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Translation speed slowdown and
poleward migration of western North
Pacific tropical cyclones

M| Check for updates

Xiangbo Feng ® 2

Detecting and interpreting long-term changes in typhoon translation speed in observations remains
challenging, contrasting with increased confidence in the poleward migration of typhoons. Here, |
show a significant relationship between the basin-wide translation speed and the latitudinal position of
tropical cyclones in the western North Pacific over 1980-2023. First, because tropical cyclones move
faster at higher latitudes, the significant poleward migration (80 km/decade) increases the yearly
basin-wide translation speed by 5% over the period. This effect reduces the detectability of a slowing
trend. Second, the basin-wide translation speed solely contributed by regional translation speed has
slowed by 18%, mostly in the late stage of the cyclone lifecycle. The translation speed slowdown and
the poleward migration are likely caused by the same climate drivers through the interconnected large-
scale atmospheric circulation between the tropics and subtropics. My findings suggest exacerbated
tropical cyclone-related risk in the subtropical regions in a changing climate.

Tropical cyclone (TC) translation speed, which measures how fast
TCs propagate across the Earth’s surface, has a crucial impact on
associated rainfall amounts and durations of hazard exposure.
Recently, a global slowdown of TC translation speed in the Best
Track observations since the 1950s was reported and hypothesised to
be related to changes in large-scale atmospheric circulation caused by
anthropogenic warming'. The western North Pacific (WNP; 0-60°N,
100-180°E), where TCs are also known in general as typhoons, has
the largest slowing trend over this period (about -0.50 km/h per
decade)’. Compared to intensity measurements, the track-based
metrics, such as TC translation speed and track position, are less
sensitive to the uncertainty in intensity identification techniques,
which varies greatly with time and meteorological agencies™.
However, data heterogeneity prior to the satellite era in the Best
Track remains a major concern in detecting trends in TC translation
speed and in attributing these changes to anthropogenic forcing. For
example, the slowdown since the 1950s has been questioned due to
potential undercounting of tracks in the subtropics in the early
years®”. Other studies'” found that TC translation speed in the
WNP does not exhibit a significant change throughout the satellite
era (since 1980) when using the Best Track data that are considered
to be more reliable. Interdecadal climate variability was also found to
affect the trend detection in TC translation speed®''. Thus, identi-
fying a robust trend signal in translation speed of WNP TCs in

observations is challenging. Since the aforementioned studies, the
Best Track data in the satellite era have now extended by 4-7 years,
which help to identify a robust long-term trend in translation speed
emerging from climate variability.

Furthermore, because the trend detection is usually estimated by
averaging translation speed values of individual storms over the entire ocean
basin (i.e. the basin-wide translation speed), it is unknown whether any
identified trends, if they exist, are due to a basin-wide systematic change or
due to region-scale changes'’. Knowing spatial variations of the translation
speed changes will help to understand the robustness and the sensitivity of
the TC changes to long-term climate drivers. The large-scale atmospheric
circulation in the tropics and extra-tropics, in which TCs form and travel,
has changed in recent decades, very likely forced by anthropogenic climate
change" ™. Thus, establishing an evident and quantitative long-term rela-
tionship between TC translation speed and the large-scale circulation, which
is consistent with the cascade understanding of atmospheric processes in a
warming climate, will increase our confidence in future projections of TCs
and their impacts.

Contrasting with no consensus in the long-term trends of TC trans-
lation speed in the WNP, there is a better agreement in the trends of TC
latitudinal position'”. The annual average location of WNP TCs (i.e. the
basin-wide position) was found to migrate poleward over the satellite
era”. A poleward trend was also simulated in general circulation models
with anthropogenic forcing”**". Recent study” further showed that not only
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have the locations of TC genesis and lifetime-maximum intensity sig-
nificantly shifted north, as shown in earlier studies, but so too have all track-
points, confirming a systematic northward migration of WNP TCs over the
satellite era. Because TCs usually propagate faster when moving to higher
latitudes of the basin, a systematic northward migration of track could cause
the basin-wide translation speed to increase. This increasing trend related to
the concurrent changes in storm position could reduce the detectability of a
slowing trend in the basin-wide translation speed if it exists. Fundamental
science question is: are the translation speed slowdown and the poleward
shift of WNP TCs linked, suggesting the common climate drivers? This
paper will utilize the increased confidence in the poleward migration of
WNP TCs to evaluate the robustness of the translation speed change
since 1980.

Here, I examine the coexistent trends in the basin-wide translation
speed and the latitudinal position of WNP TCs using updated observations
during 1980-2023. The interannual co-variability between the two metrics
of TC track is also examined to build confidence for the plausible linkages
between the two coexistent trends. Essentially, I partition the basin-wide
translation speed into two main components, which are solely due to the
poleward migration of TC track and due to regional changes in translation
speed, respectively. This analysis separates a “ground” change of TC
translation speed from the interference of the track shift. The coexistent
trends in translation speed and position are then linked to the ambient large-
scale atmospheric circulation. This study uses the latitudinally homogenised
Best Track data from the Japan Meteorological Agency (JMA), and it
minimizes the effect of long-range climate variability on TC metrics and
environment by fitting a multivariate regression as suggested in
refs. 25,26,29. In principle, the Best Track data justification is based on the
sampling coverage of track in the subtropics® where translation speed in the
late stage of the TC lifecycle (i.e. after the extratropical transition) exhibits
the most robust long-term changes. The changes of the basin-wide trans-
lation speed are small in other sources of Best Track data in which the track
e.g. after the extratropical transition is undercounted. See the Methods
section for details on the data and methodologies.

Results

Translation speed slowdown and poleward migration of TCs
First, I show the trends in the basin-wide translation speed and latitudinal
position of WNP TCs in the Best Track over the past 44 years (1980-2023).
The translation speed and storm position are estimated from the 6-hourly
track points during the whole lifetime of storm. The annual-mean basin-
wide translation speed has a statistically significant slowdown over the
period (Fig. 1). The slowing rate is —0.63 + 0.37 km/h per decade (+repre-
senting the 95% confidence interval of trend value, see “Statistical analyses”
in the Methods section). This corresponds to 13% reduction of translation
speed with respect to the 44-year mean. This trend value is higher than the
observed rate (-0.50 km/h per decade) over 1949-2016', in which the
confidence in the data homogeneity is low"’, but the difference is not sta-
tistically different (within the uncertainty range). In the meantime, with the
same data, the basin-wide latitudinal position of TCs during the whole
lifetime is significantly shifting poleward by 80 + 32 km per decade, i.e. by
~350 km over the whole period (Fig. 1). This migrating rate is close to the
observed rate (78 km per decade) over a similar period (1979-2018)”. After
removing linear trend (i.e. detrending), the interannual variability of the
basin-wide translation speed and latitudinal position is negatively correlated
(Supplementary Fig. 1a), with r = —0.22, but the correlation is not significant
at 95% confidence (see “Statistical analyses” in the Methods section). This
insignificant co-variability in the translation speed and latitudinal position is
caused by the opposite relationships between the poleward shift and the two
main components of the basin-wide translation speed (this will be discussed
in the next section).

Next, I evaluate the long-term trends in translation speed and track
density in the latitude bands. There is distinct spatial inhomogeneity in the
climatology of translation speed. In the WNP, TC translation speed is
latitude-dependent, with faster speed in the subtropics and slower speed in

the tropics (Fig. 2a). TC track density represents the number of 6-hourly
track points in a latitude band, per year, while the proportion of track density
is the percentage of the track density in a latitude band over the total number
of track points in the whole basin. In the WNP, TCs usually travel westward
or west-northward along the large-scale easterly steering flows on the
equatorward side of the Western North Pacific Subtropical High (WNPSH)
(Supplementary Fig. 2). Many of the storms start recurving north with a
reduced translation speed on the western edge of the WNPSH, and then in
thelate stage of the lifecycle (e.g. in the extratropical cyclone phase) they turn
east in conjunction with the fast-moving westerly jet in the subtropics. The
proportion of track density is climatologically highest at 20°N where storms
are about to recurve (i.e. at slow translation speeds).

Figure 2b shows the observed trends in translation speed and track
density in various latitude bands over the 44 years. Significant slowdown up
to —2.0 km/h per decade is found in the latitude band of 20-40°N. Slowdown
is also found in other regions, but the trends are not statistically significant.
Over the period, TC track density has a significant decreasing trend
(—40 ~ -10 number/decade accumulated in a 10° latitude band) in the
tropics (0-20°N), due to a reduction of the frequency of low-latitude TCs
(Supplementary Fig. 3), consistent with previous study”. Figure 2b further
shows the changes in the proportion of TC track density in the latitude
bands. Compared to the track density, the proportion of track density has a
clearer north-south contrast in trend (ie. a seesaw-like change). It has a
significant increasing trend in the north of 20°N (up to 2.2%/decade accu-
mulated in a 10° latitude band) and a significant decreasing trend in the
south of 20°N (up to —3.8%/decade accumulated in a 10° latitude band). In
the subtropics, although the track density itself has no significant trends,
when it is divided by the annual track points that has a decreasing trend
associated with fewer storms (Supplementary Fig. 3), the trend of the pro-
portion becomes increasing and significant (Fig. 2b). I further find that the
translation speed trend in the subtropics is caused by the recurving TCs that
usually travel further north, whilst the seesaw-like trends in regional track
density along the latitude are seen in both recurving and non-recurving TCs
(Supplementary Fig. 4a-d). Over 80% of recurving TCs in the basin
underwent the extratropical transition and became extratropical cyclones™.
When track points in this late stage of the lifetime are excluded, the trans-
lation speed trend in the subtropics largely reduces (Supplementary Fig.
4e, f). Geographically, these changes in TC translation speed and track
density are confined to the west sector of the basin (100-140°E) (Supple-
mentary Fig. 5a, b). Northeast Asia (i.e. north China, Korea, and Japan) and
its marginal seas affected by recurving TCs saw the largest slowing trend in
TC translation speed. TC translation speed has no significant trends in the
east sector of the basin (140-180°E) where the track sampling number is
climatologically low.

The seesaw-like trends in relative track density (Fig. 2b) determine the
trend in the basin-wide latitudinal position (Fig. 1). In the past 44 years, the
north tracks give an increasing weighting to the basin-wide TC statistics,
whilst the south tracks give a decreasing weighting to the basin-wide sta-
tistics. On the yearly basis, the basin-wide latitude of TCs can be expressed as
an accumulation of the latitude bands weighted by the relative track density
(see “Decomposing the basin-wide translation speed” in the Methods sec-
tion). Thus, the northward shift of the latitudinal position can be understood
as an increase of the proportion of north tracks. With the same concept, for
the basin-wide translation speed, the northward migration of tracks will give
a greater weight to TCs in the subtropics where storms climatologically
propagate faster and will give a less weight to TCs in the tropics where
storms climatologically propagate slower (Fig. 2b).

Slowing trend in the basin-wide translation speed

In this subsection, by considering the counteracting effect of the track dis-
placement, I recalculate the basin-wide translation speed of TCs in the whole
lifecycle. The basin-wide translation speed is understood as the aggregation
of regional translation speed weighted by the relative track density
throughout the whole latitude range (see “Decomposing the basin-wide
translation speed” in the Methods section). Therefore, I partition the basin-
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wide translation speed into three components on the yearly basis, to
quantify the contributions of the northward migration of track density
(denoted as §,/), the changes in regional translation speed (81¢y), and the
co-variations of regional track density and regional translation speed
(8,7¢s )- For each year, in principle, the component §,, , determined by track
position, retains the trend and interannual variability in the relative track
density at each latitude band and holds unchanged climatology of regional
translation speed. The component § 1, determined by regional translation
speed, retains the trend and interannual variability in regional translation
speed and holds unchanged climatology of the relative track density. The
component 8, ¢y informs the interannual co-variability of regional track
density and regional translation speed. Using this partitioning method, the
budgets of the interannual variability and trend in the basin-wide translation
speed is balanced (Supplementary Tables 1 and 2). As 8, ¢y is a small term
and has no trend found, it is not shown in the Results.

Figure 3 shows the annual values of the first two components of the
basin-wide translation speed. The basin-wide translation speed due to track
changes (6,,) has a significant upward trend of 0.23 + 0.17 km/h per decade,
i.e. 5% increase with respect to the 44-year mean. In contrast, the basin-wide
translation speed due to changes in regional translation speed (8¢ ) has a
significant downward trend of -0.88 +0.45km/h per decade, ie. 18%
reduction with respect to the 44-year mean. The upward trend in 6,
counteracts the downward trend in &y, reducing the overall trend to
-0.63 + 37 km/h per decade (Fig. 1). The detrended interannual variability
of the basin-wide TC latitude is strongly correlated with the detrended J,,

P
(r=0.73) and anti-correlated with the detrended &;cy (r=-045)
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Fig. 1 | Basin-wide translation speed and latitudinal position of tropical cyclones
in observations. Annual-mean values of tropical cyclone translation speed (TCS,
black) and tropical cyclone latitude (TC position, blue) in the western North Pacific
over 1980-2023, from the 6-hourly track points in the Best Track. Dashed lines
represent the linear trend, with shading showing 95% confidence interval for the
linear fit.

(Supplementary Fig. 1b, ). These confirm that the overall trend of the basin-
wide translation speed in Fig. 1 is related to the regional changes in both
translation speed and track position.

I further decompose the translation speed into latitudinal and long-
itudinal components by only considering the latitudinal or longitudinal
movements (Fig. 4; trend values provided in Supplementary Table 1). At the
basin-wide scale, the overall longitudinal translation speed has a significant
slowing trend (-0.67 +0.30 km/h per decade), which predominates the
slowing trend in the total translation speed (-0.63 + 37 km/h per decade),
while the overall latitudinal translation speed has no trend. I further confirm
that the significant slowdown of the longitudinal translation speed is caused
by the 8y term (-0.74 + 0.38 km/h per decade). The §;¢g term of the
longitudinal translation speed explains 84% of the slowing trend in & g of
the total translation speed (-0.88 + 0.45 km/h per decade). The slowdown of
the basin-wide 6 g in Fig. 4 is caused by the slowing trends restricted to the
subtropics (20-40°N) (Supplementary Fig. 6), consistent with the changes in
the total translation speed (Fig. 2b). It is worth noticing that the trend of the
latitudinal translation speed due to the poleward migration (J,;
0.27 £0.11 km/h per decade) is larger than that of the longitudinal trans-
lation speed (0.05 + 0.13 km/h per decade). This is because the climatology
of the latitudinal translation speed has a unimodal distribution along the
latitude while the climatology of the longitudinal translation speed has a
bimodal distribution (Supplementary Fig. 6). This allows the poleward
migration of track to have a larger impact on the basin-wide latitudinal
translation speed than on the basin-wide longitudinal translation speed.

In short, over 1980-2023, after excluding the counteracting effect of the
poleward shift of track, the slowing rate of the basin-wide translation speed
of TCs changes from -0.63 + 0.37 km/h per decade to —0.88 + 0.45 km/h per
decade. Thus, the poleward shift of track has a clear impact on the trend
detection in the basin-wide translation speed. The detrended interannual
co-variability suggests that the remaining translation speed (8p¢g) is
strongly associated with the average location of TCs (r=-0.45, Supple-
mentary Fig. 1c), indicating that the coexistent trends in these two metrics
are likely caused by the same climate drivers.

Changes in subtropical and tropical large-scale circulation

In this subsection, I employ large-scale circulation to interpret the rela-
tionship between the translation speed and the latitudinal position of TCs in
observations (Fig. 3b). In the WNP, TC movement is mostly steered by the
large-scale background steering flow along the edges of the WNPSH
(Supplementary Fig. 2). Here, the large-scale background steering flow is
defined as the average winds in the middle troposphere, and the annual
large-scale steering flow is the average of monthly steering flow in the whole
year but weighted by the monthly climatology of WNP TC frequency
(referred to as seasonality-weighted average, see “Large-scale environmental
conditions” in the Methods section). Over the past 44 years, the large-scale
background steering flow has changed (Fig. 5a). The subtropics (20-40°N)
of the WNP, where TC translation speed is slowing (Fig. 2b), saw a slowing

Fig. 2 | Climatology and long-term changes in 602 climatology 60 b trend
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Fig. 3 | Basin-wide translation speed of tropical cyclones due to track shift and
due to regional translation speed changes in observations. a Annual deviations of
basin-wide tropical cyclone translation speed (TCS) related to track shift (6, black),
and annual values of tropical cyclone latitude (TC position, blue), in the western
North Pacific over 1980-2023, from the 6-hourly track points in the Best Track. b as
(), but with black line for annual deviations of basin-wide TCS related to regional
TCS change (8¢ ). Dashed lines represent the linear trend, with shading showing

95% confidence interval for the linear fit.

of the prevailing westerly winds. The average changing rate of the large-scale
background steering flow in the west sector of the subtropics (20-40°N,
120-160°E), where TC track density is high in this latitude band (Supple-
mentary Fig. 2c) and TC translation speed is slowing (Supplementary Fig.
5b), is -0.85 + 0.43 km/h per decade (Supplementary Fig. 7a). This is close to
the slowing rate of Jpoy of the longitudinal translation speed
(-0.74 + 0.38 km/h per decade). Thus, the slowing of the basin-wide long-
itudinal translation speed, which dominates the slowing of the total trans-
lation speed of TCs as mentioned above, can be explained by the slowing of
the large-scale steering flow in the subtropics. The detrended interannual
correlation between the large-scale background steering flow in this sector
and the longitudinal & ;¢ is significant at 95% confidence (r = 0.31). This
correlation value indicates that other factors (e.g. the Beta drift) may also
affect the degree to which the interannual variability of TC translation speed
can be explained by the large-scale background steering flow (this will be
discussed in the Discussion section).

Within the latitude bands, the significant slowing rates of the long-
itudinal translation speed of TCs (Supplementary Fig. 6b) are close to the
slowing rate of the westerly steering flow in the west sector (about 1-2 km/h
per decade; Fig. 5a). Because of no trend in the southerly steering flow, the
slowing of the latitudinal translation speed (about 1km/h per decade;
Supplementary Fig. 6b) could be related to a northerly change in the upper-
tropospheric winds (Fig. 5¢). This generally agrees with the expectation that
after the recurvature point, TCs, which undergo the extratropical transition,
are strongly affected by the upper-tropospheric winds**. Similarly, the

middle- and upper-tropospheric winds can also explain the slowing rates of
the two components of translation speed at the regional scales (Supple-
mentary Fig. 5¢, d).

The slowing of the steering flow in the subtropics is associated with an
increase of middle-tropospheric geopotential height in the middle latitudes
(40-60°N) and a decrease in the low latitudes (0-20°N), relative to the global
mean (Fig. 5a). This disproportional north-south change in geopotential
height is also accompanied with an amplified warming of sea surface tem-
perature (Fig. 5b) and of middle-tropospheric air temperature in the sub-
tropics (Supplementary Fig. 8a). In contrast, there is an opposite north-
south change of temperature in the upper troposphere (Supplementary Fig.
8b). The detrended interannual variability of the large-scale steering flow is
positively correlated with both the temperature gradient and the geopo-
tential height gradient between the middle and low latitude bands (Sup-
plementary Fig. 9), with r=0.36 and 031 (both significant at 95%
confidence), respectively. Thus, the slowing of the large-scale steering flow is
associated to the disproportional warming in the low-to-middle tropo-
sphere between the tropical and subtropical regions. This finding is con-
sistent with the weakening of large-scale circulation in the middle latitudes
by assuming a warming climate'*"". To ensure that the above changes in
environmental conditions are independent of TC changes, I calculated the
reverse seasonality-weighted annual average of environment (see “Large-
scale environmental conditions” in the Methods section). This annual
average gives most weight to monthly environment values when TCs are
climatologically rare and least weight to environment values when TCs are
climatologically active. I found that, after minimizing the impact of TC
presence using this method, the aforementioned long-term changes in large-
scale steering flow and associated environmental conditions remain robust
and these changes even tend to be larger (Supplementary Figs. 7b, 10).

Now, I propose plausible linkages between the slowing of the
large-scale steering flow and the poleward migration of TCs. They
could be bridged through three pathways. First, related to the slowing
of the steering flow in the subtropics and the associated weakening of
the southern branch of the WNPSH (Fig. 5a, Supplementary Fig. 2a),
which is also seen as a poleward shift of the WNPSH system, TCs
formed in the low latitudes are more likely to travel towards
northwest or recurve north rather than travel straight west. In other
words, due to its changes, the WNPSH opens a wider “entrance gate”
for the cyclones of tropical origin to enter the subtropics.

Second, in the subtropics, vertical wind shear has significantly reduced
over the past four decades, driven by the easterly trends of the upper-level
winds (Fig. 5¢). This change in the upper-level winds is well depicted by the
slowing of the mid-level large-scale steering flow (Fig. 5a). Together with
increases in sea surface temperature (SST; Fig. 5b) and mid-level relative
humidity (Supplementary Fig. 8c), the environmental conditions in the
subtropics become more favourable for TCs to maintain. This means that
once TCs have entered this region, they are more likely to live longer, thus
giving more weight to north tracks.

The third factor is the strengthening of the Pacific Walker Circulation
(PWCQ) in the past 44 years. The strengthening of the PWC is seen in both
the low-level zonal winds in the central equatorial Pacific (Fig. 5b) and the
sea-level pressure gradient over the eastern equatorial Pacific and the Indo-
Pacific warm pool (Fig. 5d). The latter is widely used as an index to measure
the strength of the PWC (see “Climate and Walker Circulation indices” in
the Methods section). A recent strengthening of the PWC has been reported
in other observational studies as well”"*”’. Related to reduced relative
vorticity in the lower troposphere and increased vertical wind shear in the
central equatorial Pacific (Fig. 5b, ¢), a stronger PWC suppresses TC gen-
eration in the deep tropics, thus decreasing the proportion of low-latitude
tracks and increasing the proportion of north tracks over the whole basin
(Fig. 2b). The seesaw-like changes in relative track density due to the PWC
strengthening is the main driver of the poleward migration of WNP TC
tracks in the past four decades™.

The interannual correlation between the detrended PWC index and
the detrended large-scale background steering flow in the northwest sector
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Fig. 4 | Basin-wide latitudinal and longitudinal a latitudinal TCS b longitudinal TCS
translation speed of tropical cyclones due to track
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(20-40°N, 120-160°E) is not statistically significant (r = -0.20). However,1 ~Discussion

find that the large-scale steering flow in the wider subtropical region
(20-60°N, 120-180°E) is significantly correlated with the PWC index (Fig.
5d), with detrended correlation r = -0.34. I further calculate the regression of
large-scale environmental conditions onto the PWC index after removing
the effects of the long-range trend and climate variability (Fig. 6). Clearly, in
years when the PWC is anomalously strong, the large-scale steering flow has
easterly anomalies in the northern branch of a weakened WNPSH centred at
20°N (Fig. 6a). This means that on the yearly basis, a strengthening of the
PWC occurs with a significant slowdown of the subtropical steering flow in
which recurving TCs are embedded. The interannual fluctuation of the
PWC is associated with the east-west gradient of SST's in the equatorial
Pacific (Fig. 6b) and the low-level easterly wind anomalies in the central
equatorial Pacific, i.e. a La Nifia-type pattern. Importantly, these large-scale
dynamical and thermodynamical anomalies associated with the fluctuated
PWC index largely resemble the long-term trends over the past 44 years
especially in the subtropics (Fig. 5a, b). This indicates that the coexistent
long-term changes in the PWC and the subtropical steering flow (Fig. 5d)
are likely caused by the same internal or external drivers and that these
changes could be linked via the dynamical pathways as occurred at the
interannual timescales. The coexistent changes in the PWC and the sub-
tropical steering flow is also found in the reverse seasonality-weighted
annual average of environment (with detrended correlation r=-0.54;
Supplementary Fig. 10d), confirming the above conclusion. Further studies
with sensitivity experiments based on climate models that are constrained
with long-term drivers are needed to better understand and detangle the
cascading process responsible for the associated trends in the tropical and
subtropical circulations. It might be related to the regional Hadley circula-
tion or large-scale vorticity advection in upper troposphere. Nevertheless,
over the past 44 years, the translation speed slowdown and the poleward
migration of WNP TCs, due to the changes in the steering flow and the
PWGC, are hypothesized to be linked by the large-scale circulation con-
necting the tropics and subtropics.

There is still lack of consensus in long-term changes in translation speed of
WNP TCs in observations. In contrast, the climate research community has
increased confidence in the northward migration of WNP TC track and
more confidence in the response of large-scale circulation, in which TCs are
embedded, to anthropogenic warming. Here, using the JMA Best Track data
that best sample the subtropical region of the WNP, I showed observed
evidence that in the satellite era (1980-2023) the basin-wide translation
speed of WNP TCs has significantly slowed. I found that the change of TC
translation speed is closely related to the poleward migration of storms. The
poleward migration of TCs (80 + 32 km per decade) gives relatively greater
weight to higher-latitude TCs that travel climatologically faster and give less
weight to lower-latitude TCs that travel climatologically slower. This effect
increases the yearly basin-wide translation speed by 5% over the period.
After the effect of the poleward migration is detached, I found that in the
past 44 vyears, the basin-wide translation speed has slowed by
-0.88 +0.45km/h per decade, ie. 18% reduction over the period. This
robust and fast slowing trend is explained by the slowing of the large-scale
steering flow in the subtropics associated with the disproportional warming
between the low and middle latitudes. This finding supports the hypothesis
that the changes in large-scale atmospheric circulation in the subtropics are
key to the response of TC translation speed to long-range climate drivers
such as internal variability and anthropogenic warming.

The observed poleward shift of TC track can be plausibly related to the
slowing of the large-scale steering flow in the subtropics as well. With a
slowing of the large-scale steering flow in the subtropics, the environmental
conditions in the subtropics become more favourable for TCs to recurve
north and maintain longer, while the environmental conditions in the deep
tropics become less favourable for TCs to form, causing the overall location
of TCs to shift northward. I found that these environment changes in the
tropics and subtropics favoring the poleward migration of TCs are further
linked to the strengthening of the PWC, confirming recent studies'”***. But
it remains unclear how fast the coexistence of the trends in the PWC and the
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Fig. 5 | Long-term changes in large-scale atmospheric circulation and environ-
ment. a Linear trends of annual geopotential height relative to the global mean
(GPH_relative, shading) and annual large-scale steering winds (vectors) averaged
over 700, 600, 500, and 400 hPa, over 1980-2023, in ERA5. b as (a), but for sea
surface temperature (SST, shading) and 850hPa winds (vectors). ¢ as (a), but for
zonal vertical wind shear (VWS_U, shading) and 200hPa winds (vectors). Hatched
areas and vectors in (a—c) show significant trends at 90% confidence. d Annual
values of the Pacific Walker Circulation index (red) and the subtropical large-scale
steering winds in the WNP, over 1980-2023, in ERA5. In (d), dashed lines represent
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the linear trend, with shading showing 95% confidence interval for the linear trend.
The Pacific Walker Circulation index is defined as the east-west difference between
the annual sea-level pressure averaged over the central and eastern equatorial Pacific
(160°W-80°W, 5°S-5°N) and over the equatorial Indian Ocean and western equa-
torial Pacific (80°E-160°E, 5°S-5°N), while the subtropical large-scale steering flow
is the large-scale steering winds averaged in the subtropical region of the WNP
(20-60°N, 120-180°E). The annual circulation and environment are calculated by
averaging the monthly data weighted with the seasonality of WNP TC frequency
throughout the 12 months.

subtropical steering flow is emerging in a changing climate. Further analysis
and sensitivity experiments are required to better understand the linkages
between the large-scale circulation in the subtropics and tropics and whe-
ther the relationship will be held in the future. This will increase our con-
fidence in projecting TC-related hazard exposure for the future.

This study highlights the coexistence of the translation speed slow-
down and the poleward migration of WNP TCs over the past 44 years.
Northeast Asia (i.e. north China, Korea, and Japan) saw the largest slowing
trend in TC translation speed when TCs are in the late stage of the lifecycle.
Accumulation of TC rainfall in these regions is likely enhanced due to the
slowing translation speed. This implies that TC-related climate risk is
becoming higher in the subtropical regions.

I notice that the detection of long-term trends in TC translation speed
is sensitive to the sampling of the Best Track data in the subtropics. Best
Track data from other agencies have also been evaluated in this study (see
“Best Track data and data justification” in the Methods section). In other
sources of Best Track data, due to sparse sampling coverage in the extra-
tropical cyclone phase (after the extratropical transition of TCs is
complete)”, the slowing trend of TC translation speed is not robust. This
confirms the recently raised concern about the suitability of heterogeneous
data in deriving a long-term trend in TC translation speed”’. This also
means that the long-term change in TC translation speed in this study is
sensitive to the stages of the TClifecycle. In the WNP, when a TC recurves to

the middle latitudes, it usually (80% chance) undergoes the extratropical
transition™. A cyclone undergoing or even completing the extratropical
transition can continue to pose a serious threat to coastal and maritime
activities. Thus, it is important to consider all stages of the TC system when
TC-related climate risk is evaluated in a climate change context.

In this study, the slowing rate of TC translation speed is interpreted by
the long-term change in the large-scale steering flow, with the assumption
that the flow would exist in the absence of the storm. TC propagation is also
influenced by TC itself via the Beta drift that would not exist in the absence
of the storm™. The Beta drift, climatologically accounting for 10-20% of TC
translation speed™ ™, is associated with storm size and intensity’®, and more
complicatedly it is not independent of the large-scale environmental
flow™**”". The Beta drift may be responsible for the discrepancies in the
interannual variability between the translation speed and the large-scale
steering flow (Supplementary Fig. 7a). However, because a significant
change in the large-scale steering flow is also seen in seasons when TCs are
climatologically inactive, the Beta drift is not expected to alter the conclu-
sions. Another noteworthy issue is the nonlinear evolution of the climate
teleconnections in a warming climate. In this study, the trend detection and
interannual correlation are made after removing the effect of two dominate
climate modes in the basin (namely the El Nifio Southern Oscillation and
the Pacific Decadal Oscillation) by assuming the teleconnections are sta-
tionary with time. Studies”*' show that these climate teleconnections are
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Fig. 6 | Regression of large-scale atmospheric circulation and environment onto
the Pacific Walker Circulation index after removing trend. a Regression coeffi-
cients of annual geopotential height relative to the global mean (GPH_relative,
shading) and annual large-scale steering winds (vectors) averaged over 700, 600, 500,
and 400 hPa, onto the Pacific Walker Circulation (WC) index, over 1980-2023, in
ERA5. Linear trend has been removed from all the variables before the regression
fitting. b as (a), but for sea surface temperature (SST, shading) and 850 hPa winds
(vectors). Hatched areas and vectors show significant regressions at 90% confidence.
The Pacific Walker Circulation index is defined as the east-west difference between
the annual sea-level pressure averaged over the central and eastern equatorial Pacific
(160°W-80°W, 5°S-5°N) and over the equatorial Indian Ocean and western equa-
torial Pacific (80°E-160°E, 5°S-5°N). The annual circulation and environment are
calculated by averaging the monthly data weighted with the seasonality of WNP TC
frequency throughout the 12 months.

likely to vary on longer timescales or under global warming, although they
are not expected to change substantially. The caveat of this assumption may
cause uncertainty in the trend and correlation analysis in this study.

Methods

Best track data and data justification

Tropical cyclone (TC) Best Track observations from four national
meteorological agencies —the JMA, the China Meteorological Adminis-
tration (CMA), the Joint Typhoon Warning Center (JTWC), and the Hong
Kong Observatory (HKO) — since 1980 are used in the analysis. TCs
formed in the whole year (12 months) are considered. Best Track obser-
vations include the location, intensity (maximum sustained wind speed and
minimum sea level pressure), and storm stage (subject to agencies) at
6-houly intervals. To exclude the uncertainty in weak storms in the Best
Track®, this study only considers TCs that reach severe tropical storm
intensity and above during the lifetime, i.e. the maximum sustained wind
speed 224.5 m/s. TC genesis location is defined by the first track point where
TC intensity reaches 17.5 m/s**”. Note that both JMA and HKO data use
10-min mean for measuring maximum sustained wind speed, and CMA
and JTWC use 2-and 1-min means, respectively. This inconsistence could
cause uncertainty in counting the number of TC and track points. But I find
that the impact on this study is minimal (this will be shown later).

Best Track data from different agencies contain large uncertainty in
recording the track points outside of tropical regions. Previous studies
indicate that the reliability of TC translation speed at the basin-wide or
global scales is highly dependent on the track point sampling in the extra
tropics”’. In this study, a procedure for data justification has been imple-
mented to select the Best Track data, by following the two key criteria: (i) the
best spatial sampling coverage in the subtropics, and (ii) the sample size of
track points in the tropics and subtropics has no abrupt changes with time.
The data justification procedure is based on the common period of
1980-2021 when all datasets have available data. Please note that when this
study is being carried out, the JMA data are available in a longer period of
1980-2023.

The four data sources are consistent in recording the number of TCs in
the whole basin (Supplementary Fig. 11), suggesting that variations in
counting TCs at severe tropical storm intensity and above are small and have
minimal impact. For the track points, within the four data sources, the JIMA
data contain the highest number of track points (by either per storm or per
year) in the whole basin. I then calculate the sampling number falling within
various latitude bands. Clearly, in the tropics (0-20°N), the sampling
number is homogeneous among different data sources (Supplementary Fig.
12), affirming that the variations in TC intensity identification have minimal
impact on the sampling in the deep tropics. In regions beyond the tropics
(20-60°N), the JMA data have an average of 177 points higher sampling
(62% higher) compared to the other three datasets. Although the dis-
crepancies seem slightly smaller in 1980-1990, the reduction is not sub-
stantial. Over 1980-2021, the sampling numbers in the tropics have a weak
decreasing trend related to the fewer storms associated with a strengthening
of the PWC”. There are no abrupt long-term changes in the sampling
numbers in the higher latitude bands.

I then confirm that the disparity of the sampling numbers in the higher
latitudes among the four data sources is mostly from the TCs that under-
went the extratropical transition (ET). In the WNP, towards higher latitudes
in the decaying phases of the storm, 49% of TCs underwent the ET***. For
example, in the JMA data, the mean value of minimum sea level pressure in
24 h before the ET starts is on average 7.2 hPa lower than the value in 24 h
after. The four data sources consider track recording differently in the
extratropical cyclone (EC) stage after the ET completes. JMA continues to
record track data in the EC stage, while CMA and other centres have much
shorter record or stop recording immediately after ET in many TC cases™.
Supplementary Fig. 13 shows the number of track points recorded as in the
EC stage of the TC lifecycle. In the EC stage, on average, the JMA data have
up to 100 track points (per year) more than the CMA and JTWC data. Note
that JTWC started the EC recording from 2004 and the HKO data do not
explicitly include the EC stage*”. Additionally, the four datasets have dif-
ferent definitions about when the ET process starts and complete™. The
timing of ET in the JMA data on average is later than that in other datasets.
This means that the EC track points in Supplementary Fig. 13 do not entirely
explain the difference in the overall track points in Supplementary Fig. 12. In
the WNP when moving to the higher latitudes, over 80% of recurving TCs
underwent the ET process and become ECs™; Best Track data are more
certain in recording TC recurvature than in recording the timing of ET.
Thus, it is fair to expect that the difference of track points after the recur-
vature point will broadly indicate the overall EC track difference which isless
sensitive to the ET criteria being used in different agencies, and that this
identification is more homogeneously recorded in these agencies. This is
tested in Supplementary Fig. 14, which shows that after the recurvature
point the JMA data have 134 points (per year) more than the other three
datasets. I also calculated the track point sampling during the whole lifecycle
of TC, conditional on recurving or non-recurving TCs (not shown). I found
that the disparity of the track point sampling among the four data sources
can be well explained by the sampling for recurving TCs. Thus, the EC stage
that is mostly seen in recurving TCs is the main source of uncertainty in the
four Best Track datasets’. Following refs. 29,43, recurving TCs meet the
following selection criteria: (1) storm recurves east at the westernmost point
over the full lifetime; (2) the subsequent track point is further north than the
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recurving point. Non-recurving TCs are the storms that do not simulta-
neously meet above two criteria.

To compare with the climatology and trends in TC translation speed at
each latitude band produced from the JMA data, I also repeat the same
analysis using the JMA, CMA, JTWC, and HKO data, separately. TC
translation speed and track point counting at the 10° latitude-moving bands
are defined in the following section. Supplementary Fig. 15 shows the cli-
matology and trends of TC translation speed and track density at the 10°
latitude-moving bands from 0 to 60°N, over 1980-2021. As expected,
because of the low data sampling in the higher latitudes, the CMA, JTWC,
and HKO data show divergent climatology of TC translation speed and
show insignificant long-term trends above 20°N. In contrast, the climatol-
ogy and trends in the tropics seen in the JMA data are well re-produced in
other three data. Also, the recurving TCs are responsible for such uncer-
tainty in detecting the regional trends of translation speed in the subtropics
(Supplementary Figs. 16 and 17). When the overall EC stage is not con-
sidered, the trends of translation speed at the latitude bands mostly dis-
appear in the JMA data and become more consistent with other datasets
(Supplementary Fig. 18). These affirm that the sampling number in the
whole lifecycle of TC is crucial to detect reliable long-term changes in TC
translation speed as suggested in previous studies®’.

Lastly, the long-term changes in TC track metrics at the basin-wide
scale are justified. See the following section for the definition of the basin-
wide TC track metrics. Although the poleward migration of TCs is sig-
nificant in all the Best Track datasets, the migrating rates in the JTWC and
HKO data are smaller (Supplementary Table 3). These smaller migrating
rates could be related to the low data sampling especially for recurving TCs
in the subtropics as well (Supplementary Figs. 15 and 16). In other words, for
the annual-mean location, the JTWC and HKO datasets give much greater
weight to the low-latitude TC tracks, and consequently they are less able to
capture the seesaw-like distribution of the relative track density trends
between the low and high latitudes. Thus, due to the smaller migrating rates,
the component of the basin-wide translation speed related to the track shift
has no significant changes in the JTWC and HKO data (Supplementary
Table 3). The component of the basin-wide translation speed related just to
regional translation speed has negative trends in all the datasets, but the
trends in the CMA, JTWC, and HKO data are not significant due to the poor
sampling coverage in the subtropics, as discussed earlier. Hence, the CMA,
JTWC, and HKO data show weak or absent trends in basin-wide translation
speed due to the low data sampling in the subtropical regions.

Based on the above justification, due to its best sampling coverage in the
subtropics in the late stage of the TC lifecycle, the JMA data have been
selected as the main dataset for studying the basin-wide relationship
between the poleward migration and the translation speed slowdown of
TCs. Please note that to employ a longer data record, the JMA data spanning
1980-2023 are used in the Results section.

TC translation speed and latitudinal position
For each TG, translation speed (km/h) is calculated by using the great-circle
distance between two consecutive 6-hourly locations. The latitudinal and
longitudinal translation speeds are also calculated by only considering the
south-north or west-east movements of the 6-hourly track points. The
annual-mean basin-wide translation speed is the average of translation
speed at 6-hourly interval, in the whole year (12 months) over the western
North Pacific (0-60°N, 100-180°E). Correspondingly, the annual-mean
basin-wide latitudinal position of TCs is calculated by averaging the latitude
of 6-hourly track points, which are used in estimating the basin-wide
translation speed above, in the whole year (12 months) over the ocean basin.
The regional translation speed is calculated at each grid point as the
translation speed averaged over an area defined by a 10° x 10° box centred at
the grid point, for each year; the sample size used in calculating the regional
translation speed at each grid point is the number of track points (track
density, number per year) integrated over the 10° x 10° box centred at the
grid point. Translation speed at the 10° latitude-moving bands, at 1° interval
(unless stated otherwise), from 0 to 60°N for each year is calculated as the

average translation speed at the 10° latitude band; the sample size used in
calculating the translation speed is the number of track points integrated
over the 10° latitude band centred at the latitude point.

Decomposing the basin-wide translation speed

Assuming in year y, there are M TCs in total, and the mth TC of the year has
T,, track points at 6-hourly interval. For the f,,th track point of the mth TC,
the latitude is denoted as lat(m, t,,,), and the corresponding translation speed
is denoted as tcs(m, t,,) that is calculated by using the #,,th and (¢ + 1),,th
track point of the whole track. The sample size of translation speed at
6-hourly interval for the yearis N = Z%:O(Tm — 1). Therefore, the annual
average of TC translation speed over the basin (named the basin-wide TCS)
in year y (TCS(y)) can be initially written as:

Yoo S0 tes(m, t,,) (1)
N

1Cs(y) =

Grouping the N track point samples into 60 latitude bands with 1°
interval yields the track density n(lat). The latitude of track points averaged
over the basin (named the basin-wide latitude) in year y (Lat(y)) is then
written as:

_ g lat s nar) _

60
N > lat + f(lat) )

lat=0

Lat (y)

where f(lat) = n(lat)/N, representing the proportion of track density in the
latitude band lat.

With the same concept, grouping the N translation speed samples into
60 latitude bands with 1° interval yields the track density n(lat) and the
average translation speed fcs(lat) for the latitude band lat. Then, Eq.(1) can
be rewritten on a latitudinal base as:

60 60
TCS(y) = o= t“(lljt) * nllat) _ S testlat) « flat)  (3)
lat=0

The annual values of tcs(lat) and f (lat) can be partitioned to long-term
time means (tcs(lat) and f(lat)) and anomalies deviating from the time
means (tcs'(lat) and f’(lat)) in year y. This is expressed as:

tes(lat) = tes(lat) + tes'(lat)
fllat) = fllat) + f (lat)

Finally, for year y, the annual average of basin-wide translation speed
TCS(y) in Eq. (1) is rewritten to:

4)

TCS(y) = ioj tes(lat) * f(lat)

lat=0

= % (tes(lat) + tcs'(lat)) * (f(lat) + f'(lat))

lat=0

= § tes(lat) * f(lat) + % tes(lat) * f'(lat)

lat=0 lat=0
60

+ io: tes'(lat) * f(lat) + Y tcs'(lat) * f'(lat)

lat=0 lat=0

(©)

=TCS+ 8y + Orcs + ey

The deviation of annual TCS(y) from the long-term climatic average
(TCS) is formed by the three terms, denoted as 8, 0rcy»and &, ¢, which
quantify individual contributions of the interannual effect of regional track
density (f'(lat)) integrated with the climatology of translation speed
(tes(lat)) over all latitudes, the interannual effect of regional translation
speed (tcs'(lat)) integrated with the climatology of track density (f{lat) ) over
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all latitudes, and the co-variability of interannual anomalies of regional
translation speed and regional track density (tcs'(lat) and f'(lat)),
respectively.

In other words, §,, represents the translation speed deviations from the
long-term average (TCS) by retaining interannual variability of TC track
density along the latitudes but keeping the climatology of the translation
speed. §;cg represents the translation speed deviations by retaining the
interannual variability of translation speed along the latitudes but keeping
the climatology of TC track density. The term 6, 1¢y is 2 non-linear term,
which is small.

Large-scale environmental conditions

This study also investigates large-scale environmental conditions related to
TCs. Large-scale environmental steering flow is estimated by averaging
horizontal winds over 700, 600, 500, and 400 hPa. Middle-tropospheric
geopotential height relative to the global mean is the vertical average of
geopotential height over 700, 600, 500, and 400 hPa after the global mean
has been removed at each pressure level; following the same definition,
middle-tropospheric air temperature relative to the global mean is also
estimated. Zonal vertical wind shear is estimated by calculating the absolute
values of the difference of zonal wind velocity between 200 and 850 hPa.
Other variables at single levels, including sea surface temperature, and
relative humidity at 500 hPa, are also used to interpret the changes and
variations in TC track. These large-scale environmental conditions are
derived from the monthly data in the whole year (12 months) in 1980-2023
in the European Centre for Medium-Range Weather Forecasts (ECMWF)
fifth-generation reanalysis (ERA5)*.

It is fair to use the monthly mean of the middle-tropospheric
winds to represent the large-scale steering flow in which TCs are
embedded at synoptic scales™ . In this study, because TC motion in
the whole year (12 months) is studied, the annual average of large-
scale steering flow is produced. Because WNP TC frequency has a
clear seasonal cycle, when computing the annual average of large-
scale steering flow, here, the monthly steering flow data are averaged
throughout the 12 months and weighted with the monthly propor-
tion (seasonality) of observed TC frequency, referred to as the
seasonality-weighted average. A conventional average (e.g. weighted
equally at each month) for annual large-scale steering flow is pro-
blematic here. This is because the annual TC metrics have more
weight on summer TCs than winter TCs, thus environmental con-
dition values associated with TC metrics should be weighted in the
same way. In contrast, for a reverse seasonality-weighted average of
large-scale steering flow, monthly values have least weight in the
months when TC occurs climatologically often and have most weight
in the months when TCs are climatologically rare. The reverse
seasonality-weighted average minimizes the TC impact on large-scale
steering flow, reflecting the conditions that are independent of TC
appearance. Supplementary Fig. 19 shows the weighting scores used
in calculating the seasonality-weighted and reverse seasonality-
weighted annual averages. These seasonality-weighted averages are
applied to other environmental conditions in this study.

Climate and Walker Circulation indices

The El Nifo Southern Oscillation (ENSO) index is defined by the monthly
standardized sea surface temperature anomalies averaged in the Nifio 3.4
region (5°S-5°N, 170°W-120°W). The Pacific Decadal Oscillation (PDO)
index is defined as the leading principal component of North Pacific
monthly sea surface temperature variability (poleward of 20°N). Yearly
ENSO and PDO indices are integrals of the monthly indices weighted with
the monthly proportion of observed WNP TC frequency throughout the
12 months.

The PWC index is defined as the east-west difference between
the sea-level pressure averaged over the central and eastern equatorial
Pacific (160°W-80°W, 5°S-5°N) and over the equatorial Indian
Ocean and western equatorial Pacific (80°E-160°E, 5°S-5°N)". The

PWC index is derived from the annual sea-level pressure in ERA5.
The annual sea-level pressure is computed by integrating the
monthly data weighted with the monthly proportion of observed
WNP TC frequency throughout the 12 months.

Statistical analyses

For the trend analysis, I estimate the trend (denoted as b) using a linear least-
squares regression and also estimate the error bars (denoted as err) of the
trend by a two-tailed 95% confidence interval under the assumption that the
residuals of the regression follow a normal distribution. b + err represents
the 95% confidence estimate of the trend value. The trend is tested for
statistical significance for a null hypothesis that the trend is zero (ie. a
significant trend means that the interval of trend (b*err) does not
include zero).

The Pearson correlation coefficient (denoted as r) is used to measure
the correlation between the time series of two variables after removing the
linear trends. A two-tailed t-test with p-value of 0.05 is used to test sig-
nificance, with a null hypothesis of a zero correlation. In other words, in this
paper, the statistically significant values (b or r) are at the 95% confidence
level, unless stated otherwise.

Before implementing the above statistical analyses (i.e. trend and
correlation calculations), the effects of the ENSO and PDO are removed
from the time series of TC metrics and environmental variables, as suggested
in refs. 25,26,29. To do so, a multiple linear regression on the yearly ENSO
and PDO indices with a linear least-squares method is first estimated for the
time series of data. The values determined by ENSO and PDO indices are
then removed from the time series of TC or environmental data, to obtain
the residuals. The residuals feed into the above trend and correlation ana-
lyses. This means that the teleconnections from ENSO and PDO to WNP
TC metrics (i.e. translation speed, and position) and large-scale environ-
ment are eliminated in this paper, assuming that these relationships are
stationary with time.

Data availability

Best Track data are obtained from four national meteorological agencies,
which are the Japan Meteorological Agency (JMA; www.jma.go.jp/jma/jma-
eng/jma-center/rsmc-hp-pub-eg/trackarchives.html), the China Meteor-
ological Administration (CMA; http://tcdata.typhoon.org.cn/en/zjljsjj_sm.
html), the Joint Typhoon Warning Center (JTWC; https://www.metoc.
navy.mil/jtwc/jtwe.html?best-tracks), and the Hong Kong Observatory
(HKO; https://data.gov.hk/en-data/dataset/hk-hko-rss-tc-track-info).
Monthly ENSO and PDO indices are retrieved from the NOAA’s National
Centres for  Environmental Information (www.ncdc.noaa.gov/
teleconnections/). The ERA5 data used in this study are generated by
ECMWEF and distributed by Copernicus Climate Change Service (C3S)
Climate Data Store (CDS) (https://doi.org/10.24381/cds.bd0915¢6). Com-
puting and data storage facilities were provided by JASMIN (https://jasmin.
ac.uk).

Code availability
The codes used to analyse the data and to generate the plots in this paper are
available from the corresponding author on request.
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