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Abstract 

Destructive tropical cyclones (TCs) have recently been observed to develop despite 

strong vertical wind shear and cause catastrophic damages. This study investigates 

the properties of dwarf (or shallow) TCs which form under strong-shear conditions  

(≥ 13 m s−1) at the time of genesis, using 444 TCs over the western North Pacific for 

the period 2003–2022. The TCs are stratified by vertical wind shear magnitude to 

explore the climatology of TCs at genesis. The dwarf TCs generally have shorter life 

spans and weaker peak intensities compared to the normal TCs formed in weak-shear 

environments. The dynamics governing the dwarf and normal TC genesis are com-

pared by analyzing the terms in the azimuthally-averaged tangential wind tendency 

equation. The difference between the dwarf and normal TCs occurs in the mean terms 

of the equation: the mid-tropospheric mean outflow of absolute vorticity and the vertical 

transport of the tangential wind gradient are stronger in the dwarf TCs than the normal 

TCs. Ultimately, the strong inward low-tropospheric winds in dwarf TCs enhance their 

tangential winds, causing the near-surface wind to reach 17 m s−1, the TC threshold.

Introduction

Tropical cyclones (TCs) are largely perceived to develop in weak vertical wind shear 
(VWS) conditions; however, some TCs can form and persist in the presence of 
strong VWS. In the North Atlantic basin, major hurricane Ian in 2022, one of the most 
destructive landfalling TCs on record, began as a tropical depression at 0600 UTC 23 
September when the environmental deep-layer (200–850 hPa) VWS was as strong 
as 14 m s−1 [1, 2]. Similarly, in the western North Pacific, super typhoon Haishen in 
2020 was under VWS of ≥ 15 m s−1 when it first attained the tropical storm intensity 
at 0000 UTC 1 September [2]. Both TCs managed to overcome initially adverse 
strong VWS conditions to become intense TCs as soon as the VWS decreased to 
low-to-moderate values. These TCs highlight the need to better understand TC gene-
sis under high VWS conditions.
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The environmental VWS is a critical factor in the genesis and intensification of 
TCs. TC development is favored when the deep-layer VWS is weak as weak VWS 
allows efficient transport of water vapor from the lower troposphere to the upper 
troposphere [3–5]. On the other hand, strong VWS inhibits TC genesis due to strong 
ventilation and subsequent intrusion of dry air caused by the separation of low-level 
and upper-level circulations, i.e., vortex tilt [6]. Typically, TC genesis and/or intensifi-
cation are prevented when the magnitude of the deep-layer VWS exceeds 11–12.5 
m s−1 [7–9]. When the VWS is moderate, i.e., neither too weak nor too strong, other 
factors such as the vortex and convection structures, ambient humidity and sea-
surface temperatures determine the eventual development or non-development of a 
TC [10–12].

The processes of governing the intensification of TCs under moderate VWS have 
been identified in previous observational and numerical studies. [13] used idealized 
ensemble TC simulations to show that the onset time of TC intensification under 
moderate VWS is strongly related to the magnitude of the downshear-left vortex tilt. 
Relatively weak TCs such as tropical storms, also experience low-level vortex refor-
mation near the mid-troposphere [14, 15], allowing for more compact and vertically 
oriented TCs [16]. Increases in upshear precipitation and vortex alignment [13, 17, 18], 
which facilitate the symmetrization of TC precipitation, are also found to be associ-
ated with increased TC intensification rates. Upper-level outflows induced by the TC 
itself can sometimes mitigate the negative effects of VWS, especially when the shear 
is concentrated in the upper troposphere [19, 20].

Less attention has been paid to the genesis of TCs in high-shear environments. 
TCs capable of intensifying in moderate-to-strong shear conditions are already 
accompanied by maximum sustained winds of at least 17 m s−1 prior to encounter-
ing such an environment [14,15,20–23]. To the authors’ knowledge, the formation of 
TCs under strong VWS conditions, with maximum sustained winds increasing from 
below to above 17 m s−1, has not yet been documented in previous literature. This is 
probably because TCs are less vertically stacked and thus more susceptible to the 
negative effects of VWS (e.g., precipitation asymmetry and dry air intrusion) in their 
formation stages than in their mature states [24–26].

This study aims to unravel the story behind such TCs that develop despite strong 
VWS. The climatological and dynamical characteristics of strong-shear TC genesis 
over the western North Pacific, in contrast to weak-shear cases, are revealed through 
the lifetime TC properties stratified by initial VWS and the azimuthally-averaged tan-
gential wind tendency equation, respectively. Although this equation has been used 
to explain the intensification of individual TCs after reaching 17 m s−1 [27–30], here it 
is extended to TCs and their composites at the genesis stage for the first time, as far 
as the authors are aware.

Data and methodology

Data

The best track data from the Joint Typhoon Warning Center are used to determine 
the genesis of TCs in the western North Pacific (0°–50°N, 100°E − 180°) during the 
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period 2003–2022 [31]. The best track data include the best estimate of a TC’s position, the maximum wind speed, the 
minimum pressure, and intensity at six-hour intervals, derived from observations and numerical model outputs during 
and after the progression of the TC. A total of 484 tropical disturbances attained tropical storm (TS) status, or maximum 
sustained winds of at least 17 m s−1 (= 34 kt) during the period analyzed. The genesis time of a TC is defined as the 
time when the TC first reached TS status according to the Joint Typhoon Warning Center best track. However, there are 
differences in the TS designations among the best track datasets produced by different forecast agencies. In particular, 
the Regional Specialized Meteorological Center of the western North Pacific located in Tokyo, Japan does not recognize 
40 of the 484 systems as TSs. Therefore, we analyze the remaining 444 TCs that are classified as TS by both the Joint 
Typhoon Warning Center and the Regional Specialized Meteorological Center.

Gridded pressure-level meteorological fields are obtained from the 0.25° × 0.25° fifth generation European Centre for 
Medium-range Weather Forecasts Reanalysis (ERA5) dataset [32], to analyze the statistical and dynamical properties of 
dwarf and normal TC formations. The zonal and meridional wind fields, vertical velocity, relative vorticity, and geopotential 
height of 27 pressure levels from 1000 to 100 hPa are used as the pressure-level variables [33].

Daily optimum interpolation (OI) sea surface temperature (SST) version 2.1 fields [34, 35] are used to calculate the 
SSTs in the vicinity of a TC. The OI SST dataset is a long-term record of SSTs dating back to September 1981 that incor-
porates multiplatform observations into a 0.25° × 0.25° grid. This dataset is used in place of the ERA5 SST, as ERA5 relies 
on different external SST sources before and after September 2007 [32], a transition that occurs within the study period. 
The environmental SST of a TC is defined as the grid-point average of OI SST within 500 km of the best-track center.

Methodology

The VWS has traditionally been calculated as the magnitude of the environmental horizontal wind difference between 200 
hPa and 850 hPa [3,36,37], i.e., VWS =

√(
u200 – u850

)2
+
(
v200 – v850

)2
, where u and v represent the wind speed in the 

zonal and meridional directions, respectively, and the subscripts indicate the pressure level (in hPa). The environmental 
winds of a TC at a pressure level, and subsequently the VWS are determined by averaging the ERA5 grid-point hori-
zontal winds within 500 km of the TC center according to the best track data. Recent studies have attempted to remove 
the effects of the TC circulation by either excluding the core region of the TC or applying vortex removal methods before 
calculating the VWS [37,38]. However, the strong-shear TC samples obtained from the original method are mostly not 
excluded by applying such methods; rather, the TC removal produces some artificial results that make further dynamical 
analyses difficult. Therefore, TCs are not removed in calculating the environmental winds in this study. Moreover, since 
most strong-shear TCs show uniformly increasing VWS with height at the time of genesis (S1 Fig), no distinction is made 
between the lower- and upper-level VWS.

Statistical significance of the differences in climatological properties between TCs forming under strong and weak VWS 
is evaluated using the Kruskal–Wallis and Wilcoxon rank-sum tests [39, 40]. The Kruskal–Wallis test is used for multiple 
independent groups to determine whether there exists a group that originates from a different distribution. The one-sided 
Wilcoxon rank-sum test is used in this study for testing whether one population tends to have smaller values than the 
other. P-values for the Wilcoxon rank-sum test are calculated with the exact probabilities given in [40].

The azimuthally-averaged tangential wind tendency equation [27–30] in cylindrical pressure coordinates can be written as

∂v
∂t = –u

(
ζ + f

)
︸ ︷︷ ︸

Vmζ

–ω
∂v
∂p︸ ︷︷ ︸

Vmv

–u′
(
ζ ′ + f′

)
︸ ︷︷ ︸

Veζ

–ω′ ∂v
′

∂p︸ ︷︷ ︸
Vev

+Fλ,

where the overbars and primes denote the mean and eddy components, respectively, and u, v, ζ, f, ω, p, and Fλ are the 
radial wind, tangential wind, relative vorticity, Coriolis parameter, pressure vertical velocity, pressure, and friction, respec-
tively. The first two terms on the right-hand side, Vmζ and Vmv , represent the mean radial transport of absolute vorticity 
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and the mean vertical transport of the tangential wind gradient, respectively, while the third and fourth terms, Veζ and Vev
, are each the eddy counterparts of Vmζ and Vmv , respectively. These four terms are calculated by transforming the zonal 
and meridional winds at each pressure level to radial and tangential winds, and then bilinearly interpolating the variables 
in the four terms (except f, which is directly proportional to the sine of latitude) onto a polar grid with 5-km radial and 2° 
azimuthal increments. The TC center is defined as the best-track position at all pressure levels, as the average tilt magni-
tude differences between strong-shear and weak-shear TCs are found to be negligible (S1 Table, [41]). The friction term is 
neglected in this study because the ERA5 dataset does not provide the necessary variables for its computation.

Results

Climatology of TCs stratified by VWS at the time of genesis

The climatological characteristics of the lifetimes of 444 western North Pacific TCs in 2003–2022 are categorized accord-
ing to the VWS magnitude at the time of genesis (Fig 1). TCs are classified into five categories according to VWS: 
VWS < 4 m s−1, 4 m s−1 ≤ VWS < 7 m s−1, 7 m s−1 ≤ VWS < 10 m s−1, 10 m s−1 ≤ VWS < 13 m s−1, and VWS ≥ 13 m s−1. The 
number (percentage) of TCs in each category is 125 (28.2%), 151 (34.0%), 107 (24.1%), 44 (9.9%), and 17 (3.8%), 
respectively. The percentage of TCs developing in moderate to strong VWS of at least 10 m s−1 is considerably lower than 
that calculated using all TC intensities in a previous study [7], where about 25% of TCs in the western North Pacific expe-
rience VWS of at least 10 m s−1. This supports the notion that pre-formed TCs are more susceptible to VWS than mature 
TCs [24].

Life span of the TCs formed in strong VWS is generally much shorter than those formed in weaker VWS (Fig 1a). The 
median duration of TCs in the VWS < 4 m s−1 category is 126 h, but it decreases to 72 h for VWS ≥ 13 m s−1. When the 
analysis is extended to the first and third quartiles (Fig 1a), the difference between the strong-shear and weak-shear TCs 
at the genesis is more evident. The longevity of TCs does not vary much with VWS when VWS < 13 m s−1; the first (third) 
quartile fluctuates between 60 h and 84 h (150 h and 180 h). However, in the VWS ≥ 13 m s−1 category, the quartile value 
noticeably decreases to 18 h (90 h). These differences are statistically significant at the 95% confidence level according 
to the Kruskal–Wallis test among the five VWS ranges (p = 0.0039) and the one-sided Wilcoxon rank-sum tests compar-
ing the VWS ≥ 13 m s−1 category with the VWS < 4 m s−1 (p = 3.1 × 10−4) or VWS < 13 m s−1 (p = 3.9 × 10−4) categories. Thus, 

Fig 1.  Climatological characteristics of TCs according to environmental vertical wind shear. (a) Duration (units in h), (b) lifetime maximum inten-
sity (units in kt), and (c) underlying sea surface temperature (units in °C) of the western North Pacific tropical cyclones during 2003–2022 stratified by the 
environmental deep-layered vertical wind shear at the time of genesis. The upper, middle, and lower bars in the box indicate the 75% (Q3), median, and 
25% (Q1) values. The upper and lower whiskers indicate Q3 + 1.5×(Q3 − Q1) and Q1 − 1.5×(Q3 − Q1), respectively.

https://doi.org/10.1371/journal.pclm.0000885.g001
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even if high-shear TCs can form, they last shorter than low-shear TCs regardless of subsequent large-scale environmen-
tal conditions.

The lifetime maximum intensity also decreases with the VWS at the time of genesis (Fig 1b). The median (first quar-
tile) intensity decreases steadily from 100 kt (60 kt) in the VWS < 4 m s−1 category to 45 kt (40 kt) in the VWS ≥ 13 m s−1 
category. Using the third quartile values, the TCs under strong shear at the genesis can be easily distinguished from 
those less affected by shear. The third quartile of the lifetime maximum intensity ranges between 100 kt and 125 kt when 
the VWS is less than 13 m s−1, but it drops abruptly to 55 kt when VWS exceeds 13 m s−1. In fact, only two TCs reached 
the typhoon grade (≥ 64 kt), one of which barely crossed the threshold. The Kruskal–Wallis test results on the five VWS 
ranges (p = 2.4 × 10−7) indicate that there exists a group of TCs with stochastically different lifetime maximum intensity. 
Moreover, the lifetime maximum intensity of VWS ≥ 13 m s−1 TCs are statistically smaller than the other four categories 
with 95% confidence (p = 3.9 × 10−7, 9.2 × 10−7, 2.0 × 10−4, and 0.023 for the VWS < 4 m s−1, 4 m s−1 ≤ VWS < 7 m s−1, 7 m 
s−1 ≤ VWS < 10 m s−1, 10 m s−1 ≤ VWS < 13 m s−1 categories, respectively). This suggests that the final peak intensity of a 
TC may be limited by its initial environmental VWS [42].

SST at the time of genesis is not critical in differentiating strong VWS formation from normal TCs at the 95% confi-
dence level (Fig 1c; p = 0.25 according to the Kruskal–Wallis test). SSTs of at least 26.5°C are known to be an important 
necessary thermodynamic condition for TC genesis [3,43–45]. This is confirmed in Fig 1c, where all but two of the 444 
western North Pacific TCs meet this condition. However, the correlation between SSTs and the initial VWS is statistically 
insignificant (r = −0.076, p = 0.11). The first and third quartiles, as well as the median, are all between 28.3°C and 29.7°C 
regardless of the VWS range. While the median SST is highest in the VWS ≥ 13 m s−1 category at 29.4°C, the interquartile 
range is also the largest of the VWS bins at 1.25°C, which is 27% larger than the next largest interquartile range in the 7 
m s−1 ≤ VWS < 10 m s−1 category at 0.98°C. These results necessitate the analysis of other factors including the dynamics 
of TCs to discern the characteristics of TC genesis under strong shear.

Comparison of dynamic forcing between dwarf and normal TCs

The four main terms of the azimuthally-averaged tangential wind tendency equation, Vmζ, Vmv , Veζ, and Vev  (see Meth-
odology) are computed for the 17 cases in the VWS ≥ 13 m s−1 category (hereafter dwarf TCs) at the time of genesis. The 
first two terms, Vmζ and Vmv , each refer to the mean radial transport of absolute vorticity and the mean vertical transport 
of the tangential wind gradient, while Veζ and Vev  are the eddy counterparts of Vmζ and Vmv , respectively. The mean terms 
computed for the dwarf TCs are compared with those of the remaining 427 cases, or normal TCs. The eddy terms, Veζ 
and Vev , are not discussed in this section as the differences between the two classifications are not statistically significant 
(see Summary and discussion).

The magnitudes of Vmζ and its constituents, radial wind (u) and absolute vorticity (ζa = ζ + f ), are calculated for both 
the normal and dwarf TCs (Fig 2). Vmζ in dwarf TCs shows marked differences from the normal TCs (Figs 2a, b). Normal 
TCs show consistently negative Vmζ in the upper troposphere, around 200–300 hPa, outwards to at least 500 km (Fig 
2a). However, in dwarf TCs, the magnitude of upper-tropospheric Vmζ is somewhat smaller than the normal TCs; instead, 
negative Vmζ is prominent in the mid-troposphere, namely 400–600 hPa (Fig 2b). It is also noteworthy that the magnitude 
of the low-tropospheric Vmζ exceeds 25 m s−1 day−1 in both the dwarf and normal TCs; these values are the largest of the 
terms in this analysis.

The shallow nature of dwarf TCs may explain the differences in their Vmζ distribution from the normal TCs. For the 
normal TCs, there is an inflow layer in the lower troposphere below 800 hPa and a strong outflow in the upper troposphere 
above 300 hPa (Fig 2c). A large absolute vorticity of ≥ 1.8 × 10−4 s−1 extends to about 300 hPa (Fig 2e), indicating that the 
vorticity is vertically stacked into the upper troposphere. On the other hand, the upper-tropospheric outflow of the dwarf 
TCs is significantly weaker than that of the normal TCs; instead, there is a secondary outflow level in the mid-troposphere 
near 500 hPa (Fig 2d). The absolute vorticity near the center of the dwarf TCs is significantly weaker than that of the 
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Fig 2.  The radial-vertical composites of the mean radial transport of absolute vorticity Vmζ and its components at the time of genesis. (a, b) 
Vmζ (units in m s−1 day−1), (c, d) mean radial wind (u, units in m s−1), and (e, f) mean absolute vorticity (ζa=ζ+f , units in 10−5 s−1) observed in (a, c, e) 
normal and (b, d, f) dwarf TCs at the time of genesis. Differences between the dwarf and normal TCs in each term that are statistically significant at the 
95% confidence level according to the two-sided t-test are shown as black dots in the right panels.

https://doi.org/10.1371/journal.pclm.0000885.g002
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normal ones in the 300–400 hPa level, indicating a less vertically stacked system (Fig 2f). These observations indicate 
that the depths of the secondary circulation in normal TCs are deep even in their formation stage, but those in dwarf TCs 
are shallow.
Vmvand its component variables—vertical velocity (ω ) and pressure gradient of the tangential wind (∂v/∂p)—are also 

compared between normal and dwarf TCs (Fig 3). Vmv  slopes outwards with height and is more vertically dispersed in 
the dwarf cases than in the normal cases (Figs 3a, b). The magnitude of Vmv  above 500 hPa within 100 km of the center 
decreases to close to 0 m s−1 day−1 (Fig 3b), in contrast to the TCs under weaker shear where it remains mostly positive 
regardless of pressure level. Also, the largest values of Vmv  are extended from 300 to 700 hPa, compared to the weaker-
shear cases where they are confined in the 200–400 hPa range.

The vertical distribution of Vmv  in normal and dwarf TCs may reflect whether the low-level tangential winds propagate 
into the upper troposphere. In normal TCs, the vertical velocity within 100 km of the TC center points upward throughout 
the troposphere, with large values of 5 × 10−3 Pa s−1 persisting in the mid- (650 hPa) to upper troposphere (250 hPa) (Fig 
3c). The tangential wind does not decrease much until the 300-hPa level (Fig 3e) to allow the vertical transport of tangen-
tial winds into the upper troposphere. Meanwhile, in dwarf TCs, the region of upward vertical velocity is tilted outwards and 
is concentrated in the low- to mid-troposphere from 800 to 400 hPa, while it almost disappears near the center above 500 
hPa (Fig 3d). The tangential wind below the boundary layer about 200 km from the center increases faster than the nor-
mal TCs and decreases from 700 to 450 hPa (Fig 3f). The level of the negative tangential wind gradient partially coincides 
with that of the outflow, indicating divergence near the 500 hPa level. This indicates that, in the high-shear cases, strong 
low-level winds decrease in the middle levels and do not propagate into upper levels.

Consequently, the vertical depth of the axisymmetric component of TCs (Vmζ and Vmv ) under strong-shear environ-
ments is very shallow at the time of genesis and extends only up to the mid-levels near 500 hPa. In particular, the outward 
motion at 500 hPa, the reduced vertical motion near the center above 500 hPa, and the absence of tangential wind propa-
gation into the upper troposphere point to the shallow, or “dwarf” secondary circulation of highly sheared TCs.

Enhanced radial winds are observed in dwarf TCs at least 12 h before TC genesis (Fig 4). At 12 h before genesis, the 
maximum low-level inflow (below 850 hPa) is about 3.5 m s−1 for the dwarf TCs, while it is close to 2.6 m s−1 for the normal 
TCs (Figs 4a, b). Statistically significant differences in the radial wind, at the 95% confidence level, are found around the 
950 and 975 hPa levels 180–380 km from the center. Six hours later, or six hours before genesis, the radial wind differ-
ence between the dwarf and normal TCs increases (Figs 4c, d). Large swaths of statistically-significant stronger low-level 
winds are observed in the dwarf TCs compared to the normal TCs, with the maximum inflow remaining < 3 m s−1 in the 
former and > 4 m s−1 in the latter. These differences persist up to the genesis time, although the magnitude of the low-
tropospheric inflow remain similar and the range of significantly stronger inflow in the dwarf TCs, relative to the normal 
TCs, is mainly confined to the 950 hPa level (Figs 4e, f). The enhanced radial winds in the lower troposphere and the 
subsequent tangential wind increase via the azimuthally-averaged tangential wind tendency equation may lead the near-
surface sustained wind speed to reach the threshold required for TC designation, 17 m s−1.

Summary and discussion

Understanding the characteristics of TC formations under strong-shear conditions is crucial in filling the current knowledge 
gap in TC genesis. This study investigates 444 TCs that formed in the western North Pacific during 2003–2022 to analyze 
the susceptibility of TCs to VWS in the genesis stage. The majority of the TCs that formed in strong VWS (>13 m s−1) envi-
ronment (or dwarf TCs) do not persist long or intensify to typhoon strength (≥ 64 kt), highlighting the importance of initial 
environmental conditions on subsequent developments of TCs. SSTs, one of the most important factors in TC genesis, 
cannot differentiate the TC formation in strong-shear conditions from that in lesser-shear conditions. Rather, the two types 
of TC formation are dynamically distinguished by the patterns of two terms in the azimuthally-averaged tangential wind 
tendency equation: the mean radial transport of absolute vorticity and the mean vertical transport of the tangential wind 
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Fig 3.  The radial-vertical composites of the mean vertical transport of tangential wind gradient Vmv and its components at the time of genesis. 
(a, b) Vmv  (units in m s−1 day−1), (c, d) pressure vertical velocity (ω, units in 10−3 Pa s−1), and (e, f) tangential wind gradient (∂v/∂p, units in 10−2 m s−1 
Pa−1) observed in (a, c, e) normal and (b, d, f) dwarf TCs at the time of genesis. Differences between the dwarf and normal TCs in each term that are 
statistically significant at the 95% confidence level according to the two-sided t-test are shown in black dots on the right panels.

https://doi.org/10.1371/journal.pclm.0000885.g003



PLOS Climate | https://doi.org/10.1371/journal.pclm.0000885  April 8, 2026 9 / 13

gradient. Further examination of the two terms suggests that the dwarf TCs have a shallower secondary circulation than 
the normal TCs, hence the name “dwarf”.

This study confirms the existence of TCs that reach TS intensity—the stage at which the systems become self-
sustaining—even under strong VWS [3]. It is noted that these cases should be distinguished from pre-TC disturbances 
that initially endure strong VWS but only develop into TCs after the VWS weakens to low-to-moderate levels [5, 46, 47].

The structure of the eddy terms, Veζ and Vev , does not vary significantly between the dwarf and normal cases (S2 Fig). 
In both cases, negative values of Veζ extend up to 200 hPa within 200 km from the low-level center before turning posi-
tive. Positive values of Vev  extend up to 400 hPa and the sign changes to negative above this level. While the maximum 
absolute value of Veζ in the dwarf cases exceeds 20 m s−1 day−1, noticeably different from the normal TCs, it is not statisti-
cally significant at the 95% confidence level. Whether or not the magnitude of the eddy terms plays a role in the genesis of 
dwarf TCs is beyond the scope of this study.

Enhancement of the radial wind in dwarf TCs may increase the near-surface winds to reach the 17 m s−1 TC threshold. 
The radial wind is a component of Vmζ in the azimuthally-averaged tangential wind tendency equation. Given that the 
absolute vorticity is mostly positive regardless of TC types, stronger inflows or negative radial winds induce larger Vmζ, 

Fig 4.  Short-term evolution of radial winds (u) in normal and dwarf TCs. 1000–700 hPa radial winds (units in m s−1) observed (a, b) 12 h before 
genesis, (c, d) 6 h before genesis, and (e, f) at the time of genesis in normal (a, c, e) and dwarf (b, d, f) TCs. Differences between the dwarf and normal 
TCs in that are statistically significant at the 95% confidence level according to the two-sided t-test are shown in black dots on the right panels.

https://doi.org/10.1371/journal.pclm.0000885.g004
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which in turn increases the tangential wind tendency. This leads to increases in both the radial and tangential winds over 
time, with 950 hPa winds of ≥ 17 m s−1 in dwarf TCs 6 h before genesis (S3 Fig). Further analysis is needed to verify the 
causes of the surface wind increase.

The analysis in this study is mainly based on the dynamical variables observed at the time of genesis according to the 
Joint Typhoon Warning Center best track. Additional large-scale factors are used to distinguish the dwarf TCs from the 
normal TCs, such as the environmental flow surrounding the TCs [48, 49] or the geographical location of the TCs. How-
ever, these factors do not vary with VWS.

The ERA5 dataset is used to compute the terms in the azimuthally-averaged tangential wind tendency equation. The 
implementation of different reanalysis data is known to cause some quantitative discrepancies in tropospheric winds [50]. 
However, the main results of this study are not sensitive to the dataset used as repeating the analysis using the Japanese 
Reanalysis for Three Quarters of a Century [51, 52] yields essentially identical results as reported in this study (S4–7 
Figs). Moisture variables, such as mid-tropospheric relative humidity, latent heat, and convective activity are also known 
to influence genesis [3, 53–55]. However, they are not analyzed using the reanalysis data in this study because they are 
sensitive to subgrid-scale processes. High-resolution model simulations can be useful for analyzing the thermodynamic 
factors involved in dwarf TC genesis in future studies.

Results of this study present the characteristics of dwarf TCs over a 20-year period from a statistical point of view and 
focus on differentiation of dwarf TCs from normal TCs using composites. In this respect, the characteristics of individual 
TCs may be obscured. For instance, a small subset of normal TCs could potentially be reclassified as dwarf TCs if the 
classification is based on vertical size instead of VWS. Furthermore, climatic variability may have played a role in the ana-
lyzed period considering that the first dwarf TC exceeding 65 kt was observed only recently, in 2020 (TC Haishen, Fig 1a). 
Due to the scarcity of dwarf TCs, analyses of such changes are challenging, but should be further investigated.

Supporting information

S1 Fig. Vertical profile of vertical wind shear in dwarf tropical cyclones. 
(TIF)

S2 Fig. The radial-vertical composites of the eddy terms in the azimuthally-averaged tangential wind tendency 
equation. (a, b) Veζ and (c, d) Vev  observed in (a, c) normal and (b, d) dwarf TCs at the time of genesis (units in m s−1 
day−1). Differences between the dwarf and normal TCs in each term that are statistically significant at the 95% confidence 
level according to the two-sided t-test are shown as black dots in the right panels. The formulations of each term are pre-
sented in the Methodology section.
(TIF)

S3 Fig. Same as Fig 4 but for tangential winds. 
(TIF)

S4 Fig. Same as Fig 2 but using the JRA-3Q dataset. 
(TIF)

S5 Fig. Same as Fig 3 but using the JRA-3Q dataset. 
(TIF)

S6 Fig. Same as Fig 4 but using the JRA-3Q dataset. 
(TIF)

S7 Fig. Same as S2 Fig but using the JRA-3Q dataset. 
(TIF)
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S1 Table. Mean tilt magnitude of TCs stratified by magnitude of vertical wind shear. P-values of each bin are com-
puted based on the two-sample independent t-test with respect to dwarf TCs.
(DOCX)
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