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On the Spirality of the Asymmetric Rain Field of Tropical
Cyclones Under Vertical Wind Shear
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"Department of Physics, Imperial College London, London, UK

Abstract The downshear-left enhancement of tropical cyclone rainfall has been demonstrated previously,
but the radial dependence of this effect was not analyzed in detail. This study quantifies the progressive upwind
shift of the wavenumber-1 maximum rain position with radius relative to the vertical wind shear direction. This
shift is visualized as a distinctive upwind spiral of the maximum. It is shown that this spiral pattern is generally
observed across various storm intensities, shear strength, and ocean basins. Detailed examination revealed that
the maximum downwind deflection angle of the wavenumber-1 rain maximum relative to the shear direction is
smaller for tropical storms than hurricanes, but insensitive to hurricane intensity. It is proposed that the spirality
is produced by a continuous decline in angular advection of air parcels with radius. The stability of the deflection
angle in hurricanes may be accounted for by a corresponding increase in vertical ascent under strengthening
angular flow.

Plain Language Summary Tropical cyclones (TCs) can produce torrential rainfall that generates
floods, causing significant socio-economic losses. Understanding the spatial structure of the TC rain field is
crucial for improving disaster preparedness. The TC rain field can be thought of as the combination of a
symmetric and an asymmetric part. By using a technique called Fourier decomposition, we can break down the
asymmetric part into individual wavenumber components. The first component, wavenumber-1 (WN-1), is
dominant and tends to be larger in the downshear quadrants under vertical wind shear. Using 21 years of global
WN-1 rain fields, we produced composite images aligned with the shear direction. We discovered that the
positions at which the WN-1 maximum occurs progressively shift upwind with increasing distance from the TC
center, forming a spiral. We provided the first quantification of the observed spirals and showed that this is a
general pattern that exists across different TC intensities, shear strength, and ocean basins. We also identified
detailed changes in the pattern with storm intensity and introduced simple models as a first attempt to
comprehend these changes. The findings can improve weather forecasts and risk predictions, making us better
prepared for hazards associated with TC rainfall.

1. Introduction

Excessive rain by tropical cyclones (TCs) can generate freshwater floods, threatening the lives, and properties of
both coastal and inland communities. It is well-known that the TC rain field often exhibits significant spatial
asymmetries (Rogers et al., 2009). Understanding the physical control of these asymmetries is crucial to
improving quantitative precipitation forecasts, which will bolster flood prevention and mitigation.

Using Fourier decomposition, a TC rain field can be expressed as the sum of a wavenumber-0 (symmetric) and a
series of higher wavenumber (asymmetric) components. Among the asymmetric components, the wavenumber-1
(WN-1) component of the TC rain field dominates the asymmetry (S. Chen et al., 2006; Pei & Jiang, 2018).
Previous research has established environmental vertical wind shear (VWS) as the predominant control of the
WN-1 asymmetry (Black et al., 2002; Cecil, 2007; S. Chen et al., 2006; Corbosiero & Molinari, 2002; Gao
et al.,, 2018; Liang & Chan, 2021; Pei & Jiang, 2018; Rogers et al., 2003; Ueno, 2007, 2008; Wingo &
Cecil, 2010). Using composites of satellite rain estimates (S. Chen et al., 2006; Liang & Chan, 2021; Pei &
Jiang, 2018) and numerical model simulations (Rogers et al., 2003; Ueno, 2007, 2008), it has been shown that the
WN-1 maximum occurs in the downshear-left (right) quadrant in the Northern (Southern) Hemisphere. Despite
the consensus on the quadrant in which the WN-1 maximum can be found, a quantitative account of its detailed
spatial structure is lacking.

Qualitative statements on the radial dependence of the WN-1 maximum have been made. Based on 3-year
composites of microwave rainfall estimates from the Tropical Rainfall Measuring Mission (TRMM), S. Chen
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etal. (2006) described the upwind shift of the WN-1 maximum toward the shear direction with increasing distance
from the TC center in all oceanic basins without an explanation. Using 5-year composites of rainfall estimates
from the Integrated Multi-satellitE Retrievals for global precipitation measurement (GPM) (IMERG), Liang and
Chan (2021) found that the maximum rainfall in the inner core is typically observed cyclonically ahead of that in
the outer core of a TC and attributed this phenomenon to the different effective shear direction in the two regions
but did not offer a complete physical account. Such a radial dependence is captured in modern reanalyses
(Carstens et al., 2024) as well. Studying lightning in TCs, Corbosiero and Molinari (2002) found a downshear left
(right) lightning preference within 100 km (100-300 km) of the center in 35 Atlantic storms. They suggested that
small orbital periods in the core develop helical updrafts (Frank & Ritchie, 2001) that shift the lighting maximum
downwind from downshear, while a larger vortex tilt and drier air cause maximum upward motion to the right of
shear in the outer band following the adiabatic tilting mechanism of S. C. Jones (1995). Stevenson et al. (2016)
corroborated these findings for eastern North Pacific TCs, highlighting a dependence of maximum convection
position on radius.

In this study, we provide the first quantitative description of the spatial structure of the WN-1 rainfall maximum.
We show that there exists a general, progressive upwind shift of the WN-1 maximum in the downshear quadrants
of a composite TC rain field and highlight its generality across different storm intensities, VWS strengths, and
ocean basins. We also argue that a simple, regime-based framework could explain the observed shifts and their
variations with storm intensity.

2. Data and Methods
2.1. IMERG Rain Rate Data

The IMERG Final Run V06 data (Huffman et al., 2023) is used in this study to provide global TC rain rate
estimates. The precipitation product, multi-satellite precipitation estimates with gauge calibration (Final) (pre-
cipitationCal), is used to provide rain rate estimates in units of mm hr™". To compute precipitationCal, micro-
wave precipitation estimates from the constellation of GPM satellites were intercalibrated and combined with
microwave-calibrated infrared satellite estimates and adjusted with seasonal surface precipitation data. The
data set covers the entire globe at a horizontal grid spacing of 0.1° X 0.1°. It spans from 1 June 2000 to 30
September 2021, with a temporal resolution of 30 min.

IMERG has been adopted in previous studies on TC rain asymmetry (Liang & Chan, 2021; Zhang & Xu, 2021).
Recent studies have shown that IMERG is capable of capturing the spatio-temporal variations of TC rain rate (F.
Chen et al., 2023), and its relatively high spatial resolution enabled the characterization of detailed rainfall
structures at small radii (<50 km) of a TC (Rios Gaona et al., 2018). It was noted that IMERG generally un-
derestimates heavy TC rainfall (F. Chen et al., 2023; Wang et al., 2017; Yuan et al., 2021). Nonetheless, it has
been shown that IMERG generally outperforms TRMM in providing more accurate estimations of TC rainfall (F.
Chen et al., 2023; Wang et al., 2017; Yuan et al., 2021).

2.2. Best Track Data and Record Selection

This study utilizes the best track data from the International Best Track Archive for Climate Stewardship
(IBTrACS) Version 4 (Knapp et al., 2010, 2018). To match the temporal coverage of the IMERG data used, all
records between 1 June 2000 and 30 September 2021 fulfilling the following criteria were extracted: (a) the
system was characterized as a TC, (b) the maximum sustained wind speed (V,,,,) Was at least 34 kt, which is the
lower bound of the tropical storm (TS) category on the Saffir—Simpson Hurricane Scale (SSHS), (c) the latitude of
the TC center was within 40°S—40°N, (d) the track type (“TRACK_TYPE” in IBTrACS) is the primary track
associated with the TC (“MAIN”) but not a spur (“spur”), and (e) the position and intensity records were present
in the original report of the agency instead of being interpolated or filled. Position and wind records reported by
the representative United States agency were used in the filtering process.

2.3. Vertical Wind Shear

The VWS in this study is defined as the vectorial difference between the 200- and 850-hPa environmental winds
(top layer minus bottom layer) averaged within 200-800-km radius from the TC center. Following S. Chen
et al. (2006), the VWS magnitude and direction for each selected TC record were obtained from the Statistical
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Hurricane Intensity Prediction Scheme (SHIPS) predictor files. Description of the SHIPS can be found in
DeMaria and Kaplan (1994, 1999) and DeMaria et al. (2005).

2.4. Shear-Relative Rainfall Composites

To obtain the shear-relative WN-1 rainfall field from a total rainfall field, the rain rates were first binned in 10-km
wide annuli centered on the TC. Afterward, azimuthal Fourier decompositions were carried out in each annulus.
Following S. Chen et al. (2006), the wavenumber-1 Fourier coefficients for an annulus were computed as follows:

a, = Z [R; cos(6))], ¢))

1

b, = Z [R; sin(6))], )

i

where R; represents the individual rain rate estimate within the annulus and 6, the phase angle of the estimate
relative to the shear direction. The WN-1 rain rate, Ry, for this annulus is

Rwn1 = a; cos(0) + b sin(0). 3)

Repeating the operations in Equations 1-3 for all annuli gives the shear-relative WN-1 rainfall field. Note that for
the current study, the decomposition was not performed for the first annulus (0—10 km radius) due to limited rain
rate samples.

After selecting the eligible TC records (Section 2.2) and discarding records with missing SHIPS VWS data, a total
of 1,791 TC cases and 31,205 instantaneous records were obtained. For each record, the instantaneous rainfall
field within 500 km of the best track TC center was extracted from IMERG and interpolated to a common shear-
relative cartesian grid with a horizontal spacing of 5 km. The fields for TCs located in the Southern Hemisphere
were also mirrored about the shear direction to account for the reversal in the cyclonic direction between the
hemispheres, following S. Chen et al. (2006). Individual snapshots were then averaged to produce a shear-relative
composite total rainfall field. Azimuthal Fourier decomposition was then performed on the composite total
rainfall field to produce a shear-relative composite WN-1 rainfall field.

2.5. ECMWF Reanalysis v5 (ERA5) Data

The ERAS data set (Hersbach et al., 2023a, 2023b) is utilized in Section 4 to investigate the physical mechanism
(s) behind the relationship between the downwind deflection of the WN-1 maxima and storm intensity. Model
data and global observations are assimilated in ERAS to provide gridded, hourly global estimates for various
atmospheric variables. ERAS has a horizontal grid spacing of 0.25° x 0.25°, with a temporal coverage spanning
from 1940 to the present.

For each selected TC record, the ERAS TC center was determined by the location of the minimum mean sea-level
pressure (P,;,) within 220 km of the TC center in IBTrACS (Smith & Toumi, 2021). The existence of a TC-like
vortex in ERAS was verified by an implementation of a physics-based detection algorithm devised for a TC
tracker (Ullrich et al., 2021; Zarzycki & Ullrich, 2017), which is described in Text S1 in Supporting Informa-
tion S1. After verification, a total of 17,341 TC-type instantaneous records were retained.

The tangential and vertical wind fields were computed for all TC-type records. The u- and v-components of wind
between pressure levels 200 and 850 hPa were extracted at 50-hPa intervals within 500-km radius of the ERAS
TC center to compute the tangential wind field. The pressure velocity was extracted in the same manner. The
angular velocity was then computed by dividing the tangential wind by distance to the TC center. Angular ve-
locity measures the rate of angular advection of air parcels around the TC center. Pressure velocity, on the other
hand, measures the rate of vertical advection of air parcels. To ensure that the extracted fields are realistic of a TC,
records with anticyclonic average angular velocity between 850 and 500 hPa were removed. After the removal of
unrealistic records, a total of 17,329 instantaneous records were retained. Out of these, 15,229 records were TSs,
and 483 records were Category 1 TCs, as determined by their respective ERAS instantaneous wind fields at
1,000 hPa. Using these two samples, we carried out two sets of regression analyses between the average pressure
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and angular velocity in the inner core of the TC (hereafter defined as <100 km radius), with Category 1 hurricanes
in the first set (Figure 3a) and TSs in the second set (Figure 3b). The vertical and angular speed fields were
averaged vertically between 850 and 200 hPa and radially within 100-km radius before the regression.

3. Results
3.1. The Observed Spirals of the WN-1 Maximum

The composite IMERG WN-1 rainfall asymmetry stratified by the SSHS is shown in Figure 1. Several features
can be observed in all composites regardless of intensity group. First, it can be readily seen that the WN-1
asymmetry maximum is downshear-left near the center of the storm, confirming the findings of previous
studies (Cecil, 2007; S. Chen et al., 2006; Liang & Chan, 2021; Pei & Jiang, 2018). Furthermore, it can be seen
that the magnitude of the WN-1 pattern relative to the azimuthal mean value decreases with storm intensity
(Figures la—1c), which reaffirms the well-known phenomenon that the symmetry of TCs increases with storm
intensity (S. Chen et al., 2006; Lonfat et al., 2004; Pei & Jiang, 2018). From the WN-1 maximum positions in
Figure 1, it is evident that the WN-1 maximum is progressively shifting toward the upwind direction with radius,
changing from downshear-left near the center to almost directly downshear at the outermost annulus. In the figure,
this shift manifests itself as a cyclonic (counterclockwise) spiral of the maximum positions.

This apparent spiral of the WN-1 maximum position is further illuminated by the radial profiles of the deviation
angle of the maximum position from the shear direction in Figure 2. The deviation angle of a WN-1 maximum is
defined as the signed angle between the position vector to the WN-1 maximum and the VWS vector, with a
positive (negative) angle indicating a left(right)-of-shear WN-1 maximum position. From the profiles, it can be
observed that the deviation angle is at its maximum near the center of the storm and gradually decreases with
radius. This pattern is observed generally for all plotted profiles irrespective of storm intensity and is a conse-
quence of the cyclonic spiral of the WN-1 maximum. Using the Watson's two-sample U test (Watson, 1961,
1962) (hereafter the U? test), the differences in deviation angle versus radius is statistically significant at the 5%
significance level (Table S1 in Supporting Information S1). Notably, this pattern can also be found in samples
stratified by VWS strength (Figure S1 in Supporting Information S1) or ocean basin (Figure S2 in Supporting
Information S1), which establishes the generality of the phenomenon studied.

3.2. Stabilization of the Maximum Deviation Angle

While the fundamental spiraling pattern of the WN-1 maximum position is general, the specific characteristics of
spirals were found to vary among different storm intensity groups. Representing the spirals as radial profiles of the
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Figure 1. Shear-relative composite Integrated Multi-satellitE Retrievals for global precipitation measurement WN-1 rain asymmetry (shading; units: fraction of the
azimuthal mean value) stratified by storm intensity using the Saffir—Simpson Hurricane Scale. Panels (a—c) show the composites of tropical storm (TS), Category 1
(CAT 1), and Categories 2-5 (CAT 25) Tropical cyclones (TCs), respectively. Panel (d) shows the composite field for all records (ALL). The shear vector points to the
top in all panels. Round brackets show the number of records in the intensity group. Black scatter dots indicate the position of the WN-1 maxima. Gray circles are drawn
from 100 to 500-km radius at 100-km intervals. Vertical and horizontal axes are plotted as gray dotted lines. Axes labels denote the distance from the TC center (km).
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Figure 2. Radial profiles showing the deviation angle (°) of the shear-relative composite Integrated Multi-satellitE Retrievals
for global precipitation measurement WN-1 rain rate maximum from the shear direction, stratified by storm intensity using
the Saffir-Simpson Hurricane Scale. The legend labels carry the same meaning as in Figure 1. Each profile was constructed
using the same samples as shown in Figure 1. A horizontal black line indicates the zero deviation angle.

deviation angle in Figure 2 enables us to make quantitative comparisons and identify potential relationships
between spiral properties and storm characteristics. In particular, an inspection of Figure 2 reveals that the de-
viation angles across the radii appear to initially increase with storm intensity up to Category 1, after which the
deviation angles seem to be insensitive to further increases in storm intensity and remain roughly unchanged
within 200-km radius. This result is consistent with S. Chen et al. (2006) (their Figure 4) and Pei and Jiang (2018)
(their Figure 11). If we consider just the maximum deflection near the storm center, this effect is the clearest; a
substantial increase in the maximum deviation angle is observed from TS to Category 1, from about 52°-61°.
Beyond Category 1, further increases in storm intensity yield minimal changes in the maximum deviation angle.
Results from the U? test reveal that the difference in deviation angle between TS and Category 1 across all annuli
are statistically significant at the 5% significance level (Table S2 in Supporting Information S1). Between
Category 1 and Category 2-5, however, more than half of the annuli do not exhibit a significant difference in
deviation angle at the 5% significance level (Table S2 in Supporting Information S1). Our results therefore show
that the deviation angles do not increase linearly with storm intensity or symmetry.

Despite the preference to group TCs into TS, Category 1-2, and Category 3-5 in prior works (e.g., S. Chen
et al. (2006)), our grouping better highlights the key observation that the deviation angles within 200 km stabilize
once hurricane strength is reached (i.e., Category 1 or above). A finer stratification of the records by their SSHS
category can be found in Figures S3 and S4 in Supporting Information S1, which are counterparts of Figures 1 and
2. These figures provide further evidence for this stabilization effect. Apart from changes with storm intensity,
other variations of the spirals are apparent, such as the downwind offset outside the inner core for storms under
high shear (>7.5 m s™") (Figure S1 in Supporting Information S1). However, this offset is smaller than that in
hurricanes compared to TSs (Figure 2), except beyond 300 km, where the rain rate is very small (four times
smaller than that of the inner core). Therefore, this study focuses on investigating the intensity variation.

The stronger linearity between the angular and vertical wind velocity in hurricanes may explain the apparent
stabilization of the deflection angle. Figure 3 shows that the average vertical ascent within the inner core tends to
increase with average angular speed; this is consistent with observational studies which show that this ascent
increases with storm intensity (Fischer et al., 2022). For Category 1 hurricanes in ERAS, the coefficient of
determination (R?) between the average vertical wind speed and the average angular wind speed within the inner
core is 0.52 (Figure 3a). For TSs in ERAS, the strength of the linear relationship between the two variables is
considerably weaker, with an R? of 0.36 (Figure 3b).
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Figure 3. Linear regression using the ordinary least squares method between the pressure (ordinate; Pa s~') and angular (abscissa; s™') velocity averaged vertically
between 850 and 200 hPa and radially within 100-km radius for (a) Category 1 hurricanes and (b) tropical storms in ERAS. Blue scatter dots denote individual records. A
black line represents the regression line. Gray shaded region indicates the 95% confidence interval of the regression function. A pair of gray dotted lines indicate the 95%
prediction interval. The coefficient of determination (R?) is shown in the title, along with the sample size (n). The regression slope and its 95% confidence interval are
displayed in the lower right corner. The two-tailed Student's r-test for the regression slope yielded a p-value less than 0.01 in both regressions.

4. Discussion

In this section, we discuss the physical mechanism behind the observed spiraling pattern of the WN-1 maximum
position. Considerable efforts have been made to understand the physical mechanism behind the downshear
enhancement of rainfall. The seminal work of S. C. Jones (1995) showed that the following two-stage process
occurs when a dry vortex is subjected to a shear flow: (a) as the vortex tilts downshear, upward (downward)
motion is induced on the downtilt (uptilt) side of the vortex to establish a negative (positive) potential temperature
anomaly so that the vortex remains balanced. This process can be thought as the effects of differential vorticity
advection upon a quasi-balanced vortex (Frank & Ritchie, 1999); and (b) the primary circulation of the vortex
follows the tilted isentropic surfaces, resulting in maximum ascent on the downshear-right side. Moist simulations
by Frank and Ritchie (1999, 2001) showed that the vortex behaved like S. C. Jones (1995) in the early stages of the
simulation when dry processes dominated. However, as the eyewall began to saturate, the potential temperature
anomalies could no longer be maintained by adiabatic motion, and the vortex was dominated by (a). Ueno (2007)
derived a simple formula for the magnitude of the WN-1 vertical motion induced by (a) which correlated well
with the vertical motion asymmetry in model diabatic vortices. Frank and Ritchie (2001) argued that updrafts
initiated downshear would rise helically, thereby producing maximum rainfall downshear left. Data from the
TRMM Precipitation Radar showed that convection is favorably generated in the downshear right quadrant and
deposits most rainfall in the downshear left quadrant (DeHart et al., 2014; Hence & Houze, 2011, 2012). Building
on this framework, Ueno (2008) demonstrated that the primary factor leading to the downshear-left rain
maximum is the asymmetric distribution of relative humidity caused by shear-induced vertical motion. Essen-
tially, as an air parcel moves into the upshear-left quadrant, it begins to descend under the influence of shear-
induced downdrafts, leading to a decrease in relative humidity caused by subsidence warming. When the par-
cel enters the downshear-right quadrant, its vertical displacement is reversed from downward to upward due to the
downshear updrafts. As the parcel rotates cyclonically around the TC center, it rises, leading to an increase in its
relative humidity. By the time the parcel enters the downshear-left quadrant, its relative humidity becomes high
enough such that the parcel is saturated, resulting in maximum rainfall in the quadrant.

Based on the framework of Ueno (2008), we propose a qualitative model in an attempt to explain the observed
spirals of the WN-1 maximum position. The TC is naturally divided into three regions in the radial direction based
on the dominant process which controls the position of the WN-1 maximum in each annulus. These are the inner-
most region dominated by angular flow, the outer-most region dominated by updrafts, and the intermediate region
in between. In the inner-most region, an air parcel has a high angular speed due to strong tangential wind and a
small radial distance from the TC center. Consequently, as the parcel ascends in the downshear quadrants, it
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undergoes a significant downwind rotation, ultimately precipitating in the downshear-left quadrant. Conversely,
for an air parcel in the outer-most region, its angular speed is low owing to weak tangential wind and large radial
distance from the TC center. Hence, by the time the parcel has risen to the level where it becomes saturated, it will
have limited downwind rotation and will therefore precipitate downshear. Within the intermediate region, the
angular speed of air parcels decreases continuously from a maximum at the inner-most region to a minimum at the
outer-most region. Correspondingly, the degree of downwind rotation of air parcels also decreases continuously
in the region.

The proposed model has the merit that it naturally explains the increase in the deviation angle of the WN-1
maximum with storm intensity in the inner core of the storm. This can be explained by the notion that a more
intense TC would possess a stronger angular flow in its inner core, which results in stronger downwind rotation of
air parcels as they ascend in the downshear quadrants. The challenge to this account lies in explaining the apparent
stabilization of the deviation angles in the inner core despite further increases in storm intensity beyond Category
1 (Figure 2).

A plausible explanation for such a stabilization would be that the vertical ascent of an air parcel increases linearly
with the angular flow, such that the air parcel would rise to its precipitating level in a shorter period of time. This
reduction in the duration of downwind rotation would offset the effect of an increase in angular wind speed,
resulting in minimal changes in the deviation angle. A first test of this hypothesis was presented in Section 3.2.
The results of this test appear to support our hypothesis that for hurricanes, the vertical ascent of air parcels
increases linearly with the angular flow in the inner core, which offsets the effect of increased angular advection
and results in minimal changes to the angular position of the WN-1 maximum. Whereas for TSs, the increase in
angular wind speed with storm intensity is not coupled with a consistent increase in vertical wind speed, thus
resulting in a net increase in downwind rotation of the WN-1 rainfall maxima.

It is known that reanalysis data sets are often unable to capture the realistic dynamics of TCs owing to their coarse
resolutions (Bié & De Camargo, 2023; Dulac et al., 2024; Hodges et al., 2017; E. Jones et al., 2021; Schenkel &
Hart, 2012; Slocum et al., 2022; Zick & Matyas, 2015). For ERAS, Dulac et al. (2024) found that TC intensity is
still strongly underestimated in ERAS and showed that the model is unable to distinguish the internal structure of
hurricanes above Category 3. Bié and De Camargo (2023) also found that ERAS was unable to reproduce wind
intensities beyond the TC category (32.9 < V..., < 46.3 m s') in the Southwest Indian Ocean. Due to these
limitations, our regression analysis was restricted to TSs and Category 1 hurricanes only. Nonetheless, the
analysis indicates a clear disparity in the strength of the linear relationship between vertical and angular speed
between TSs and Category 1 hurricanes, thereby providing first evidence to our hypothesis. The focus of the
current work is to provide the first quantification of the progressive upwind shift of the WN-1 rain maxima
observed in shear-relative composite rain fields. More quantitative and comprehensive analyses are necessary to
test the validity of the hypotheses about the existence and characteristics of this spiral.

The results of this study can be utilized to improve the prediction of TC rainfall and its associated risks. In terms of
operational forecasts of TC rainfall, the observed pattern could be incorporated into existing statistical parametric
rainfall models. For example, the Parametric Hurricane Rainfall Model (Kim et al., 2022; Lonfat et al., 2007)
included a shear-induced WN-1 asymmetric rainfall component in the form of a Fourier series. In this case, the
Fourier coefficients for the WN-1 field could be parameterized such that the studied spiraling pattern is captured,
which would enhance model accuracy. Furthermore, evaluating the ability of existing physics-based rainfall
models (e.g., Lu et al., 2018; Yang et al., 2023; Zhu et al., 2013) to represent the spirals can be valuable avenues
for further investigation.

5. Conclusion

We quantified the spatial structure of the WN-1 maximum in shear-relative TC rain composites. We showed that
the maximum shifts upwind with radius, resulting in a distinctive spiraling pattern, and demonstrated its gen-
erality across varying storm intensities, VWS strengths, and ocean basins. The deviation angle across the radii
initially increases with storm intensity but stops increasing further once the storm reaches hurricane strength. This
phenomenon is particularly apparent for the maximum deviation angle. We proposed that the radial decline of the
angular advection generates the spirality of the WN-1 maximum, which naturally accounts for the increase in
deviation angle of the WN-1 maximum with storm intensity in the inner core of the storm. In an attempt to explain
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the stabilization of the deviation angle observed in the inner core of hurricanes, we provided evidence that the
average vertical wind speed is proportional to the average angular wind speed for hurricanes, such that the effect
of an increased angular advection magnitude is counteracted by a shorter advection duration. High-resolution,
idealized numerical model simulations of TC rainfall under sheared environments may be useful in evaluating the
proposed model and hypotheses.
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Climate Data Store (CDS) (Hersbach et al., 2023a, 2023b). All data processing and visualization were performed
using Python 3. The following packages were used: Matplotlib (Caswell et al., 2021), Numpy (Harris et al., 2020),
Pandas (Reback et al., 2022), and Statmodels (Perktold et al., 2023; Seabold & Perktold, 2010). Codes for analysis
and figure generation are available at Zenodo via https://doi.org/10.5281/zenodo.13379031 under the MIT license
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