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Abstract: Poleward migrations of tropical cyclones have been observed globally, but the impact
on human and land exposure remains unclear. Here we investigate the change in global tropical
cyclone activity in coastal regions over the period 1982-2018. We find that the distance of
tropical cyclone maximum intensity to land has decreased by about 30 kilometers per decade.
The annual frequency of global tropical cyclones increases with proximity to land by about two
additional cyclones per decade. Trend analysis reveals a robust migration of tropical cyclone
activity toward coasts, concurrently with poleward migration of cyclone locations, but more
importantly, a larger and statistically significant westward shift. This zonal shift of tropical
cyclone tracks may be mainly driven by global zonal changes in environmental steering flow.

One Sentence Summary: Geographical shifts of tropical cyclone track due to environmental
condition changes lead to an increase in coastal storm activities.

Tropical cyclones are one of the most devastating natural disasters in terms of their average
destructiveness and annual frequency affecting coastal regions. There are one-hundred-year
records of tropical cyclone activity in some regions (/, 2), but only since 1982 have tropical
cyclones been monitored globally by satellites. Poleward migration of the locations of tropical
cyclone maximum intensity in the past 40 years has been reported in the global ‘best-track’ data
(3), and projected to be continuing regionally in the twenty-first century (4). This poleward
migration has been traced back to the poleward shift of tropical cyclone formation, which is
speculated to be linked to an anthropogenically forced tropical circulation expansion (35). These
trends could change the coastal tropical-cyclone risk in the future (4). However, the poleward
migration of the locations of tropical cyclone formation and peak intensity by themselves may
not necessarily indicate a change in coastal tropical cyclone risk directly, because these locations
are commonly too far to generate an impact on the coasts. The change in coastal tropical cyclone
activity and landfall frequency are a central and perhaps ultimate concern.

A tropical cyclone landfall is conventionally defined as the intersection of the surface center of a
tropical cyclone with a coastline (6). To date, there has been no firm evidence of global trends of
the frequency of tropical cyclones with maximum wind speed above the hurricane-force wind
(64 knots) at landfall (7). However, a “near miss” or “indirect-hit” tropical cyclone track can also
cause damage, for example, Sandy in 2012 and Dorian in 2019, skirted along the U.S. coast for a
considerable time before making landfall. Investigating the trend of tropical cyclone entering
coastal regions is therefore essential to better understand tropical cyclone risk.

Here we consider tropical cyclones, defined by the lifetime maximum intensity (LMI) reaching
at least 34 knots (see Method), for a 37-year period 1982-2018. In this period, we have the most



10

15

20

25

30

35

40

45

SCience Submitted Manuscript: Confidential

RAVAAAS

confidence in data quality and its completeness in global basins (8). The poleward migration of
tropical cyclone activity was first found at LMI (3). Here, we find that the annual-mean distance
of the locations of LMI to the nearest land (Fig. 1a) also shows an evident and statistically
significant decreasing trend of -324+31 km per decade (Table S1). The fraction of annual tropical
cyclones entering coastal regions, defined as the offshore area with a distance to the nearest land
less than 200 km (Fig. 1b), shows a robust increase of 2.2+1.9% per decade (Table S1). We also
find positive trends of the annual-mean life-time fraction that tropical cyclones spend in coastal
regions, at a statistically significant rate of 2.1+1.2% per decade globally, and in the Northern
and Southern hemispheres of 2.1+1.6% and 2.1£1.9% per decade, respectively (Table S1). The
consistently positive contribution from both hemispheres (Table S1) to the three global trends
shown in Fig. 1 suggests that the increase of tropical cyclone activity in coastal regions is a
global phenomenon, although regional differences between basins are evident.

The trend of the frequency of coastal tropical cyclones increases very significantly with
proximity to land by one cyclone per decade per 1000 km (Fig. 2 and Table S2). There are about
2+2 additional tropical cyclones per decade in the 200-km coastal region globally (Fig. 2).
Consistent with this, the fraction of annual tropical cyclones entering coastal regions (Fig. S1a),
and the annual-mean life-time fraction that tropical cyclones spend in coastal regions (Fig. S1b)
increase with proximity to land. The statistical significance remains by excluding short-lived
storms (9) and using an alternative set of tropical cyclone records (Table S3). These clear
increases in trend with reduced distance-to-land threshold suggest a global-scale landward
migration of tropical cyclone activity.

Considering the geometry of global land-sea distribution, zonal and/or meridional shift of
tropical cyclone locations may lead to a change of tropical cyclone activity in coastal regions.
Our analysis shows that from 1982-1999 to 2000-2018 the epochal mean tropical cyclone
location in the global basins is found to be migrating not only poleward, but also westward
(Table 1). The globally epochal poleward and westward shifts are both statistically significant. If
we measure the track shift in terms of degrees, the zonal shift is considerably larger than the
meridional change. Tropical cyclone activity is being shifted westward in the West Pacific, East
Pacific, North and South Indian Ocean. These four basins account for about 75% of global
tropical cyclones for 1982-2018, which accounts for the global mean westward track shifts.
There are eastward track shifts in the South Pacific, and no significant zonal shifts in the North
Atlantic. These basin-wise changes in tropical cyclone locations can also be seen in the density
change of tropical cyclone locations between the two epochs (Fig. S2).

We do not find any statistically significant global change in cyclone zonal translation velocity,
duration or zonal shifts of cyclone genesis (Table S4). The lack of regionally significant zonal
genesis location change is different from a reported poleward shift of genesis in the Pacific
Ocean basins (/0). The relative changes in meridional cyclone translation velocity in the second
epoch agree with the meridional track shifts in all the basins. Tropical cyclone tracks are
primarily determined by the environmental steering flow and genesis location (/1, /2).We find
significant enhancement of westward steering at a global scale in all basins except the North
Indian Ocean (Table 1). Consistent general circulation patterns are confirmed in all three
reanalysis products (Fig. S3a-c). The global mean change in zonal steering (+0.3 m s™!, Table 1)
is about 11% of the global mean zonal steering speed (2.6 m s! in ERAS reanalysis, Fig. S3) and
global mean cyclone zonal translation speed (2.7 m s™'). The West Pacific, East Pacific and South
Indian Ocean show both westward track shift and enhanced westward environmental steering
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between the epochs. The West Pacific is the only basin that shows a consistent link between the
seasonal westward steering enhancement, larger westward cyclone velocity and westward track
shift. This only robust linkage to seasonal mean environmental conditions may be due to the
considerably larger fraction of storm days in the season in the West Pacific compared to the other
basins (/3).

An environment with reduced vertical wind shear and/or increased potential intensity are
favorable for tropical cyclone development (/4, 15) and may also contribute to geographical
shifts of tropical cyclone locations (3). We find a significantly relative decrease in vertical wind
shear from the east to west globally (Fig. 3), which is confirmed in individual basins with
reanalysis products (Fig. S4a-f). The South Pacific is the only basin where neither steering flow
nor the vertical wind shear fully explain the regional eastward track shift. However, we do find a
relative increase in potential intensity to the east and a decrease to the west in that basin (Fig.
S41). In the North Atlantic the shear weakens only in the central part of the basin (Fig. S4c) with
no zonal change in either steering (Table 1) or potential intensity (Fig. S41), which is consistent
with also no significant zonal track shift. Further analysis reveals that the zonal potential
intensity change is primarily modulated by the variation of the atmospheric convective available
potential energy (Fig. S5).

Given the dominant role of steering flow in tropical cyclone tracks (/2) and a larger epochal
relative change of steering (Table 1) than wind shear (Fig. 3) in our analysis, it is very likely that
the westward shift of cyclone tracks is mainly due to the enhanced westward steering.
Anomalous westward steering may increase tropical cyclone frequency in the West of the basins
and relatively reduced vertical wind shear provides a further favorable environment for cyclones
there. The quantitative contribution of the three environmental factors needs further exploration.
Climate modes such as the El Nifio/Southern Oscillation (ENSO) and Pacific Decadal Oscillation
(PDO), considered as measures of mainly internal unforced variability, can modulate tropical
cyclone activities (/6—19) and global atmospheric circulation in the tropics (20, 21). We find
very limited impact of ENSO on annual trends. However, the PDO could substantially contribute
to the trends in the Northern Hemisphere (Table S1). The epochal steering flow change is similar
to the steering difference between PDO warm and cold phases (Fig. S3d-f). The PDO index had
a phase change in 1998 (5) which also separates the first and second epochs (pre and post 2000)
in our analysis into a warm and cold PDO phase, respectively.

Given no strong trend of global annual frequency of tropical cyclones (22), an increasing trend of
annual coastal cyclone fraction agrees with a rising frequency of coastal tropical cyclones shown
here. The lifetime fraction trend in Fig. 1c seems to agree with a recently reported global
slowdown of tropical cyclone translation speed (23) since the annual-mean tropical cyclone
duration has not changed significantly during the period 1982-2018 (Table S4). However, this
causal hypothesis needs to be confirmed as changes in cyclone moving speed are disputed (24).

We find statistically significant landward migration of tropical cyclone activity. The lack of a
statistically significant trend of actual landfall (+1£2 cyclones per decade globally) may be due
to the rapid intensity reduction prior to and during landfall. Major tropical cyclones have
decayed more rapidly post LMI (25). This could stabilize the annual frequency of landfall
defined by a fixed intensity threshold. Thus, the lack of global trend of annual mean landfall
frequency, as has been previously reported (7) and confirmed in our analysis, may not be
contradictory to the increase in tropical cyclone activity in coastal regions reported here.

W
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Long-term zonal migration of tropical cyclones as found in our analysis has been previously
shown directly or indirectly in some individual basins for different metrics. In the West Pacific,
westward migration of the tropical cyclone maximum intensity locations was reported (26),
which was related to the strengthened tropical Pacific Walker circulation driven by the zonally
enhanced sea surface temperature gradient. No detectable trend of the U.S. landfalling-hurricane
frequency has emerged (22). There has been a decreasing trend of landfall frequency by severe
tropical cyclones in the eastern Australia (2). In the North Indian Ocean, the reduction of local
wind shear over the Arabian Sea has made tropical cyclone development more favorable and this
may continue in the future (27).

The relatively limited length of global tropical cyclone observations, limitations of climate
modelling and possible association with the PDO limit our ability to attribute tropical cyclone
migration toward coasts to anthropogenic forcing. However, we note that global epochal
westward shifts are still present when considering only PDO neutral years (Table S5). The West
Pacific LMI distance to land, fraction of coastal cyclones, and coastal time fraction trends since
1950 are still significant after the PDO removal (Table S1). This suggests factors other than the
PDO are also important. It is argued that greenhouse gas emissions have contributed to the
observed changes in regional distribution of tropical cyclones since 1980, and yet these trends
may not persist in the 21 century (28).

The enhanced westward tropical cyclone steering may also be consistent with Hadley circulation
expansion. The phase change in PDO and Hadley circulation expansion are related (20, 27). The
poleward migration of cyclone locations has also been related to the anomalous sinking and
rising motions due to the meridional expansion of the Hadley circulation (5). Long-term zonal
shifts of tropical precipitation emerge in atmospheric re-analysis data (29). The Walker
circulation dominates the large-scale zonal motion in the tropics. An attempt has been made to
establish a link between the co-variability of tropical cyclone genesis locations with both the
Hadley and Walker circulations in the West Pacific (30). The combined Walker and Hadley
circulation variation is a plausible avenue for future study to understand the global tropical
cyclone changes presented here. Given the considerable impacts of coastal tropical cyclones,
further study of the changes in coastal tropical cyclone activity, as identified here, and its future
projections and the consequent risk change, is warranted.
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Table 1. Changes in mean tropical cyclone location and deep-layer steering flow between
periods 2000-2018 to 1982-1999. The seasonal mean steering flow is calculated with ERAS re-
analysis product. The meridional steering flow is not shown since the absolute mean epochal
change is less than 0.1 m s*! in all regions. Statistical significance is indicated in bold at the 95%
confidence interval. The differences are calculated globally, in the hemispheres (NHEM,
Northern Hemisphere; SHEM, Southern Hemisphere) and in the individual basins (NATL, North
Atlantic;, WPAC, West Pacific; EPAC, East Pacific; NIO North Indian Ocean; SIO, South Indian
Ocean; SPAC, South Pacific).

Global NHEM SHEM WPAC EPAC NATL NIO SIO SPAC

Westward

(degree +0.8+0.2 | +1.0+£0.3 | +0.4+0.3 | +1.6£0.4 | +1.3+0.7 | —0.1£0.5 | +2.7+0.4 | +1.4£0.5 | —1.6=0.6

longitude)

Poleward

(degree +0.3+0.1 | +0.2+0.1 | +0.6+0.2 | +0.5+0.2 | +0.4+0.2 | —0.3£0.3 | —0.8+0.3 | +0.6+0.2 | +0.5+0.3

latitude)

Zonal
steering +0.3+0.3 | +0.2+0.3 | +0.4+0.6 | +0.4+0.4 | +0.4+0.3 | +0.1+0.3 | —-0.1£0.3 | +0.3£0.5 | +0.5+£0.7

(ms™)
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Fig. 1. Landward migration of global tropical cyclone activity. a, the time series of annual-
mean distance to land of the locations of lifetime maximum intensity (LMI). b, as in a, but for
the fraction of annual tropical cyclones entering coastal regions. c, as in a, but for the time
fraction of annual-mean life span spent in coastal regions. The dashed lines show the historical
data. The solid lines show the linear trends. The shadings represent the 95% confidence interval
of the linear trend.
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Fig. 2. Increasing trend of global tropical cyclone activity in coastal regions when reducing
the distance-to-land threshold for coastal region definition. Changes in trends of the
frequency of global annual tropical cyclones entering coastal regions by reducing the distance-to-
land threshold from 2000 km to 200 km at every 100-km interval. The dashed line, solid line and
shading show the historical data, linear trend and 95% confidence interval of the trend,
respectively. On average there are 45 cyclones per year reaching coastal regions within 200 km
to land.
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Figure 3. Epochal change in the global-mean basin-wise climate condition as a function of
longitude. The climate condition shown here is calculated as the relative change in vertical wind
shear in the second epoch 2000-2018 with respect to that in the first epoch 1982-1999. The
vertical wind shear is extracted from the reanalysis product ERAS. The mean vertical wind shear
is calculated in seven of the 10-degree longitude bins, from west to east, in all the basins. The
black dashed line shows the mean relative change in the seven longitude bins. The solid line
shows the linear fit with the ordinary least squares regression. The shading represents the 95%
confidence interval of the fit.
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Materials and Methods

Data

Best-track data were taken from the International Best Track Archive for Climate Stewardship
(IBTrACS) v04r00 (37). We chose the best-track archive from the National Hurricane Center
and Joint Typhoon Warming Center, respectively, to cover the East Pacific (EPAC) and North
Atlantic (NATL), and the West Pacific (WPAC), North Indian Ocean (NIO), South Indian Ocean
(SI0) and South Pacific (SPAC). In this IBTrACS version, the distance to the nearest land,
including all continents and any islands larger than 1400 km? (equivalent to the area of Kauai,
Hawaii), is provided for each best-track geographical location. The best-track data provided by
the World Meteorological Organization agencies in the IBTrACS were also used to cross check
the main findings. Three monthly-mean reanalysis products, ERAS5 (32), MERRA (33) and
NCEP/NCAR (34), are used to extract climate variables for 1982-2018. In satellite era we have
more confidence in the reanalysis variables over the ocean.

Tropical cyclone selection

Firstly, we only kept the best-track data at the regular 6-hour intervals, i.e., 00, 06, 12 and 18
Universal Time Coordinates. Secondly, for each cyclone we excluded locations outside 40°N-
40°S to reduce the sub-tropical impact. Thirdly, we excluded a tropical cyclone case if its
lifetime maximum intensity is less than 34 knots. Finally, we kept the offshore best-track data
with an intensity of at least 34 knots and only the first record after landfall when the distance to
land parameter becomes 0 km. The full tracks of tropical cyclones with the LMI of at least 34
knots over the period 1982-2018 (blue lines) and the selected partial tracks used in our analysis
(red lines) are shown in Fig. S6.

Epochal changes in tropical cyclone locations and translation velocity

Firstly, we calculated a pair of latitude and longitude coordinate in each basin, by taking the
mean of all cyclone positions for 1982-2018. This coordinate was then the reference point in the
basin. Secondly, the latitude and longitude of all the tropical cyclone tracks in a basin were
normalized by subtracting the reference point of that basin. By doing so, the tropical cyclones in
different basins can be combined to calculate meridional and zonal changes in the two epochs
globally, and in both hemispheres. Similarly, we calculate the epochal mean translation velocity
at all positions of all the tracks, rather than the tropical cyclone mean velocity of a track. The
period mean difference between 2000-2018 and 1982-1999 was taken as the epochal change.

Change detection and statistical significance

We examined the change of tropical cyclone coastal activity by linear trend analysis, and the
mean difference analysis in the two epochs. Both methods have been used previously to
investigate the migration of tropical cyclone locations (3,5,23). The statistical significance was
evaluated with 95% confidence intervals (CIs).

For the linear trend analysis, ordinary least-squares regression was used. The Cls of the
estimated linear trend were calculated from the standard error of the linear fit and degrees of



freedom. We tested for autocorrelation with the Durbin-Watson test for AR(1). If an AR(1)
process was detected, the Cls were then calculated after adjusting degrees of freedom with the
lag-1 autocorrelation coefficient (35).

For the analysis based on the two epochs, we chose two-sided bootstrapping to calculate the Cls,
considering the tested populations are not necessarily normally distributed. Two bootstrapping
methods are used:

1. Tropical cyclone track and translation velocity (Table 1, S3, S4 and S5)

The observed populations in two epochs consist of independent time series of individual
cyclones. These time series had autocorrelation, AR(1), so the “moving-blocks bootstrap”
method (35) was applied for each time series. We could thereby avoid destroying the
ordering that produces the autocorrelation. Difference of the new means in the two
epochs was calculated. We then repeated the last two steps 100,000 times to generate a
resampled distribution containing 100,000 estimates of the mean epochal difference. To
get the 95% Cls, we extracted the 2.5™ and 97.5" percentiles of the new resampled
distribution from the last step as the CI bounds.

2. Tropical cyclone genesis locations and duration and steering flow (Table 1 and S3)

The observed populations in two epochs consist of independent observations. We
resampled 100,000 times the two tested populations directly to generate 100,000 pairs of
two distributions. The difference of the means between the resampled distributions in
each pair was calculated to form a difference distribution that was used to obtain the 95%
Cls.

Environmental variables

The deep-layer steering flow was calculated with zonal and meridional wind velocities averaged
across pressure levels of 300, 400, 500, 600, 700 and 800 hPa. The vertical wind shear was
calculated as the amplitude of wind vector difference between 200- and 850-hPa pressure levels.
The potential intensity (PI) was obtained as (36):

PI = a\[% : \/TZ JTs - /(CAPE, — CAPE) (1)

where Cyis the exchange coefficient for enthalpy, Cp, is the drag coefficient, Ts is the sea surface
temperature, T, is the outflow temperature, CAPE; is the convective available potential energy of
saturated air lifted from the sea level via the environmental sounding, and CAPE is that of
boundary layer air. The parameter « represents the wind speed reduction from the top of
boundary layer to near-surface level, which was conventionally set to 0.8. The ratio of Cy to Cp
was fixed to 0.9 by default.

The deep-layer steering flow, vertical wind shear and potential intensity were calculated in the
region spanning latitude 10-35°N and averaged over August-October in the North Hemisphere,
and 10-35°S over January-March in the South Hemisphere. A 70-degree longitude window was
applied in each basin as shown in Fig. S3. The deep-layer steering flow was averaged in each
basin within the 25-degree-latitude by 70-degree-longitude box. The vertical wind shear and



potential intensity were averaged in seven 10-degree meridional bins in each basin to obtain the
zonal climate condition profiles (Fig. S4).

The steering flow, vertical wind shear and potential intensity were calculated over water only.

Climate indices removal

Two kinds of climate indices were considered, i.e., ENSO (Canonical Type and Modoki Type)
and PDO. Canonical ENSO variability was represented by the Nino-3.4 index (37). The indices
of ENSO Modoki and PDO were calculated according to reference (38) and (39, 40),
respectively. Climate variability time series were averaged over August-October in the North
Hemisphere and January-March in the South Hemisphere.

To reduce the potential contribution of climate variability in the linear trend analysis, we
analyzed the trends of the residuals from the regression of the original time series onto the
climate oscillation index. Regarding the epochal changes, we performed the analysis with the
PDO neutral years (Table S5). A neutral year in one hemisphere is identified when the
corresponding summer PDO index is between -0.5°C and +0.5°C. There are 13 and 11 PDO
neutral years in the North and South Hemispheres, respectively, in the period 1982-2018.



a 4 b 4
3 g
= n
o8 31 58 3

19 o)
© [
o9 9]
25 Eo
o o T o
f=iye 2 a
ERS Ex

= c<
C -
£s g ”
58 $¢
¥ g5
3% 38
E8 gs 1
(O} B c
£< o
59 55
4G °&
@ ° [0 I FET T T LT E T T LT T T T r T P PP PSPPSR
a £

T T T T T T T T T T T T T T
200 500 800 1100 1400 1700 2000 200 500 800 1100 1400 1700 2000
Distance to land threshold to define coastal regions (km) Distance to land threshold (km)

Fig. S1. As in Fig. 2, but for changes in trends of (a) the fraction of global annual tropical
cyclones entering coastal regions. b, as in a, but for the time fraction of global annual-mean
tropical cyclone life span spent in coastal regions. The extra light grey shading shows the 95%
confidence interval of the trend with a given distance-to-land threshold for coastal region
definition.
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Fig. S2. Annual tropical cyclone frequency difference between the two epochs (2000-2018 and

1982-1999). A positive difference means an increase in cyclone frequency in the second epoch.

The frequency is calculated in every 4-degree longitude by 4-degree latitude box. Annual trends
in the East Pacific (Table S1) are partly due to closer approach of the Hawaii Islands.
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Fig. S3. Deep-layer seasonal-mean steering flow changes for the period 1982-2018. a-c, epochal changes. d-f, changes between PDO
cold and warm phases. Three reanalysis products are used: ERAS (a, d), MERRA (b, €) and NCEP/NCAR (c, f). The steering flow is
averaged between 300 and 800 hPa, over August-October in the North Hemisphere and January-March in the South Hemisphere. Each
basin is covered by a 70-degree-longtitude by 25-degree-latitude box. The latitude range is 10°N/S-35°N/S for North/South
Hemisphere, respectively. The mean zonal steering change is given in each basin with unit of m s''. The global mean zonal steering
speed is 2.6, 2.8, and 2.9 m s”! in ERAS5, MERRA, and NCEP/NCAR reanalysis, respectively.
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Fig. S4. Epochal changes, by basin, in seasonal-mean large-scale climate conditions as a
function of longitude. a-f, relative change in vertical wind shear in the second epoch 1982-1999
with respect to that in the first epoch 2000-2018. g-1, as in a-f, but for the potential intensity.
Three reanalysis products are used: ERAS, MERRA and NCEP/NCAR. The seasonal mean
conditions are averaged over August-October in the North Hemisphere and January-March in the
South Hemisphere. Each basin is covered by seven 10-degree-longtitude bins, and the latitude
range is 10°N/S-35°N/S for North/South Hemisphere, respectively. The calculation area in each
basin is shown in Fig. S3. The thick solid line shows the linear fit of zonal variation using the
ordinary least squares regression.
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Fig. S5. As in Fig. S4, but for the three terms in Equation (1) for the potential intensity
calculation. a-f, convective available potential energy (CAPE) difference term

J(CAPE, — CAPE). g-1, the sea surface temperature (SST) term \/T—s . m-1, the outflow

[1 . .
temperature term [~ Note that the y-axis scales are difference amongst the terms.
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Fig. S6. The full tracks of tropical cyclones with the lifetime maximum intensity of at least 34
knots (blue lines) and the selected tracks used in our analysis (red lines) over the period 1982-
2018.



Table S1. Linear trends, by region, of annual-mean distance (km) to land of the locations of life-
time maximum intensity (LMI), fraction (%) of annual tropical cyclones entering coastal regions,
and time fraction (%) of annual-mean life span spent in coastal regions, as shown in Fig. 1. The
trends after removing the ENSO, ENSO Modoki (ENSO-M) and PDO contributions are also
calculated for all three trends. The statistics in the WPAC and NATL are also extended to the
period 1950-2018 in parentheses. Statistical significance is indicated in bold at the 95%
confidence interval.

Global | NHEM | SHEM | WPAC | EPAC | NATL NIO SI0 SPAC
locationto | 32131 | 25640 | -spedd (:‘Sigi) 28457 égﬁg) 24:35 | 26+54 | -56+81
land

SO - 24428 | -45:42 (:;‘ifl‘g) 27451 égﬁ S) 24433 | 22453 | 48478
Fhso-M - 29434 | -50+44 (fgﬁg) 33453 é;ﬁ;) 22432 | 25653 | -58+79
oo - 5137 | 51444 (_'261“—;5260) [15£56 é;ﬁg) 27435 | 27454 | -5380
F?E%%:)f 22419 | 25822 | 13432 (fjgﬁg) 40445 (_%jig) 26557 | 13443 | 04243
rfnljoi(z | - 25519 | 09431 (i:gﬁzz) 4.0+4.4 (8:@‘1‘:;) 2657 | 09+42 | -0.8+4.1
Fhso-M - 26821 | 12432 (fjgﬁg) 4343 (_%ji'%) 24457 | 12442 | -03+43
reif)ge q - 20821 | 12432 (igﬁ:f) 4344.5 (.%,13141‘,67) 21457 | 1143 | -0.6+43
fiafifi?ﬁ of | 21212 | 21:16 | 21419 (iﬁﬁi&?) 3.242.4 (8:;”&? :(1)) 20447 | 15425 | 24432

ife span

SO - 20412 | 19418 (iéi}):g) 32423 (82%%) 20445 | 13225 | 22432
oM - 22415 | 21419 (i:gi}ﬁ) 33423 (ng‘ﬁ:g) 16543 | 14225 | 24432
oo - 1315 | 2.0+19 (‘l)gi(l);) 3.0+2.4 (_8'53;2,’3) 23445 | 14825 | 23132




Table S2. Linear slope of the trends, by region, of the frequency of annual tropical cyclones
entering coastal regions by changing the distance-to-land threshold from 200 km to 2000 km at
every 100-km interval (see Fig. 2). The fitted slope represents the change in the trends with a
unit of cyclone count per decade per 1000 km to land. The slope of trends after removing the

ENSO, ENSO Modoki (ENSO-M) and PDO contributions are also calculated. Statistical

significance is indicated in bold at the 95% confidence interval.

Global NHEM SHEM WPAC EPAC NATL NIO SIO SPAC
Slope -1.0£0.1 | -0.5+0.1 | -0.5+0.1 | -0.6+0.1 | -0.6+0.3 0.7+0.2 0.0+£0.0 -0.4+0.1 0.0+0.1
ENSO
- -0.5+0.1 | -0.4+0.1 | -0.6+0.1 | -0.6+0.3 0.7+0.2 0.0+£0.0 -0.4+0.1 0.0£0.1
removed
ENSO-M
- -0.6+0.1 | -0.5+0.1 | -0.7+0.1 | -0.7+0.4 0.7+0.2 0.0+£0.0 -0.4+0.1 | -0.0+0.1
removed
PDO
- -0.2+0.1 | -0.4+0.1 | -0.4+0.1 | -0.3+0.2 0.5+0.1 0.0+£0.0 -0.4+0.1 | -0.0+0.1
removed




Table S3. Fraction (%) of global annual tropical cyclones entering coastal regions as in Fig. 1b,
linear slope of the trends of the frequency of global annual tropical cyclones entering coastal
regions by changing the distance-to-land threshold as in Fig. 2, and the epochal mean westward
shift of global tropical cyclone locations (degree longitude) as in Table 1. The trends based on
the best track provided by the U.S. agencies are compared with the results by (1) removing the
short-lived cyclones with intensity above tropical-storm strength for less than two days, and (2)
using the global best track data taken from the World Meteorological Organization (WMO)
agencies. Statistical significance is indicated in bold at the 95% confidence interval.

) U.S. agencies without short- )
U.S. agencies ] WMO agencies
lived cyclones

Fraction of annual cyclones 2.2+1.9 1.8+1.8 2.5+1.9

Linear slope of the trends -1.0+0.1 -0.9+0.1 -0.6£0.2

Westward shift 0.8+0.2 1.0+0.2 0.8+0.2




Table S4. As in Table 1, but for the genesis location where a tropical cyclone is identified as a
tropical storm for the first time, zonal and meridional translation velocity of tropical cyclones,
and tropical cyclone duration. Positive zonal and meridional velocities represent westward and
poleward displacements, respectively. Statistical significance is indicated in bold at the 95%

confidence interval.

Global

NHEM

SHEM

WPAC

EPAC

NATL

NIO

SIO

SPAC

Genesis
westward
(degree
longitude)

+0.8+1.4

+0.8+1.5

+0.8+3.2

+1.1+2.0

—0.1£2.7

-1.2+4.0

+1.0+£3.3

+1.8+4.2

+0.2+4.4

Genesis
poleward
(degree
latitude)

+0.4+0.4

+0.4+0.5

+0.4+0.5

+0.6+0.8

+0.7+0.4

0.0£1.5

—0.4£1.2

+0.1+0.6

+1.0+0.8

Cyclone
velocity
westward
(ms™)

0.0+0.1

—-0.1£0.1

+0.1+0.1

+0.2+0.1

—-0.5+0.1

+0.4+0.2

+0.1+0.2

—-0.5+0.1

+0.4+0.1

Cyclone
velocity

poleward
(ms™)

+0.2+0.1

+0.1+0.1

+0.3£0.1

+0.2+0.1

+0.1+0.1

—-0.320.1

—-0.4+0.1

+0.2+0.1

+0.3£0.1

Duration
(hour)

—8+122

—25+84

-11+99

—8+121

—14+45

+3+27

+1+£52

—6£81

-21491




Table S5. As in Table 1, but for the statistics with only PDO neutral years. NHEM (1984, 1986,
1988, 1989, 1990, 1991, 1996, 2002, 2004, 2007, 2009, 2017 and 2018). SHEM (1982, 1992,
1993, 1995, 1997, 1999, 2001, 2002, 2007, 2013, 2018).

Global NHEM SHEM WPAC EPAC NATL NIO SIO SPAC

Westward | +2.2+0.4 | +1.7+0.5 | +3.8+0.7 | -0.5+0.6 | +5.5+1.0 | +1.0+0.8 | +6.5+0.8 | +6.1+0.8 | —0.2+0.9

Poleward | +0.3£0.2 | +0.2+0.2 | +0.5+0.4 | +0.6+0.4 | +0.3£0.3 | —0.4+0.4 | 0.0+0.4 | +1.0£0.5 | 0.0+£0.8




