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Abstract. Cyclone composites are a powerful tool for investigating the mean characteristics of tropical and-extratropical
eyelones—cyclones (TCs), offering insights into the mechanisms driving storm development. Traditional composite methods
align cyclone centers to capture persistent-large-scale patterns but they tend to smooth out small-sealefeatures—
mesoscale features.

We introduce a novel compositing framework, the SYmmetrized-Normalized Cyclone (SyNC) compositing, designed to ad-
dress the structural variety of trepical-eyelones(FCsyTCs. This method symmetrizes storms to axisymmetric vortices and
normalizes them according to their eyewall location and the size of the TC %y—aeeufafe}ybdefeeﬂﬂgﬂi&eyewaﬂs—aﬂdﬁe
winds). The method is applied to simulated TCs with the weather and climate model ICON ;—which-shew-strong-agreement

with-the-observed-wind—pressure-relationshipsrun at 5 km horizontal grid length. ICON reveals the ability to simulate even
most intense storms, while overestimating the frequency of major hurricanes —and underestimating the seasonal TC frequency.

analysis. A large structural variability and asymmetries are found across all simulated storm intensities, agreeing with obser-
vationsand-emphasizing-the-impertance-of- SyNC-compeosites—
The-vortex-,

~

The eyewall alignment of the SyNC framework successfully sharpens composite fields, preserving smal-seale-extreme values

of mesoscale features such as super-gradient winds, subsidenee-within-the-eye;-eyewall updrafts, andHoealized-diabatic-heating

and-eooling-eyewall precipitation, and localized latent heating related to cloud microphysics. It also reduces within-group
variance, thereby increasing statistical power and enabling the detection of differences between TC groups that would be

missed using traditional center-based compositing. Limitations of the SyNC composites include reduced applicability during
early storm stages, when tangential winds have not yet formed a Rankine-like vortex, and potential data extrapolation during
normalization in small storms. Nonetheless, the method proves robust for weakly organized stormsand-, SyNC is particularly
beneficial for analyzing eireulation-related-and-cloud-microphysies-related-fieldsmesoscale features using high-resolution data
(horizontal grid length of &~ 10 - 20 km or finer) capable of resolving these features as well as the structural variability of
TCs. As numerical models continue to improve in resolution and representation of mesoscale features and vortex variability,
TC misalignment in composites will likely become an increasing challenge. Overall, the SyNC compositing method provides



a cyclone-relative framework that improves the accuracy of TC composite analysis, thereby facilitating the investigation and

understanding of storm development.
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1 Introduction

Cyclone composites are widely used to analyze mean characteristics of groups of tregicakatropicakyclonescyclones

cyclonesizeto make cyclones located at different latitudes more comparable (Vessey et al.,22822yopicaleycloneelds

areoftenrotatedtowardstheir propagatiendirectionto-To better preserve their key structurési-exampiecenveyerbelts
{Sinelair-et-al;-2020;-Vessey-et-al;-2028prsimilar reasensiropicaleyelones(tEs)-TCsare sometimes rotated according

to their storm motion or to the environmental vertical wind shear (VWS) (Klotz and Jiang, 2017; Rios-Berrios and Torn, 2017;
Uhlhorn et al., 2014; Zhang et al., 2013; Carstens et al., 2024). Storm motion increases the tangential wind eld asymmetry by
contributing to the wind speed where the storm's tangential wind vectors and translation vectors align, typically on the right
side of the storm track (Uhlhorn et al., 2014). VWS in uences the storm structure by increasing the tangential and radial wind
asymmetry (Klotz and Jiang, 2017; Carstens et al., 202#)ehisfurtherandis associated with asymmetric surface uxes and

asymmetric convectiofghang-etal-—2013:-Carstensetals2qZhang et al., 2013; Carstens et al., 2024; Rios-Berrios et al., 2024

structures, when the compositing TC group contains various storm sizes and vortex axis-asymmetries, while only aligning the
TC centers.
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of North Atlantic TCs have a 0- 90" percentile range of 2Bm to 111km (Chan and Chan, 2012). The deviation from a
perfect circular vortex is often measured by an asymmetry index (Al), which synthesizes megisdireatlii in each quadrant
around the TCs center (Chan et al., 2023). Chan et al. (2023) analyzed Als of different sizes and found that TCs are rarely

symmetric in all basins and highlighted the limitation of taking azimuthal average wind elds to quantify storm sizes.

Also most of the precipitation fallm%hmgtwnhm R17 (Yu et al., 2023). Some studies suggest competing effects of rainband

and eyewall convection due to aerosol-cloud interactions in TCs (Lin et al., 2023; Wang et al., 2014; Rosenfeld et al., 2012),
which gives another reason to preserve both, eyewall and outer rainbands, as well as make them distinguishable from eacl
other. Besides analyzing features linked to the vortex structure, size, RMW and Al themselves can be useful parameters in
studying the evolution of storms and their impact on coastal regions: determining the precise size of a TC can improve the esti-
mation of its destructiveness potential (Emanuel, 1999). RMW is observed to contract during TC intensi cation due to absolute
angular momentum convergence by the overturning circulation, and can coincide with or precede rapid intensi cation (Stern
et al., 2015; Qin et al., 2016), an ongoing challenge in TC forecasting (Zhang and Tao, 2013). Relatively symmetric storms
also have larger intensi cation rates, likely due to the absence of VWS (Li and Tang, 2025). Moreover, symmetric eyewalls
can bene t intensi cation, since they are associated with higher convective organization and larger radial heating gradients
(Martinez et al., 2022; Persing et al., 2013).

Some studies tackle the challenge of various vortex structures partially by scaling the storm distances by RMW. These
composite methods (Wei et al., 2025; Klotz and Jiang, 2017; Sun et al., 2019; Ming et al., 2015) allow the alignment of
eyewalls, within the compositing storm group. Nevertheless, the various vortex sizes and asymmetries are not considered in
such an approach.

to composne TCs addressing their large spread in vortex sizes and aX|s-asymmetr|es. the SYmmetrized-Normalized Cyclone

(SyNC) composite framework aims to symmetrize TCs to axisymmetric storms and normalize them according to their eyewall
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location and storm border to preserve the individual storm structures and associated features when compositing cyclone group:
with various asymmetries and sizes. It further presents an approach to accurately detect the vortex and eyewall sizes, as we
as corresponding axis-asymmetries. We developed the method on a group of numerically simulated TCs and compare theit
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2 Methods
2.1 Model setup

For the development and demonstration of the SyNC composites the North Atlantic TC season 2005 was simulated using

:o:ost.::l:'he model phyS|cs is represented by a set of parametnsatlons. the prognostic turbulent kinetic energy (TKE) scheme
for turbulences (Raschendorfer, 2001), the ecRad scheme for radiation (Hogan and Bozzo, 2018) , the TERRA scheme for

land surface processes (Schulz et al., 2016) and the two-moment scheme of Seifert and Beheng (2006) for clouds, predictinc

scheme of Segal and Khaln (2006). The CCN concentration is prescribed tnbG0representing average conditions over

the North Atlantic (Choudhury and Tesche, 2023). Deep and shallow convection parametrisations are switched off to align our
setup with convection-permitting ICON studies from Hohenegger et al. (2023), Weiss et al. (2025) and Segura et al. (2025).
Hohenegger et al. (2020) showed, that ICON is able to suf ciently capture the water and energy budgets, the cloud distribution
in the tropics and the location of the InterTropical Convergence Zone (ITCZ) and hence is able to reproduce key features
of the climate system without convection parametrisations lan5 Additionally, Judt et al. (2021) demonstrated that both

simulated TC numbers and Accumulated Cyclone Energy (ACE) in ICON are much closer to observational values when the

deep convection parametrization is switched off.

An ensemble o8-eight members was computed to increase the TC group size and assess the internal variability in the simula-
tions. Ensemble members were created according to the method described by Fischer et al. (2023) by perturbing the initial spe
ci c moisture eld. Random perturbatlons on the order of a roundlng errcr@ 13 kg kg !)were added to the initial moisture
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TCs were identi ed using the multi-parameter TC tracking algorithm of Enz et al. (2023). The algorithm employs three typ-
ical TC characteristics: gurfacepressure depression, a cyclonic wind eld and a warm core located in the upper tropo-

spheréceserane-Chaa 2010 e ecoiralenrecsiors depied bucearebinelocalminimumiathe, Thesecharacteristics

150 aredetectecby thealgorithmat eachtime stepusingfour parametersgachevaluatedacrossmultiple thresholdvalues(shown

1. A local sea level pressure

155 upper-levetemperatur@anomaly|1e

160 Thresholdgfor th

(2023and were selectechasedon scienti ¢

165 to, itis linked to the nearest TC center found at, whereby a maximum translation velocity threshold of2§ ? is applied

see Enz et al. (2023)).

2.4 TC ltering angtime-normalization

170 After cyclone detection, simulated TCs were ltered to exclude weak and short-lived systems based on the following criteria:
minimum lifetime of 48h and reaching a minimum central pressurg{jpof 990hPa or lower. We employed the pressure based
intensity scale by Klotzbach et al. (2020), which covers pressure categorigs)traim 1-5 starting at a pressure 0f990hPa
being cafes0f 1. The pressure based intensity scale has multiple bene ts: pressure measurements are more accurate than winc

measurements,f, is a strong indicator of potential damage (Klotzbach et al., 2020) and the climatological spread in pres-
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sure distribution is better captured by numerical models than for maximum imagsen-etal, 2015 Bourdin-etal,2024)
(I 15; Bourdin et al., 2024; Manganello et al., 2012). The wind-pressure relationship of TCs is poorly repre-

parametrization, which determine the surface drag in the boundary layer and diabatic heating through cloud processes and by
that in uence the simulated TC intensities and structyBxso-etal2014B .» 2012; Baker et al., 2024). Accordingly,
pressure-based metrics are more robust and well-suited for analyzing TC activity in numerical models, as demonstrated in the
study by Bourdin et al. (2024).

To enable meaningful comparisons between TCs with different lifetimes, the evolution of each storm is normalized, inspired
by the method of Schemm et al. (2018). The time axis is rescaled to an interval of [0, 1], whgrelt corresponds to genesis,

thorm = 0.5 to the time of minimum central pressure (i.e., maximum intensity), ap¢kt 1 to storm lysis. Between these three

X points, the normalized time axis is linearly interpolated to the tracking time steps. Accordingly, the intensi cation phase

2.6 SyNC: Symmetrized-Normalized Cyclone composites

The goal of the SYmmetrized-Normalized cyclone (SyNC) composite approach is to reduce composite blurring from mis-
aligned vortex structures. Each TC is transformed to an axisymmetric vortex and spatially normalized based on the eyewall

radius and the storm size. That way, eyewalls and storm borders are aligned when compositing the symmetrized-normalized
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Tablel):
1. Cyclone-centered projection of the TC from a sphere to a plane.
2. Sector-wise eyewall and storm border detection.
3. Vortex symmetrization and normalization.
4. Compositing data elds of a TC group.

First, each TC is projected from the Earth's sphere to a plane using a cyclone-centered Lambert azimuthal equal-area pro-
jection. This creates a Cartesian gnigy,z) with the grid origin located at the cyclone center addressing the irregular spacing

of the grid due to the curvature of the Earth. Therefore, the projected grid preserves the true size of a cyclone and enables the

Second, the eyewall and the storm'’s size are detected based on the tangential wind eld (see Fig. 1a). The location of the eye-
wall is approximated by RMW (Kepert, 2010; Qin et al., 2016). The horizontal extent of the TC is de ned as the radius where
the wind speed reaches as *

, R17, from now referred to as,R). R
extentof-1000-RMW is identi ed for each vertical levelfewing-te-aceeuntforwhatallowsto further estimatethe eyewall

tilt. When the tangential wind becomes anticyclonic at upper-levels, RMW is taken from the last level below, where winds are
still cyclonic. Ryt is detected from the tangential wind mean between the surface lamd Phis ensures better representation

of the storm size compared to detecting,Fnly at a single vertical level. Thekn level was selected, since it leads to the
largest TC extents and with that conservatively keeps most of the vortex data in the analysis ( nd more details and a sensitivity
experiment in Sect. B1). g is maintained for all height levels. Otherwise, the anticyclonic out ow would unrealistically nar-

andis assumeghot to vary with_height. This assumptiorcanintroduceerrorsin. radial and tangentialwind. componentsn
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extrapolation of data points in case of a narrayw:fRMW ring. Additionally, to exclude detected extreme radii, detected RMW

and R;; are excluded when exceeding 3@0or 600% of the median of this level, respectively, and replaced with a rolling
average of radii in their neighboring sectors. These thresholds were selected based on statistics of observed wind radii anc
Rou-RMW distances. During testing of the algorithm, the thresholds were rounded and adjusted to the simulated TC structure
in such a way that the thresholds were only applied when physical radius detection would not have been possible without them.
The thresholds are especially necessary for obtaining feasible radii in the early stage of a TC, where the vortex structure is
less pronounced and above i, where the vortex ends or the anticyclonic out ow complicates the radii detection. For more
details about threshold selection and when they are applied see Sect. B3.

The RMW and R detection is done for 10 circle sectors (i.e., 36° sectors) individually around the cyclone center to account
for vortex asymmetry (Fig. 1a). The detection resolution of 36° was chosen such that each sector contains at least one grid cel
within the detection minimum of RMW (illustrated in Fig. B3b), which is a necessary condition to detect RMW for each
sector. Hence, the maximum number of detection sectors is dependent on the data resolution, whereof for higher resolution,
also a higher number of detection sectors can be employed. A high number of detection sectors can improve the detection of
vortex asymmetries, as shown by a sensitivity experiment of Al to the number of detection sectors (Sect. B2). These ndings
suggest that the highest feasible number of detection sectors should be selected. The 10 dgteatad$are smoothed by a
rolling mean over 3 data points to avoid spikes in the TC size. After this, the resolution of detected RM\§/@aéhRreased
by linearly interpolating the detected radii from 36° sectors to 1° sectors (Fig. 1b). This allows for a more continuous vortex
normalization in the next step.

The spatial normalization is conducted such that the TC center is located at the grid origin, while the storm’'s eyewall / edge
are forced to a normalized radius of 1 / 8, respectively (Fig. 1b). The normalizédsradii of 1 and 8 are chosesueh

thattheratiooF-RMW-te-Ropris-appreximatehpreservedto approximatelypreservehe ratio hetweerthe RMW._ andRg; of

The radial normalization of the cyclone is employed in cylindrical coordinatesz(! ryue , ' tue » Z)- Based on the

eyewall and border distance to the origig ), @ one dimensional linear interpolation function is de ned, that transforms the
real radius to the unit-less normalized radiug, ) by assigning RMW a value of 1,4z a value of 8 and Rax a value of 20
(rvue ! rnorm )- Hence, each grid cell of the projected grid obtains a new normalized radius while preserving theranpgles (
"tue »Z! Thorm s tue » Z)- The normalization is done for each of the 1° sectors individually, which forces any TC to be an
approximately axisymmetric vortex. After the radius transformation, any data ¢@ldgn be interpolated from the transformed

grid to a normalized grid by applying 2D cubic interpolation(fnorm + ' true »2)!  ~ (Fnorm » ' norm » Z), Fig. 1c). Note that

10



Table 1. Steps to obtain the symmetrized-normalized TC composites and corresponding coordinate conversions. The geographic coordinate
system is de ned by the coordinates latitulde, longitudelon and heightz. The cartesian coordinate system spans over the horizontal
plane withx andy with the vertical coordinate. The cylindrical coordinate system is described by the radial distance to the TC center
r, the azimuth and heightz. The subscriptrue refers to the real cylindrical coordinate system, while the subsedph indicates the
normalized cylindrical coordinate systemrepresent any three-dimensional data eld of one TCthe data eld after interpolation and

" meanthe data eld mean over a group of cyclones.

Process Coordinates
1 Lambert azimuthal equal-area coordinate projection splerd¢n, z) ! plane &, y, z)
2.1 Sector-wise detection of RMW and/r 10 sectors'(irue )
2.2 Upscaling of detected RMW ang,rusing 1D linear interpolation 10 360 sectors' (true )
3.1 Sector-wise radius transformation based on RMW and R (rwue »" true »2)! (Fnorm " wue , 2) for 360 sectors

3.2 Data interpolation onto normalized grid using 2D cubic interpolation (rnorm , ' true ,2)! ) (Fnorm " norm + 2)
3.3 Conversion to Cartesian coordinates “(frorm » ' nom 5 Z) ! " (Xnorm , Ynorm » 2)

4 Cyclone compositing " mean (Xnorm + Ynorm , 2)

the radius transformation and data interpolation are conducted for each height level, hence the full three dimensional elds

280 Last, the normalized grid is converted from cylindrical to Cartesian coordinates, from which SyNC composites are calculated.

11
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Iablel). The purple squares indicate the detected radii, while the purple shaded area highlights one detection sector. Upscaled detected radi
Table1) and sector-wise radius transformation (purple arrow) by a linear function converts real radii to a

(dashed white circlestep2.2in

normalized radii, sketched by the function in the left lower corner of the panstép3.1in. Tablel). A symmetrized-normalized TC on the

2.7 Asymmetry index

The asymmetry index (Al) is calculated to assess the vortex shapes of the different cyclone groups and to estimate the relevanc
of the vortex symmetrization. The Al is de ned as the ratio of the maximum radius to the effective radius of four quadrants
(Chan et al., 2023). Here, we calculate Al for the overall storm usifagaRd for the eyewall using RMW. Instead of estimating
asymmetry based on four quadrants, all detection sedysd; :::sn) are used, such that Al is de ned as the following:

Rmax = mMax(Rs1;Rs2;::Rsn) @
R - _s=1 'S
eff sn ( )
Rmax
Al = M g °
Reft N

where R is the detected,Ror RMW in the tangential wind eld for each vertical model level asrdthe number of detection

sectors. Hence, Al of 0 indicates a perfectly symmetric structure.

12
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2.8 Statistical signi cance

To assess the signi cance of differences between cyclone groups, we employ independent two-sided permutation tests. The
test statistic is the group mean, with the null hypothesis stating that the means of the cyclone groups are equal. By randomly
drawing cyclone elds from the two groups, synthetic cyclone groups are generated. This process is repeated 10,000 times.
The distribution of the synthetic group means is then used to estimate the con dence interval for the null hypothesis (Wilks,
2011). The null hypothesis is rejected at a signi cance level of 0.05.

The permutation tests are conducted for each grid cell in the azimuthally averaged composites. To correct for multiple
testing along the radius- and height-axis, and the associated risk of falsely rejecting the null hypothesis (Ventura et al., 2004),
we tighten the statistics by controlling the false discovery rate (FDR) at a level of 0.05, applying the method of Benjamini and
Hochberg (1995).

asthe simulatedT Cs regardingtheir lifetime_and minimum pressurein

3 Simulated TC validation
3.1 Wind-pressure relationship

To evaluate the ICON-simulated TCs, the relationship between simulated wind and central pressure is compared to obser-

winds areweakerthanobservedvinds for a given centralpressureThis suggests modelbiasthat may be relatedto the

13
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n-=-363). Observed winds are at 10, modeled winds are selected from f0to 8:23.47 km (a-hd). Curves show a quadratlc ts

excluding outliers. The mean squared error (MSEnfns 2) of the model tis indicated in each panel.

3.2 TC characteristics

14
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Simulated TCs predominantly form between August and October, alignlng with the observed peak TC activity (Frg. 3h).

However, the model fails to generate TCs during the late months of the North Atlantic TC season (November). On average,

simulated TCs last approximately eight days (Flg
{F@%J%consstent with observed behavi®

Regardlng storm intensity, the modeI shows a tendency to produce more intense TCs, as indicated by the signi cantly
lower median central pressureedianof 938 hPa compared to the climatological median 867 hPa (Fig. 3e) and a

notably higher median maximum winds of &7s ! compared to the observed #6s ! (Fig. 3f). Simulated TC also in-

is supported by the central pressureind-and pressure decrease distributions fthe observed season 2005, which do not

show signi cant differences from the modeél
i However, with a median of only 4

simulated TCsseason ! (Fig. 3a), the model clearly underestimates TC frequency compared to the ob&érv8dstorms

15



the full-rangeof stormintensitiesamongthe simulatedTCs 5 storms

,the simulatedTC group s _suitablefor testingand

ressuregreached(e), wind at

since1980),blue hox plots

380 3.3 \ortex structures
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Figure 4. Vortex structures of observed)(and simulatedl{) TCs at maximum intensity (=33 for model and observations). Observed
wind radii (at 10m) are taken from HURDAT?2 since 2021, where RMW ang:Rstimates are available. A zero-velocity point at the center
is added for illustration. Simulated winds are azimuthally averaged atril3ox plots show the distribution of commonly used TC wind
radii: 17.5ms ! (34 knots), 25.7ms ! (50 knots), 33ms ! (64 knots) and RMW. Lines represent individual TCs, colored by their
maximum reached pressure-based category.

4 SyNC case studies

18
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The cages 5 storm (Fig. 5) reveals a typical TC vortex structure, exhibiting a calmer eye, a distinct eyewall and decaying
winds at larger distance with an overall asymmetric vortex structure. Before the symmetrization and normalization (Fig. 5c¢),

the tangentlal wind eld is shifted into the northeastern quadrant likely dwmd%hearpushmgthewﬁe*tewardsthe

and the storm translation vector aligning with the tangential widdBera-etal;2644)Accordingly, with R varying from
about 15km to 600km, Al of Ro is found to be 0.36 (Fig. 5a). Also RMW shows asymmetry, with an Al of 0.27 (Fig. 5b).
After symmetrization and normalization, the vortex becomes symmetric around the storm center (Fig. 5d). RMyy ared R

with only their radial distances adjusted while their angular positions relative to the center remain unchanged.

Figure 5. Demonstration of detected wind radii and the effects of SyNC of g¢atstorm at maximum intensity. Detected (blue points) and
upscaled (blue line) &: (a). Detected (orange points) and upscaled (orange line) RI\WThe asymmetry index (Al) of & and RMW

is noted in the left corner of corresponding sub panel. The vortex on the projected)giiti¢ cyclone center is marked with a black cross.
Contours show the tangential wind eld atkPn height with detected &: (blue points) and detected RMW (orange points). The light blue

line marks the 1fns ! contour of the low-level (0-Xm) tangential wind average used fopRdetection. Thearrowsin the lower-left

405 this weaker TC is not completely enclosed Wlthln the tangentlal Wlnd eld, and the outer wind d|str|but|on remains patchy, with

19
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several local wind maxima (Fig. 6¢). Despite these irregularities, the algorithm was able to approximate both radii. A notable
challenge lies in the cgts 1 storm's relatively small size and the narrow distance between RMW gnihRhe southwestern
guadrant. This resulted in extrapolation of data onto the normalized grid, causing a blurring effect in that quadrant (Fig. 6d).
Nevertheless, we consider this drawback to be outweighed by the bene t of achieving symmetry in both the eyewall and the
storm boundary. Thanks to the relocation process, even this small storm becomes perfectly aligned with the eyewalls and
boundaries of the other TCs in the group during composition.

Figure 6. As Fig. 5, but for a cgfes 1 storm.

5 Storm structure evolution

The novel composite method can be used to analyze structure evolution of TCs demonstrated in this section. Fig 7a-c illustrates

observations show relatively good agreement in the structure evolution throughout the life cycle. Both observed and simulated
TCs exhibit a contraction of RMW during the intensi cation phase reaching minimum RMWs at peak intensity (Fig 7a),
aligning with previous studies (Stern et al., 2015; Qin et al., 2016). The simulated RMW magnitudes generally align well with
observations, indicating that the model realistically reproduces eye and eyewall gjze@allres slightly increase in the decay

phase in both datasets (Fig 7b). However, simulatgg\RRlues are consistently overestimated due to systematic differences in
the detection method, as discussed in Sect. B1. Also, both simulatedadii are signi cantly larger than observed values near

and shortly after genesis, likely because tangential wind based radii detection is particularly challenging at that stage. Storm
size Als remain relatively constant throughout the life cycle in both observations and simulations (FigefegeThis is

consistenwith theresultsof Li and Tang (2025)whofoundthatsizeAl duringstormintensi cationcanincreasegecreasegr

20
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of 0.2. The non-zero Al values con rm that axisymmetry is not present in either dataset, as expected. As discussed in Sect. B2,
the higher number of detection sectors in the model likely leads to systematically higher Al values in simulations compared
to observations. Both observed and simulated TC groups exhibit substantial within-group variability in vortex structure over
the life cycle. In the early stage, the IQR of RMW spans approximatelyke®@or simulations and 58m for observations.

In the late stage, model and observations show an IQR of aroun&m00he IQR of R remains around 100m for both

datasets throughout the life cycle. These wide spreads in radii and Al highlight the large diversity in vortex structures within
both datasets. This underlines the importance of SyNC to precisely align vortex structures for composite analysis.

for storms separately according to their maximum pressure category, as illustrated in Fig. 7d-i for simulated TCs. The storm
size and size asymmetry are both not signi cantly changing between the various storm intensities in the model (Fig 7e, f),
contradicting results of Li and Tang (2025). On the contrary, the eyewall evolution shows distinguishable differences between
weak and strong TCs (Fig. 7d). While all storm categories indicate the RMW contraction, it is much more pronounced for

life cycle, RMW Als start at relatively high values around 0.5 for all TC categories (Fig. 7g). The asymmetry of the eyewall
remains at high levels also for weak TCs. However, intense TCs reveal a symmetrization of their RMW during the second half
of their intensi cation phase, when Al drops approximately from 0.4 to 0.2. This is in agreement with previous studies (Persing
et al., 2013; Martinez et al., 2022), which found that eyewall symmetrization and associated convective organization is bene -

eyewalltilt thanweakerTCs at maximumintensity (Fig. 7h, i), Theseresultsare consistenith _previousobservationaénd

21
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Figure 7. Evolution of TC structure related metrics over the storm’'s life cycle: RMAMI, Rout (b, €), asymmetry index (Al) of R (c,

eyewalltilt. is estimatedasthe differencebetweenthe minimum.and maximumof the vertical pro le .of RMW. betweenQ

display the group's median and the shaded area represents the interquartile ranges (IQRs). Normalized time ticks indicate the frequency o

diagnosed radii and Als setting a focus on the intensi cation phase.

6 Composite sharpening by SyNC
6.1 Preservedsmallfeatures

bene ts andlimitations, SyNC compositesarecomparedyith

variability within the weak TC group and minimize it within the intense group based on the results shown in Fig. 7. This design

enables an assessment of which TC group bene ts most from the SyNC approach, the structural more homogeneous (intense

22
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or more inhomogeneous (weak) grotp

orby-theSyNCapproach

6.1 Preservedmesoscaldeatures

data elds in Fig. D1). Overall, the SyNC composite elds often reveal more pronounced extreme values in the vertical cross
sections (positive and negative) compared to the centered-only composites, as illustrated by the probability distribution func-
tions (PDFs) of respective elds (Fig. 8c, f, i and I). The enhanced extremes are attributed to improved alignment of vortex
structures and associated storm features, which helps preserve these characteristics more effectively in the group average. Mo
elds show substantial improvement due to the SyNC method's alignment of the eyewall: Vertical winds indicate stronger
eyewall updrafts and stronger downdrafts within the eye (Fig. 8b). Temperature tendencies of the cloud microphysical scheme
reveal approximately 18 h ! higher latent heating within the eyewall (Fig. 8e). Additionally, stronger cooling (evaporative
cooling of rain and ice melting), is more distinctly positioned on the inner and outer anks of the eyewall updraft. Cloud water

boundary layer (Fig. 8h) is sharpened in the SyNC composite. Tangential winds not only show a larger peak near the eyewall in
the lower atmosphere (Fig. 8k), but also indicate stronger winds throughout the vortex due to a better alignment of the vortex
borders. The border alignment avoids overlaying environmental and storm regions, which also bene ts the equivalent potential
temperature eld (Fig. D1k). The SyNC composite maintains a highespecially in the storm’s outer region. However, due
to the relatively uniform radial nature of the eld, it gains the least from the SyNC compositing. A similar behavior is found
for water vapor and longwave radiative cooling, both of which are also radially uniform (Fig. D1n and q).

Similar results are found for the weak storms (FigaP2B3-, Fig. D3 andFig. D4), which are structurallgvenmore vari-
able than the intense one. It is worth mentioning that due to the large variability of eyewall radii in the weak group, secondary
peaks in updraft (Fig. D2a) or latent heating (Fig. 11a) may be misinterpreted as features of outer rainbands. However, the
SyNC composite clari es that these are indeed eyewall features.
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495 size. Nevertheless, with overall KS statistics of around 0.1 and larger extreme values, the SyNC method successfully sharpen:
the composite elds of both, weak (i.e., structurally varying) and intense (i.e., structurally more uniform) cyclone groups.
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scheme (dT/dt CMRJ ande), radial winds ¢, h) and tangential windj (k). The extent of the cross sections is set to the averagel&ected

over the TC group. RMW is indicated with a black line, whereof the spread of the eyewall location is shown by the two gray lines for the
centered-only approach. Panety, (f), (i) and () show the probability distribution functions (PDFs) of the cross section data elds of the
centered-only (blue) and the SyNC (orange) composite methods. Minima and maxima of the PDFs are illustrated by blue/orange ticks on the
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signi cant differences between the two groups are determined via a false-discovery rate corrected permutation test at a 0.05
signi cance level and are indicated by the hatched areas (Fig. 10i, j and Fig. 11i, j). Interestingly, the regions of signi cant
change differ between the two compositing methods, although the underIying cyclone groups are identical. While the centered-

are detected by the SyNC composite (Fig. 10j): Signi cantly stronger super-gradlent out ow above the boundary layer, signi -
cantly stronger in ow throughout the vortex and signi cantly stronger mid-level out ow, potentially induced by rainbands, for
intense TCs. There are two main reasons for these differences in detected signi cance. First, the SyNC composite better aligns

proving the statistical power of the statistical test (Krzywinski and Altman, 2014). The within-group spread of radial wind is
illustrated by the IQR cross sections of each TC group per composite method in Fig. 10c, d, g, h and k. Radial wind IQRs
of weak TCs are relatively similar between the composite methods. On the contrary, the intense TCs exhibit a large IQR in
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the centered-only composite around the eyewall, which is nearly twice that of the intense SyNC composite. To illustrate the
impact of the large IQR on the power of the statistical test, box plots (Fig. 10k) show the radial wind distributions of all TCs at

a selected grid cell (black star) for both composite methods. For the radial wind, the selected grid cell is located at low levels
at the inner side of the eyewall, where super-gradient out ow is forming. First, the box plot medians of two cyclone groups are
slightly more apart in the SyNC composite than in the centered-only composite. Second, the IQR of the centered-only intense
TCs is larger than for the SyNC composite, spreading from negative (inward) to positive (outward) radial winds. This large
IQR likely is a result of the their distinct though slightly displaced eyewalls: At the selected grid cell, in ow is observed for
TCs with more narrow eyewalls, while for others already super gradient wind is formed at this distance. The resulting large
within-group spread in the data causes the storm group distributions to overlap much more for the centered-only composite thar
for the SyNC composite, which increases the p-value of statistical testing for the centered-only composite. The eyewall align-
ment of the SyNC composite results in only outward radial winds at selected grid cells narrowing the within-group spread and

reducing the p-value allowing for the detection of a signi cant difference between the TC groups with the SyNC approach. In

within-group variance reduction of the intense TCs by the SyNC comp@3sgdel 1h,k) increases the sensitivity of the statis-

tical testing, outweighing the smaller median differences, and hence detecting a signi cant difference between the two groups
—(Fig. 11j). Thus, by mitigating small eyewall displacements and reducing within-group variance, the SyNC composite proves
valuable even for relatively well-organized, more homogeneously structured TC groups, increasing the accuracy of statistical

analyses.
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(f) and {) show the same, but for the SyNC composite. Hatched arg@sr(dicate statistically signi cant differences between the two TC

groups based on a false-discovery rate corrected permutation test at a 0.05 signi cance level. The interquartile ranges (IQRs) of each grid
cell of both composite methods are shown ) (d), (g) and f): centered-only weakc], centered-only intensey), SYyNC weak ¢) and

SyNC intense TCsh). The black star highlights one selected grid cell, at which location the data distribution of the TC groups is displayed

in (k). The p-value at the selected grid cell is indicated within the sub p&heF¢r the centered-only cross sections, the extent of the cross
sections is set to the averaga.Rletected over the intense TC group, since the mearoRhe weak TC group is smaller. RMW is indicated

with a black line, whereof the spread of the eyewall location is shown by the two gray lines.
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Figure 11.As Fig. 10, but for temperature tendencies due to saturation adjustment (dT/dt SA).
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7 Conclusions

. Additionally, the structural evolution highlights substantial structural variability and pronounced axis-asymmetries across all

storm intensities in both simulated and observed TCs, underscoring the importance of SyNC composites in TC analysis.

By aligning the eyewall and vortex boundaries during SyNC compositing, the resulting composite elds are sharpened, as

tures such as super-gradient out ow above the boundary layer, eyewall updrafts, and subsidence within the eye as well as clouc
properties and associateéibaticlatentheating and cooling. It also more accurately represents regions at the vortex border

improving estimates of tangential winds, outer boundary layer in ows and storm's moist entropy, since less environmental air

features is particularly bene cial for storm groups with diverse shapes, within-group variance reduction is especially advan-
tageous for more uniformly shaped but intense storms, where small displacements of strong signals can signi cantly increase

of statistical testing, enabling the detection of differences between storm groups, that would be missed using a centered-only

composite approacieweverthe SyNG
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extrapolation in small TCs or when RMW andJrare close together. Therefore, a careful de nition of the normalized grid is
essential.

overcoming the challenges of various vortex structures. Although the normalization results in the loss of true spatial distances
within the vortex, it offers a cyclone-relative framework that facilitates distinguishing between processes occurring within the
eyewall and those in the outer regions of the TC. The sector-wise detection of RMW,aresh&bles high-precision analysis

of vortex asymmetries, storm size, and eyewall structures. As such, the SyNC composite method is well-suited for a wide range

of research applications.

paregvith observedracksfrom theHURDAT2

imulatedTCsis.
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