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Abstract This study examines long-term trends in western North Pacific (WNP) tropical cyclones (TCs)
experiencing rapid intensification (RI) from 1971 to 2022. Although there is only a weak slowdown for all
intensifying WNP TCs, the average translation speed for RI TCs has significantly decelerated over the RI main
development region (7.5°-25°N, 115°-160°E). This slowdown is primarily due to increasing RI probabilities
for slower-moving TCs. By contrast, the RI probability of faster-moving TCs remains virtually unchanged.
These differences in RI trend probabilities between slow-moving and fast-moving TCs are primarily linked to a
deepening of the WNP mixed layer. TC-induced sea surface temperature cooling tends to weaken when the
mixed layer is deep. During the intensification stage, the deeper mixed layer is more critical for slower-moving
TCs than for faster-moving TCs. Our findings suggest that RI probabilities for slow-moving WNP TCs may
continue to increase in a future warming climate.

Plain Language Summary Rapid intensification (RI) poses a considerable challenge for operational
tropical cyclone (TC) forecasting. Several studies have found increasing trends in RI frequency, ratio and
magnitude over the western North Pacific (WNP) during recent decades. This study focuses on the translation
speed for WNP TCs experiencing RI from 1971 to 2022. The average movement of RI TCs has significantly
decelerated over the RI main development region, where a majority of RI cases occur climatologically. This
slowdown is primarily induced by significantly increasing RI probabilities for slower-moving TCs and virtually
unchanged RI probabilities for faster-moving TCs. These differences in RI probabilities between slower-
moving and faster-moving TCs cannot be explained by weak changes in the steering flow or favorability of the
thermodynamic environment over the WNP. Instead, these results are primarily linked to a deepening of the
WNP mixed layer. TC-induced sea surface temperature cooling tends to weaken when the mixed layer is deep.
Previous idealized simulations have shown that a deeper mixed layer is more critical to TC intensification for
slower-moving TCs than for faster-moving TCs. Our findings suggest that RI probabilities for slow-moving
WNP TCs may continue to increase in a future warming climate.

1. Introduction

Rapid intensification (RI) is classified as a rapid increase in tropical cyclone (TC) intensity during a short time
period. RI is often identified when a TC maximum sustained wind speed increases by at least 30 kt in a 24-hr
interval (e.g., Kaplan & DeMaria, 2003). Forecast models still struggle at accurately predicting RI, posing
considerable challenges for operational TC forecasting (Knaff et al., 2018). Given increasing concerns about
global warming and its impacts on TC activity, there has been heightened focus on long-term RI trends (Inter-
governmental Panel on Climate Change, 2023).

Several studies have examined long-term changes in various RI metrics over the western North Pacific (WNP),
which climatologically has more frequent RI occurrences than any other TC ocean basin (Lee et al., 2016). Over
the WNP, although the number of RI events occurring in offshore regions (e.g., within 400 km of the coast) has
significantly increased during recent decades (Li et al., 2023), there is no obvious long-term trend in basinwide RI
frequency (Kang & Elsner, 2019; Wang et al., 2015). By contrast, the annual proportion of RI records to total TC
records over the whole WNP basin has exhibited a significant increasing trend since the early 1980s (Bhatia
et al., 2019, 2022). There has also been a significant increase in annual WNP RI magnitude, which is linked to a
significantly increasing number of strong RI events, defined as 24-hr TC intensity increases of at least 50 kt (Song
et al.,, 2020). These trends imply enhanced WNP RI activity, driven by more favorable thermodynamic
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environments for TC intensification (e.g., the warming ocean) (Bhatia et al., 2019, 2022; Li et al., 2023; Song
et al., 2020).

Kossin (2018) noted a significant slowdown of TC motion over the WNP during 1949-2016. This tendency was
questioned in Moon et al. (2019) and Lanzante (2019) given the low reliability of TC best track data during the
pre-satellite era before the 1970s. When focusing on the satellite era, several studies (e.g., Chan, 2019; Kim
et al., 2020; Sun et al., 2021; Wang et al., 2020) have found a weak and insignificant trend in basin-averaged TC
translation speed over the WNP. However, a robust slowing of TC motion was reported over some sub-regions of
the WNP. Yamaguchi et al. (2020) and Zhang, Zhang, et al. (2020) both projected decreasing WNP TC translation
speeds at higher latitudes in a warmer climate, consistent with a slowing steering flow caused by a poleward shift
of the midlatitude westerlies. Wu et al. (2022) observed a slowdown in landfalling TC motion over South China,
which they attributed to an anomalous cyclonic circulation over the western WNP that acted to slow the
climatological northwestward steering flow.

Numerous previous publications have noted that TC translation speed positively correlates with TC intensity and
TC intensity changes (e.g., Lin, Pun, & Wu, 2009; Mei et al., 2012; Walker et al., 2014; Y. Wang and Wu, 2004;
Zhao & Chan, 2017). The passage of a TC can induce sea surface temperature (SST) cooling that is unfavorable
for additional TC development via vertical mixing and upwelling. Vertical mixing is induced by turbulence
generated by the TC's surface winds, which entrains cold water at lower levels into the mixed layer. Upwelling
also results from Ekman pumping forced by the cyclonic flow generated by the TC's surface winds. Faster-
moving (slower-moving) TCs tend to generate weaker (stronger) sea surface cooling and have shorter (longer)
exposure to the cooling, leading to a weakened (strengthened) negative SST feedback.

Sun et al. (2021) showed that the global TC slowdown tended to be greater for stronger TCs, with a slowdown rate
that approximately doubled if tropical depressions were excluded. Nonetheless, stronger WNP TCs did not
exhibit a significant slowdown trend during the satellite era. To this point, it remains unclear whether there is a
relationship between WNP TC intensity change and TC translation speed. This study therefore investigates how
the translation speed of WNP RI cases has changed during the past ~5 decades.

The remainder of this study is organized as follows. Section 2 introduces the TC and environmental datasets
employed as well as the methodology used for the analysis. Section 3 examines the climatology and trends in
translation speeds between RI cases and all cases over the WNP. Section 4 discusses trends in both atmospheric
and oceanic conditions as well as their potential influences on changes in translation speeds for RI events. This
study concludes with a summary in Section 5.

2. Data and Methods

This study applies 6-hourly TC best track data from the Joint Typhoon Warning Center JTWC) as archived in the
International Best Track Archive for Climate Stewardship (IBTrACS) v04r00 (Knapp et al., 2010). Given
inconsistent and changing measurement technologies and reporting practices, systematic overestimates in TC
intensity existed in the JTWC data during the pre-satellite era (Emanuel, 2000). Hence this study focuses on the
period of 1971-2022, as an increasing fraction of intensities have been estimated through satellite observation
since the 1970s (Emanuel, 2000). We only consider 6-hr TC cases with an intensity of at least 34 kt (e.g., named
storms), in order to reduce the uncertainty in detecting weak TCs such as tropical depressions (Klotzbach &
Landsea, 2015). Similar to previous Rl-related publications (Kaplan & DeMaria, 2003; Kaplan et al., 2010; Knaff
et al., 2018; Shimada et al., 2020; Shu et al., 2012), an RI case is identified as a 24-hr V,,,, (AV,,) intensification
of at least 30 kt over water, approximately corresponding to the 95th percentile of AV, for all TC cases. Starting
from the first 6-hr point (#y) of the TC, a AV, (Vaxlto + 24 hr] — V.. [#]) is calculated for every 6-hr point.
Accordingly, the translation speed is computed as the great-circle distance between the TC centers at f, and
to + 24 hr divided by 24 hr.

ax

Figure 1a displays the spatial patterns of the climatological average 24-hr intensification rate, which is computed
as the mean AV,, for TCs experiencing an intensification stage (AV,, > 0 kt) in each 5° X 5° grid. Figure 1b
shows the accumulated RI occurrence number during 1971-2022. A majority (89%) of RI cases occur over the
region spanning 7.5°-25°N, 115°-160°E [hereafter the RI main development region (MDR)], where the average
intensification rates are generally higher than over other regions. Our results that follow are not significantly
changed when using other RI MDR definitions (e.g., Fudeyasu et al., 2018; Wang et al., 2015; B. Wang and
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Climatology (1971—2022)
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Figure 1. (a), (b) Climatological (a) average 24-hr intensification rate and (b) RI occurrence number over the WNP during
1971-2022. The dashed green box denotes the RI main development region (MDR; 7.5°-25°N, 115°-160°E). (c) Average
translation speed for 6-hr TC records over the RI MDR as a function of the simultaneous 24-hr intensification rate. The
shading indicates +1 standard deviation. The green dashed line is obtained through least squares regression, while its
explained variance and the corresponding significance level are shown in the panel. (d) Translation speed distributions for
all, non-RI and RI cases over the RI MDR. The mean translation speeds for different groups are given in the panel.

Zhou, 2008; Zhang, Murakami, et al., 2020). The RI MDR identified here is consistent with that shown in
previous studies (e.g., Fudeyasu et al., 2018; Shu et al., 2012; B. Wang and Zhou, 2008). This study thus focuses
on changes in TC activity and the large-scale environment over the RI MDR.

Monthly mean atmospheric variables are obtained from the fifth generation European Center for Medium-Range
Weather Forecasts (ECMWF) reanalysis of the global climate (ERAS; Hersbach et al., 2020) with a resolution of
0.25° x 0.25°. Monthly mean SST data over a 1° X 1° grid are downloaded from the Hadley Center Sea Ice and
Sea Surface Temperature dataset (HadISST; Rayner et al., 2003). Monthly ocean temperature profiles and depths
of the mixed layer and the 26°C isotherm are from the control member of the ECMWF Ocean Reanalysis System
5 (ORASS; Zuo et al., 2019) on a 0.25° X 0.25° grid. HadISST and ERAS provide the primary forcing fields for
ORASS (Zuo et al., 2019), leading to physical consistency between these datasets.

For our analysis on shorter timescales, we use 6-hr atmospheric variables and SSTs provided by ERAS. Daily
ocean temperature profiles from 1971 to 2016 are obtained from the Ocean General Circulation Model for the
Earth Simulator version 2 (OFES2; Sasaki et al., 2020) at a horizontal resolution of 0.1° X 0.1°. These profiles are
then temporally interpolated to a 6-hr interval.

Previous studies (e.g., Fudeyasu et al., 2018; Knaff et al., 2018; Shu et al., 2012) have suggested that several
factors can influence RI activity, including SST, TC heat potential (TCHP), 700-500-hPa relative humidity, 850-
hPa relative vorticity, 200-hPa divergence and 850-200-hPa vertical wind shear (VWS). The long-term trends in
these indices are based on monthly data. These trends are not significantly changed if we use 6-hr data after
excluding the days when at least one TC occurred over the WNP. In addition, for individual 6-hr TC cases, the
aforementioned environmental factors are calculated by averaging over the circular region within 200-800 km
from the TC center, to minimize the influence of the TC itself (e.g., DeMaria et al., 2005).

This study uses a two-tailed Student's z-test to estimate significance levels (p) of correlation coefficients (r), linear
trends and the differences in means between the two samples.
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Trends in TC Metrics
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Figure 2. (a) Annual changes in mean translation speeds for all cases and RI cases during 1971-2022. The dashed lines denote
the long-term trends obtained by least squares, while their corresponding slopes and significance levels are shown in the
panel. (b)-(d) Long-term changes in (b) the translation speed distribution for RI cases, (c) the RI probability for TCs with
different translation speeds and (d) the average 24-hr intensification rate for TCs with different translation speeds during
1971-2022. Trends significant at the 0.05 level are displayed as color-filled bars.

3. Trends in RI Translation Speed

There is a weak but significant correlation between the TC 24-hr intensification rate and the simultaneous
translation speed (r = 0.06; p < 0.01), consistent with the positive relationship noted in previous studies (e.g., Lin,
Pun, & Wu, 2009; Mei et al., 2012; Walker et al., 2014; Y. Wang and Wu, 2004; Zhao & Chan, 2017). Figure 1c
shows that the relationship is nonlinear. The average translation speed shows less change for AV,, < 60 kt, while
it increases more notably for storms intensifying at extremely rapid rates (AV,, > 60 kt). This means that the
positive relationship between intensification rate and translation speed is more significant for RI cases. Figure 1d
presents the translation speed distributions for all intensification cases (AV,, > 0 kt), non-RI cases (0 kt < AV,,<
30 kt) and RI cases over the RI MDR. The distributions for all cases and non-RI cases are almost identical, given
the large proportion of non-RI cases to all cases (6,832 out of 8,850). By contrast, the distribution for RI cases
generally migrates toward greater translation speeds. The mean translation speed for RI cases is ~1 km hr™' larger
than that for all cases and non-RI cases. This difference is significant at the 0.05 level.

Figure 2a displays variations in annual mean translation speeds for all cases and RI cases during 1971-2022.
There is a significant positive correlation (r = 0.61; p < 0.01), meaning that both have similar influencing factors
on interannual timescales. There is a weak and insignificant slowdown in the mean translation speed for all TC
cases, consistent with previous studies (e.g., Chan, 2019; Kim et al., 2020; Sun et al., 2021; Wang et al., 2020).
However, the translation speed for RI cases significantly decreases at a rate of —0.051 km hr™! yr™! (p = 0.04),
which is one order of magnitude larger than the slowing trend for all cases. This implies that the slowdown tends
to be greater for TCs with higher intensification rates. Figure 2b further illustrates long-term changes in the
translation speed distribution for RI cases during 1971-2022. The aforementioned slowdown in the mean
translation speed corresponds to an increasing proportion of slower-moving RI events and a decreasing proportion
of faster-moving RI events.

Figures 2c and 2d show trends in RI probability and average AV,,, respectively, for TCs with different
translation speeds during 1971-2022. There are significant increases in RI probability for TCs with a
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translation speed of 5-20 km hr~' and weak decreases in RI probability for TCs moving faster than
25 km hr™" (Figure 2c). This highlights that slower-moving TCs have an increased opportunity to undergo
RI, while the RI probability for faster-moving TCs remains almost unchanged. This also means that the shift
of the RI translation speed distribution as displayed in Figure 2b tends to be primarily caused by an
increasing frequency of slower-moving RI events. Similarly, compared with faster-moving TCs, slower-
moving TCs generally exhibit a larger increasing trend in average AV,,, meaning a greater chance of
intensification (Figure 2d). There are strong and significant increases in average AV,, for TCs with a
translation speed of 5-20 km hr™' but weak and insignificant decreases in the average AV,, for TCs moving
faster than 20 km hr™".

4. Trends in Environmental Conditions

This study focuses on environmental changes from July-November, which includes 84% of RI events that
occurred during the entire year (Ge et al., 2018; B. Wang and Zhou, 2008). Figure 3a displays the trend in the 850—
300-hPa steering flow from 1971 to 2022. There are almost no significant changes in the steering flow over the
tropical WNP, with significant easterly anomalies observed at higher latitudes. This is consistent with our finding
of insignificant changes in translation speed for all TC cases over the RI MDR. This also implies that the sig-
nificant slowdown of RI events cannot be explained by steering flow changes.

Figures 3b—3g presents trends in environmental conditions that have been previously shown to impact WNP RI
activity. Consistent with Song et al. (2021) and Klotzbach et al. (2022), there are significant increasing trends in
thermodynamic variables (e.g., SST, TCHP and 700-500-hPa relative humidity) over the RI MDR during
1971-2022. These more favorable thermodynamic conditions all enhance TC intensification and favor RI
occurrence (Figures 3b—3d). Significant increases in SST and TCHP occur over almost the entire MDR, while
significant increases in relative humidity are concentrated over the southwestern part of the MDR. By contrast,
there are no significant changes in dynamic variables (e.g., 850-hPa relative vorticity, 200-hPa divergence and
850-200-hPa VWS) over most of the WNP, except significant decreases in divergence near the southwestern
edge of the MDR (Figures 3e—3g). These results confirm that the warming ocean is the major contributor to
enhanced RI activity during recent decades, as noted by Bhatia et al. (2019), Song et al. (2020), Bhatia
et al. (2022) and Li et al. (2023).

In addition, Figure 4 displays changes in environmental conditions for 6-hr TC cases over the RI MDR. We
separate these cases into slow-moving and fast-moving groups using a translation speed threshold of
22.5 km hr™", corresponding to different changes in RI probability as shown in Figure 2c. Regardless of TC
translation speed, thermodynamic conditions (e.g., SST, TCHP, and humidity) become significantly more
favorable for TC intensification (Figures 4a—4f). By contrast, dynamic conditions (e.g., vorticity, divergence
and VWS) change insignificantly (Figures 4g—4l). These changes in 6-hr TC-surrounding environmental
conditions are consistent with the trends in July-November mean conditions as displayed in Figures 3b-3g.
This implies that slow-moving TCs do not have a more favorable environment for intensification than fast-
moving TCs.

If more RI-favorable environmental conditions were the main factor leading to the slower movement of RI cases,
the RI proportion of TCs would become greater regardless of translation speed. However, significant RI ratio
increases are only observed for slow-moving TCs (Figure 2c). Over the RI MDR, significant increases in ocean
temperature are found between the surface and ~100-m depth, corresponding to a global warming signal in the
ocean (Figure 5a). Consistent with Figures 3b and 3c, the R MDR-averaged SST and TCHP both have signif-
icantly increased from 1971 to 2022 (Figures 5b and 5c). Given the warming of subsurface water, the 26°C
isotherm now extends to a significantly deeper depth (Figure 5d).

Moreover, above 100-m depth, the warming rate of the ocean temperature increases with depth, meaning a
decreasing vertical temperature gradient (Figure 5a). As a result, there is a significant deepening of the mixed
layer over the RI MDR, with a rate of 0.078 m yr~' (p < 0.01) (Figure 5¢). When using the daily OFES2 dataset,
there is also a significant increasing trend in mixed layer depth during 1971-2016, with a rate of 0.053 m yr™'
(p < 0.01). This trend changes only slightly to 0.051 m yr~' (p < 0.01), if the days when at least one TC occurs
over the WNP are excluded. This means that long-term changes in the mixed layer depth are not significantly
influenced by TC activity.
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hPa divergence and (g) 850-200-hPa VWS from 1971 to 2022. Flow trends significant at the 0.05 level are shown as red vectors in (a), while slopes significant at the

0.05 level are denoted by black crosses in (b)—(g). Dashed green boxes denote the RI main development region (MDR; 7.5°-25°N, 115°-160°E).
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Figure 4. Boxplots of (a), (b) SST, (c), (d) TCHP, (e), (f) 700-500-hPa relative humidity, (g), (h) 850-hPa relative vorticity, (i), (j) 200-hPa divergence and (k, 1) 850—

200-hPa VWS for 6-hr TC cases occurring over the RI MDR during different periods. The left and right columns are for slow-moving TCs (translation speed

<22.5km hr™") and fast-moving TCs (translation speed >22.5 km hr™"), respectively. The significance level of the difference between the means (triangles) is shown in

the title of each panel.
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Figure 5. (a) Trends in ocean temperature at different depths over the Rl MDR during July-November in 1971-2022. Thick lines denote trends significant at the 0.05
level. (b)—(e) Annual variations in (b) SST, (c) TCHP, (d) depth of 26°C isotherm and (e) depth of mixed layer averaged during July—November over the Rl MDR from
1971 to 2022, as well as their long-term trends. The trend values and their significance levels are shown in the panels.

It is well accepted that there is an interaction between TCs and the underlying upper ocean (e.g., Ema-
nuel, 2001; Emanuel et al., 2004). Changes in upper-ocean temperature can influence TC activity, while the
passage of the TC can modulate the thermal and dynamical structure of the upper ocean. On one hand, TCs
usually cool the surface ocean and warm the subsurface ocean, leading to a deepened mixed layer (Zhang
et al., 2021). On the other hand, mixed layer depth significantly (marginally) affects various TC parameters
(e.g., intensity, size and destructiveness) before (after) reaching a depth threshold that is mainly determined by
TC intensity (Zhang et al., 2024). Nonetheless, this interaction between TCs and the upper ocean is primarily
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observed on synoptic or weekly timescales, because TC-induced temperature anomalies in the upper ocean
typically disappear over a timescale of a couple of weeks (Dare & McBride, 2011; Ma et al., 2020; Mei &
Pasquero, 2013; Price et al., 2008). On interannual or longer timescales, there is only a minor impact of TCs
on the upper ocean. By analyzing observations and conducting numerical simulations, Wu et al. (2018) re-
ported a dominant role of the mixed layer depth in the increasing ratio of the most intense TCs over the WNP
during recent decades.

Several studies have also investigated the role of the mixed layer depth in simulating RI for TC cases (e.g., Lin,
Chen, et al., 2009; Sun et al., 2016; Wang et al., 2018; Yesubabu et al., 2020). The common conclusion is that a
deeper mixed layer is generally associated with higher TCHP, which favors RI of simulated TCs, including faster
RI onset and longer RI duration. By contrast, TCs intensify at a slower rate and are less likely to experience RI
when a shallower mixed layer is considered.

By using an idealized atmosphere-ocean coupled model, Zhao and Chan (2017) found that the simulated TC-
induced SST cooling became weaker when an initial deeper mixed layer was given. The weakening magni-
tude was much more evident for slow-moving TCs than for fast-moving TCs. As a consequence, when the mixed
layer depth increased, there was a weakening negative feedback of TC-induced SST cooling for slow-moving
TCs. By comparison, the change in SST cooling tended to be negligible for fast-moving TCs. We find that the
deeper mixed layer is likely the reason why only the slower-moving TCs have shown an increasing chance of
undergoing RI.

5. Summary

Long-term changes in translation speed of WNP TCs experiencing RI and their related mechanisms are inves-
tigated in this study. Climatologically, there is a significant positive correlation between 24-hr intensity change
and simultaneous translation speed. RI events generally exhibit faster translation speeds than other intensification
cases. Consistent with previous publications (e.g., Chan, 2019; Kim et al., 2020; Sun et al., 2021; Wang
et al., 2020), there is only a weak slowdown for all intensification cases over the WNP during 1971-2022.
However, there is a significant slowdown in RI cases over the MDR (7.5°-25°N, 115°-160°E). This is primarily
caused by significant increases in the RI probability for slow-moving TCs.

The 850-300-hPa steering flow shows no significant trend over the MDR, implying that it plays only a minor role
in the slowdown of RI events. As noted in previous studies (e.g., Bhatia et al., 2019; Bhatia et al., 2022; Li
et al.,, 2023; Song et al., 2020), there is a more RI-favorable thermodynamic environment over the MDR,
including higher SST, larger TCHP and a moister troposphere. Although these environmental changes have been
found to contribute to enhanced WNP RI activity, we primarily link the slowdown in RI cases to the deepening of
the ocean mixed layer over the MDR. When the mixed layer is deeper, the TC-induced SST cooling weakens, with
the effect of this weakened SST cooling being much stronger for slower-moving TCs (Zhao & Chan, 2017). This
explains why slower-moving TCs have an increasing chance of undergoing RI, while the RI probability of faster-
moving TCs shows little change.

Our results highlight distinct trends in the translation speed of WNP TCs with different intensification rates during
recent decades. Our findings suggest that more attention should be paid to the RI probability of slow-moving TCs
in operational forecasting. We intend to verify these results using numerical projections from high-resolution
climate models in future work.

Data Availability Statement

All data used in this study are freely available online. Western North Pacific TC Best track data are obtained from
Knapp et al. (2018). The Hadley Centre Sea Ice and Sea Surface Temperature (HadISST) data are downloaded
from the Hadley Centre for Climate Prediction and Research/Met Office/Ministry of Defence/United
Kingdom (2000). The fifth generation European Centre for Medium-Range Weather Forecasts (ECMWF) at-
mospheric reanalysis of the global climate (ERAS) data are retrieved from Hersbach et al. (2017). The ECMWF
Ocean Reanalysis System 5 (ORASS) data are provided by Copernicus Climate Change Service/Climate Data
Store (2021). The Ocean General Circulation Model for the Earth Simulator version 2 (OFES2) data are provided
by JAMSTEC (2009).
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