation is situated at similar distances from the TC center for
all cases regardless of the moisture environment, and that convective pre-
cipitation is also situated at similar distances from the TC center, a result
potentially related to our study's minimum intensity criteria (maximum wind
speeds of at least 65 kt).

4.3. TC Evolution by Moisture Environment

When testing for statistical significance using the Kruskal Wallis test, few
differences were significant among groups for TC intensity, intensity trend,
size, and shape over the 48 hr we examined (Table 3). The only significant
difference was the evolution of the 200-km closure for the 10 mm hr™" rain
rate for TCs in Moist_SE (Table 3, Figure 10). Though there are no clear
differences in RMW (Table 3), the increase in closure for the 10 mm hr™' rain
rate (Figure 10) suggests more symmetric heating or a strengthening primary
and secondary circulation (Kieper & Jiang, 2012). This idea is reflected in the
slight drop in MSLP,;, and increase in maximum sustained winds (not
shown) that are also observed at the beginning of the time window for the
Moist_SE group (Figure 10).

Although there are no significant intensity or intensity trend differences
among the groups, there is an intriguing difference in the percent of cases that
undergo rapid intensification (RI) versus rapid weakening (RW) defined as a
change of 30 knots or more within any 24 hr period that includes the sample
time (Table 4). In general, there is more RI compared with RW in all the
groups, potentially related to our data set being restricted to TCs with vertical

wind shear below 20 kt. Note that TCs in the Moist_SE and Dry_NW groups have higher rates of RI, and there is
only one RI event within the Dry_Ext group. The higher RI rate in the Moist_SE group is consistent with an
increase in 10 mm hr™! closure, but we do not find a similar increase in closure for TCs in the Dry_NW group,
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Table 2
Closure Values for All Radial Bins and Rain Rates for Hurricane Irma (2017), a TC Sample in the Moist_SE Group, and
Hurricane Gaston (2016), a TC Sample in the Dry_Ext Group (See Figure 3)

Storm name Group 2 mm/hr C100 2 mm/hr C200 2 mm/hr C300 2 mm/hr C400 2 mm/hr C500

Irma (2017) Moist_SE 1.0000 1.0000 0.6667 0.3889 0.0556
Gaston (2016) Dry_Ext 1.0000 0.7361 0.0556 0.0000 0.0000
Storm Name  Group Smm/hr C1I00 5 mm/hr C200 5 mm/hr C300 5 mm/hr C400 5 mm/hr C500
Irma (2017) Moist_SE 1.0000 0.2500 0.0972 0.0000 0.0000
Gaston (2016) Dry_Ext 0.7500 0.5000 0.0000 0.0000 0.0000

Storm Name  Group 10 mm/hr C100 10 mm/hr C200 10 mm/hr C300 10 mm/hr C400 10 mm/hr C500

Irma (2017) Moist_SE 0.8889 0.0000 0.0000 0.0000 0.0000
Gaston (2016) Dry_Ext 0.5833 0.4028 0.0000 0.0000 0.0000

suggesting that increasing 100-200 km closure is not a requirement for RI. Here, we will note that 0—100 km
closure is generally highest in the Moist_SE and Dry_NW groups and lowest in the Dry_Ext group (Figure 8c) in
which there is only one case undergoing RI at the sample time. Therefore, higher closure rates in the inner core (0—
100 km) and transition zone (100-200 km) regions of the TC may help to support RI, but an increase in closure is
not associated with RI based on the TCs in this study.

4.4. Vertical Wind Shear

The TC samples explored in this study occur within environments with 200-800-km vertical wind shear <20
knots to control for one known influence on TC size and intensity. Given our findings on size and structure
differences among the groups, we next consider vertical wind shear magnitude and direction to assess another
potential reason for those differences. Note that we only include the results regarding shear magnitude since there

Solidity Summary

*

1.0- ﬁ %

L

B Moist_SE
B Dry_ Ext
O Dry_SE
O Dry_NW

0.0 T r T . T "
2 mm hr 5mm hr 10 mm hr

Rain Rate

Solidity
o
s

Figure 9. Same as Figure 5 but for solidity values for four moisture environments for 2, 5, and 10 mm hr™" rain rate
thresholds. The number of asterisks indicate statistical significance (*p < 0.05).
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AND SPACE SCIENCES
Table 3 were no significant differences in TC shape or size based on the shear di-
Results From the Kruskal-Wallis Test (p-Values) for TC Size and Intensity rection (not shown). The distribution of shear magnitude values in each group
Metrics and 10 mm Hr~' Shape Metric Evolution (Figure 11) is generally similar based on the Kruskal Wallis test (p = 0.525).
10 mm/hr Moist_SE Dry_Ext Dry_SE Dry_NW Although there appear to be minor differences among the moisture groups,
including slightly weaker shear in the Moist_SE group, these differences are
Vmax 0.596 0.939 0.881 0.127 L. L . . . .
not statistically significant. This result indicates that differences in the TC
MSLP,,,;, 0371 0.975 0.871 0200 precipitation structure among the groups are mainly related to the moisture
ROCI 0.954 0.999 0.975 0.982 environment.
R34 0615 0-972 0689 0.561 Next, we evaluate the influence of shear magnitude on the TC size and shape
Ré4 0.406 0.504 0.929 0374 metrics. We use Spearman's correlation coefficients (r) due to the relatively
RMW 0.783 0.955 0.991 0.500 small sample size (n = 75) and non-normal distributions for some metrics
SOA 0.407 0.602 0.987 0.566 (e.g., closure). Weak to moderate correlations are found for a few variables,
Solidity 0.552 0.400 0.657 0.303 including dispersion and closure at all three rain rates (Table 5). Collectively,
Closure 100 0.647 0544 0438 0.889 theée 1nFreases in dispersion and f)uter C(?re (200-300 km and 300—490 km
radial bins) closure suggest that higher wind shear leads to asymmetric pre-
Closure 200 0.025 0.136 0.634 0.958 . .. . .
cipitation that is displaced away from the TC center into outer regions of the
Closure 300 0.994 0.528 0.980 0.216 TC. We speculate the moderate correlation between dispersion and outer core
Closure 400 0.980 0.241 0.725 0.242 closure (Table S1 in Supporting Information S1) is due to TCs in the sample
Dispersion 0.945 0.576 0.396 0.572 that experience moderate wind shear, leading to precipitation that is displaced
from the TC center and, therefore, also located at larger radial distances from
the TC center. Additionally, there is a positive correlation between VWS and latitude, indicating that wind shear
increases with latitude as expected.
5. Conclusions
This study focuses on the following research question: how do precipitation patterns and wind field size differ
among TCs in varying environmental moisture patterns? TCs included in the analysis are hurricanes (=65 kt)
located away from major landmasses in an area of low to moderate environmental vertical wind shear (<20 kt).
Common large-scale moisture environments surrounding Atlantic hurricanes are identified through EOF analysis
(Moist_SE, Dry_Ext, Dry_SE, and Dry_NW), and cases that most contribute to each moisture (EOF) pattern are
then explored. Geographically, samples in the Dry_Ext group are located significantly farther north into the
subtropical North Atlantic compared to all other groups. Additionally, there are no Dry_SE cases located in the
Gulf of Mexico or Caribbean Sea; instead, the majority of cases in these two regions were from the Moist_SE
group. Longitudinal spread of cases in the Dry_NW and Moist_SE groups was nearly twice as large compared
with cases in the Dry_Ext and Dry_SE groups.
Multiple spatial metrics are calculated and compared for rain rate (2, 5, and 10 mm hr™") regions associated with
the sample TCs in the four moisture environments. We also compare TC size (based on the wind field and the rain
field), intensity, time since genesis, and location among the groups. Additionally, we evaluate size and shape
Closure 200 km pmin
1.0 1020
T 1000 A
08 T 980 T 1 T T
€
§ 0.6 _|_ g 960
° T 9401
o4 T & 5201 l J J_ J_
O
900
0.2
T . s 880
(a) (b)
0.0 . ! . . 860 , ; ; : ;
24 12 0 12 24 24 12 0 12 24
hours hours

Figure 10. Box plots showing the evolution of the (a) 10 mm hr™' C200 band and (b) MSLP for TCs in the Moist_SE group. All box plots display the median (in orange)
and interquartile range (IQR). The whiskers extend from the edges of the box to show the range of the data but do not extend more than 1.5 X IQR.
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Table 4 metrics over a 48-hr window centered on the sample time to better understand
Percent [%] of Cases in Each Moisture Group That Undergo Rapid how moisture environments influence TC evolution before and after the TC

Intensification or Rapid Weakening Within Any 24 hr Period That Includes moves into that moisture environment. Although shear is limited by the

the Sample Time

original criteria, we perform an additional analysis to investigate the differ-

Moist_SE

Dry_SE Dry NW ences in TC size and shape between cases experiencing easterly and westerly

RI 47.6

RW

9.5

28.6 50.0 shear.

48 10.0 Stratiform and convective rain areas in TCs in a more moist environment

Count

(Moist_SE) are generally larger with more enclosed rainbands than those rain
areas in TCs in any other group, especially TCs in a comparatively dry environment (Dry_Ext). TCs in the
Moist_SE group develop more enclosed rainbands in the 100-200 km radial bin and strengthen slightly in the 48-
hr window surrounding the central time step. Additionally, stratiform and convective rain areas in TCs in overall
drier environments (Dry_Ext) are significantly smaller than stratiform and convective rain areas in TCs with dry
air to the northwest (Dry_NW). TCs in more moist environment (Moist_SE), while larger in terms of total
stratiform and convective rain area, are significantly less compact or solid than those areas in TCs in drier en-
vironments (Dry_Ext and Dry_SE). Our results are in line with previous research showing that TCs in a moist
environment have larger rain areas (Braun et al., 2012; Hill & Lackmann, 2009) and more rainbands in the TC
outer core region (Hill & Lackmann, 2009; Kim et al., 2021).

Despite the precipitation structure differences among TCs in varied moisture environments, there are no sig-
nificant differences in their inner and outer wind radii. This result does not align with findings from modeling and
observational studies showing that TC wind field size is sensitive to environmental moisture (Braun et al., 2012;
Hill & Lackmann, 2009; Kim et al., 2021; Matyas, 2017; Wu et al., 2015; Ying and Zhang, 2012). In fact, Matyas
et al. (2025) find significant differences in R34 among the four moisture groups in their larger sample of TCs.
Further analysis is needed to determine if our result is supported by other observational studies.

We speculate that the TCs in our study are impacted by multiple factors in addition to environmental moisture,
such as the latitude and time since genesis. For example, TCs tend to form at low latitudes, where the Moist_SE
and Dry_SE environments dominate, then move to higher latitudes, where the Dry_Ext environment dominates,
which may help to explain the relatively large TC sizes in the Dry_Ext group given that TC wind field size

Vertical wind shear distributions

—| EE Moist_SE
B Dry Ext
[ Dry SE

[ Dry NW

4 6 8 10 12 14 16 18 20
Vertical wind shear (kts)

Figure 11. Histogram showing the distribution of shear magnitude (in knots) for each moisture group.
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Table 5
Spearman'’s Correlation Coefficients and Associated p-Values for All Shape and Size Metrics Versus Vertical Wind Shear
Magnitude

Variable Spearman's r p Variable Spearman's r p
Time since genesis 0.13 0.276 10 mm/hr SOA 0.17 0.149
2 mm/hr SOA 0.2 0.101 10 mm/hr Solidity 0.04 0.719
2 mm/hr Solidity —0.03 0.831 10 mm/hr C100 —0.12 0.315
2 mm/hr C100 —0.01 0.915 10 mm/hr C200 0.17 0.154
2 mm/hr C200 0 0.993 10 mm/hr C300 0.27 0.021
2 mm/hr C300 0.17 0.165 10 mm/hr C400 0.14 0.227
2 mm/hr C400 0.3 0.01 10 mm/hr C500 0.12 0.316
2 mm/hr C500 0.11 0.369 10 mm/hr Dispersion 0.27 0.021
2 mm/hr Dispersion 0.25 0.031 Maximum Sustained Winds (kts) 0.01 0.918
5 mm/hr SOA 0.19 0.113 MSLP (hPa) —0.13 0.278
5 mm/hr Solidity —0.01 0.962 RMW (nm) 0.12 0.301
5 mm/hr C100 —0.15 0.209 ROCI (nm) 0.14 0.232
S mm/hr C200 0.03 0.777 R34 (nm) 0.2 0.092
5 mm/hr C300 0.24 0.038 R64 (nm) 0.13 0.252
5 mm/hr C400 0.28 0.016 Latitude 0.33 0.003
5 mm/hr C500 0.12 0.326 Longitude —0.14 0.241
5 mm/hr Dispersion 0.3 0.009

Note. Bolded values indicate significant relationships at a 95% confidence level.

generally increases with latitude (Knaff et al., 2014). Multiple studies show that TC outer size expands with time
toward an equilibrium or potential size (Martinez et al., 2020; Wang & Chavas, 2024; Wang et al., 2022),
stressing the importance of time since genesis as an important control on TC outer wind field size. Although
environmental variables are important in estimating the size of the TC outer wind field (Wang et al., 2022), other
variables such as the latitude and expansion with time (Knaff et al., 2014; Schenkel et al., 2018) are also important
and may be dominating the results in this study. Additionally, it is notable that TC outer wind field size has not
changed substantially in recent decades (Schenkel et al., 2023) despite marked increases in environmental
moisture (Zarzycki et al., 2024), a result that might partially corroborate our finding of minimal differences in TC
wind field size based on the moisture environment. Lastly, multiple studies find that the initial TC size is
determined by the moisture environment during the formation stage (Braun et al., 2012; Hill & Lackmann, 2009;
Martinez et al., 2020; Wu et al., 2015) and that TCs tend to maintain their initial size (small vs. large) over their
lifecycle (Knaff et al., 2014). Our study does not consider the moisture environment at the time of genesis, which
may be more important than the moisture environment at the sampling time. Collectively, our results suggest that
there is still some uncertainty regarding the influence of large-scale moisture on the TC outer wind field size and
that more research needs to be conducted to understand this problem better.

The results of this study are limited by satellite and model resolution as well as the precision of observational wind
radii and wind speed data. Extended best track wind radii are estimated by forecasters, and uncertainty can be as
high as 40%-45% for hurricane wind radii that are based only on satellite data (Landsea & Franklin, 2013). Since
all of the cases in this study are TCs away from land, the quality of the TC wind radii may be degraded by a lack of
observations. Next, in our study, the need to ensure independence among moisture groups reduces the number of
cases in each group, which could limit the power of some statistical tests. For example, the TCs in this study are
slightly smaller than the larger set of Atlantic TCs studied by Kimball and Mulekar (2004). This smaller range of
wind radii in our TC cases may make it harder to find significant differences among the moisture environments,
unlike the results by Matyas et al. (2025), and may be due to sampling or the other constraints we placed on shear
and distance to land. Future work should consider using less stringent criteria in identifying cases for the moisture
groups. Lastly, additional observational and idealized studies focused on the influence of varying moisture
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environments on TC wind field size should be completed to determine if the current study's result showing no
difference in TC wind field size based on the moisture enviroment is supported by theory and observations.
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BSD Open Source license. Lastly, we used the eofs software package, a python package for computing empirical
orthogonal functions (EOFs) (Dawson, 2016), available under the GNU General Public License Version 3. Public
data sets include (a) the Atlantic hurricane database HURDAT?2 (https://www.nhc.noaa.gov/data/#hurdat)
(Landsea & Beven, 2019), (b) NASA's Global Precipitation Measurement IMERG final precipitation (https://cata
log.data.gov/dataset/gpm-imerg-final-precipitation-13-half-hourly-0-1-degree-x-0-1-degree-v07-gpm-3imerghh
-at-g) (Huffman et al., 2020; NASA EarthData, 2024), (c) the Tropical Cyclone Extended Best Track Data-
set (https://rammb2.cira.colostate.edu/research/tropical-cyclones/tc_extended_best_track_dataset/) (Demuth
et al., 2006), (d) the European Centre for Medium-Range Weather Forecasts (ECMWF) atmospheric reanalysis
(ERAS) (https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5) (Guillory, 2022; Hersbach
et al., 2020) [Dataset], and (e) the Statistical Hurricane Intensity Prediction Scheme (SHIPS) data set (https://
rammb.cira.colostate.edu/research/tropical_cyclones/ships/data/) (DeMaria & Kaplan, 1994).
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