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Abstract Recent studies have revealed a global, poleward migration trend of tropical cyclones (TCs) in
terms of annual-averaged latitude of lifetime maximum intensity under the global warming. The TCs in the
western North Pacific (WNP) make the largest contribution to this trend. One existing hypothesis is that there
is a linkage between poleward migration of TCs and anthropogenic forcing. Here we introduce a new
measurement, the lifetime-averaged latitude weighted by TC destructive potential, to detect the meridional
migration of the WNP TCs, which is more reliable and meaningful as it considers not only past data
uncertainty but also public concerns. Our results show that the trend of WNP TC migration reversed during
the recent warming slowing-down period (after ~1999). Different from the existing hypothesis, it is the
change of regional pattern of sea surface temperature that contributes greatly to the meridional migration of
WNP TCs.

Plain Language Summary Tropical cyclones (TCs) account for the majority of natural catastrophic
losses in the developed world and are the second leading cause (next to floods) of death and injury among
natural disasters affecting developing countries. The challenges for climate detection and attribution
research with regard to TCs are to determine whether an observed change in TC activity exceeds the natural
variability and to attribute significant changes to anthropogenic forcing (e.g., greenhouse gases or aerosols).
Recent studies have indicated that the TCs over the western North Pacific (WNP) systematically migrated
poleward, which is plausibly linked to the expansion of the tropics associated with anthropogenic forcing.
However, utilizing our newmeasurement, we find that the polewardmigration of WNP TCs reversed direction
during the recent warming slowing-down period (after ~1999). We thus propose a new mechanism
associated with the regional pattern of sea surface temperature change, which is characterized by a relatively
warm or cold sea surface temperature pool in the region (20–40°N, 140–160°E). Compared with the
previous theory based on anthropogenic forcing and well-known dominant modes of variability, the new
mechanism provides a more convincing explanation for the migration of WNP TCs since 1980, especially for
the recent warming slowing-down period.

1. Introduction

Against the background of climate change and considering the catastrophes and economic damages caused
by tropical cyclones (TCs), it is of societal importance and great scientific interest to understand whether and
how global warming may have already affected TC activities over the oceans (Lee et al., 2012). However,
relatively little is known about the impact of global warming on TC tracks (Wang et al., 2011), despite many
progresses assessing the possible changes in TC intensity and its potential destructiveness (Knutson
et al., 2010).

During the past decades, the average location where TCs reached their lifetime maximum intensity (LMI)
systematically shifted poleward in the Northern and Southern Hemispheres by 53 and 62 km/decade,
respectively (Kossin et al., 2014). As the most active basin of TC frequency, the TCs in the western North
Pacific (WNP) made the largest contribution to the poleward migration trend in the Northern Hemisphere
(Kossin et al., 2016, 2014). Results of several model projections suggested that the poleward shift of the
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TCs in the WNP would continue over the 21st century (Kim et al., 2011; Kossin et al., 2016, 2014; Murakami
et al., 2012; Wang et al., 2011; Wu & Wang, 2004; Ying et al., 2012; Yokoi & Takayabu, 2009), which would
potentially have profound impacts on people’s lives and properties. Increasing mortality risks and hazard
exposures from TCs (Peduzzi et al., 2012) may be compounded in coastal cities outside the tropics, while they
may possibly be offset at lower latitudes (Cardona et al., 2012; Kossin et al., 2016).

Due to the large natural variability in TC activity over the WNP (Chan & Shi, 1996; Liu & Chan, 2008) and the
difficulty of quantifying the contribution to TC track changes by natural variability with relatively short
observation records (Kossin et al., 2014), it remains unclear whether the observed TC track changes are linked
to global warming (Knutson et al., 2010; Lee et al., 2012; Wang et al., 2011), let alone the impact of the recent
warming hiatus (Fyfe et al., 2013; Kosaka & Xie, 2013; Li et al., 2015; Meehl et al., 2014; Trenberth & Fasullo,
2014) on the TC tracks over the WNP. The prevailing poleward shift of TCs is generally attributed to the
expansion of the tropics associated with global warming (Kossin et al., 2016, 2014; Murakami et al., 2012;
Wu et al., 2014), but the mechanisms are not yet agreed on.

Here we focus on the period of 1980–2016, which contains both a rapid warming (RW) period (1980–1999)
and a warming slowing-down (WS) period (1999–2016). Note that the recent WS period includes not only
the warming hiatus period (1999–2013) (Fyfe et al., 2013; Kosaka & Xie, 2013; Li et al., 2015; Meehl et al.,
2014; Trenberth & Fasullo, 2014) but also the years of 2014–2016 as the global temperatures in 2014–2016
were warmer than normal especially in 2015 and 2016, according to the Global Land-Ocean Temperature
Index (available at https://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/GLBTSSST/). During this period
(1980–2016), the best track data are considered most complete and at their highest quality in terms of both
storm location and storm intensity thanks to geostationary satellites (Dee et al., 2011; Kalnay et al., 1996;
Knapp & Kruk, 2010; Kossin et al., 2014). We expand on previous studies (Kossin et al., 2016, 2014) by analyz-
ing observations of the TC best track data and sea surface temperature (SST) data and focus on the difference
in large-scale steering flows of TCs and thus TC migrations over the WNP between RW and WS periods.

2. Materials and Methods

The best track data include the International Best Track Archive for Climate Stewardship (IBTrACS) v03r10
(Knapp et al., 2010; available at http://www.ncdc.noaa.gov/ibtracs/). For the WNP TCs, there are four best-
track data sets from four different agencies: the Joint Typhoon Warming Center, the Japan Meteorological
Agency, the China Meteorological Administration, and the Hong Kong Observatory. The SST data are from
the U.S. National Oceanic and Atmospheric Administration (NOAA) Extended Reconstruction of SST (Smith
& Reynolds, 2003), which is a global gridded reconstructed data set based on historical, observed SST data
using statistical methods.

The El Niño–Southern Oscillation (ENSO), Pacific Decadal Oscillation (PDO), Interdecadal Pacific Oscillation
(IPO), and relative SST (defined in section 4) variability were removed from the annual-mean φDP time series
by regressing individual φDP time series from each best track data set onto the indices of the Niño-3.4, PDO,
tripole IPO (Henley et al., 2015), and relative SST, respectively, and analyzing the residuals (εNiño-3.4/εPDO/εIPO/ε

RSST). We also analyze residuals of the trivariate regression of φDP onto the Niño-3.4, PDO, and tripole IPO
indices (i.e., εN + P + I) when the ENSO, PDO, and IPO variabilities were all removed from the φDP time series.
For detailed regressing method, readers are referred to Kossin et al. (2014). Monthly indices of Niño-3.4, PDO,
and tripole IPO are provided by the National Oceanic and Atmospheric Administration’s Earth System
Research Laboratory Physical Sciences Division (Mantua et al., 1997; Rayner et al., 2003; available at http://
www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/). Here annual averages of the WNP-mean SST, ENSO (Niño-
3.4), PDO, IPO (tripole IPO index), and relative SST indices are taken over June–October, which is regarded
as the peak TC season (Yang et al., 2015).

3. Results
3.1. Trends of TC Migration Over the WNP During Different Warming Periods

The measurement of TC latitude at the time of LMI, φLMI, is comparatively robust to the heterogeneities
introduced into the best track data by both temporal inconsistency in data quality and analysis as well as
interagency procedural differences (Kossin et al., 2014). Thus, we first use φLMI to detect the meridional
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migration trend of TCs over the WNP. Because of the short period after 1980, the estimated φLMI trend is
highly sensitive to the sample size. Take the IBTrACS best track data, for example, when the focus period
changes from 1980–2013 to 1980–2016, the trend first decreased from 1980–2012 to 1980–2015 due to
the relatively low φLMI in 2014 and 2015 and then increased during 1980–2016 (Table S1 in the supporting
information). This raises a question about the observed poleward shift of TCs over the WNP in the
past decades.

As some portion of the φLMI trend is assumed to be linked to the expansion of the tropics caused by global
warming (Allen et al., 2012; Kossin et al., 2014; Wu et al., 2014), the trend is projected to be different in the
recent WS period. As expected, a significant, abrupt decadal change occurred in 1999 based on the
IBTrACS data set, which is consistent with the beginning of the recent WS period as the abrupt decadal
change of the averaged WNP SST in 1999 was significant at the 99% confidence level (Figure S1). Thus, we
investigate different trends of TC migration in the RW and WS periods, respectively. Note that although
the estimated overall trends of φLMI are basically consistent among different best track data sets, there are
relatively large differences in φLMI among these best track data sets (Figures 1b–1f and S2). This implies that
φLMI may not be as certain as expected, because the time when a TC reached its LMI is somewhat uncertain,
especially for the TC with more than one intensification period.

We design a new measurement, the lifetime-averaged latitude weighted by TC destructive potential (φDP), to
detect the meridional shift of TCs over the WNP. The new measurement considers not only uncertain factors
but also public concerns (i.e., TC destructive potential). As the destructive potential can be estimated by inte-
grating the cube of maximum wind speed over its lifetime (i.e., power dissipation index or PDI; Emanuel,
2005), φDP of a TC and annually averaged φDP (φDP - annual) are given by the following:

φDP ¼
∫τ0φ�V3

maxdt

∫τ0V
3
maxdt

¼ ∫τ0φ�V3
maxdt

PDI
(1)

φDP-annual ¼
∑N1 φDP�PDIð Þ

∑N1 PDI
¼ ∑N1 ∫

τ
0φ�V3

maxdt

∑N1 ∫
τ
0V

3
maxdt

(2)

where τ is the lifetime of TC, Vmax is the maximum surface wind speed, and φ is the latitude of TC center. Note
that, to consider the contribution of weak TCs, the definition of PDI in this study is somewhat different from
the PDI definition in Emanuel (2005), as ours considers all wind speeds while Emanuel’s only considers the
wind speed exceeding 17 m/s in the best track data set. φDP is a reliable measurement with little uncertainty
for the following four reasons. First, similar to φLMI, φDP is also insensitive to the usual temporal heterogeneity
of intensity estimate because it is determined by relative intensity during TC lifetime rather than by the

Figure 1. Meridional migrations of WNP TC during the RW (red color) and WS (blue color) periods. Time series of annual-
mean latitude of LMI (φLMI; a–f) and latitude weighted by TC destructive potential (φDP; g–l) over the WNP calculated from
various best track historical data. Linear trends (dashed lines) are shown with their 95% two-sided confidence intervals
(shading), which are also quantitatively presented (annotated values). WNP = western North Pacific; TC = tropical cyclone;
RW = rapid warming; WS = warming slowing-down; LMI = lifetime maximum intensity; IBtrACS = International Best Track
Archive for Climate Stewardship; JTWC = Joint TyphoonWarning Center; JMA= Japan Meteorological Agency; CMA = China
Meteorological Administration; HKO = Hong Kong Observatory.

10.1029/2018GL079686Geophysical Research Letters

SUN ET AL. 9946



uncertain absolute value of TC intensity. Second, φDP considers the whole lifetime of TC rather than an
instantaneous moment in φLMI, which is much uncertain in some TC cases (Figure S3). Third, φDP is not
sensitive to the moments of cyclogenesis and cyclolysis, which are greatly different among various best track
data sets (see Figure 3 in Kruk et al., 2010). As φDP is closely related to the TC destructive potential, which is
estimated by the cube of maximum wind speed during the lifetime of TC, the periods (initial and final TC
periods) when the TC is weak contribute little to φDP (Figure S4 and Tables S2 and S3). Fourth, the
annual-averaged φDP is not sensitive to the estimate of weak TC number. Due to differences in criteria used
to identify TCs, some weak TCs with little public concerns may be identified by some agencies but not by the
other agencies. This inconsistency may contribute remarkably to the uncertainty of φLMI due to the impor-
tance of weak TCs to φLMI (Zhan & Wang, 2017) and only play a minor role in determining the annual-mean
φDP that is largely determined by the strong TCs with large PDI according to equation (2) (Figure S5 and
Table S4). In this study, φDP exhibits much less uncertainty than φLMI, as the difference in φDP trends
among various best track data sets (0.08°/decade in RW period and 0.10°/decade in WS period) is much
smaller than that in φLMI trends (0.23°/decade in RW period and 0.56°/decade in WS period) in terms of
standard deviation (Figures 1g–1l), and the standard deviation of φDP among various best track data sets
is significantly smaller than that of φLMI at the 95% confidence level (Figure S2). Therefore, compared with
φLMI, φDP is insensitive to heterogeneities in the best track data sets and thus is a more reliable and
reasonable measurement for investigating the meridional shift of TCs.

Over the whole study period (1980–2016), the estimated φDP trend, which is not sensitive to the changes in
number and latitude of weak TCs as mentioned above, is notably smaller than the φLMI trend (Table S5). This
implies that weak TCs contribute greatly to the poleward migration of WNP TCs, which is consistent with the
finding of Zhan and Wang (2017). More importantly, the estimated φDP trends are statistically significant at
the 95% confidence level during both RW and WS periods using various best track data sets. The time series
of annual-mean φDP in the WNP shows a poleward migration trend before 1999; for example, the trend was
1.00° ± 0.85°/decade for the IBTrACS best track data (Figure 1a) during the RW period (Kosaka & Xie, 2013; Li
et al., 2015; Meehl et al., 2014; Trenberth & Fasullo, 2014), when the observed SST in the tropical WNP
increased by 0.19 ± 0.15 °C/decade�1 (see Figure S6). However, the poleward migration trend no longer
existed and was even reversed after 1999 (Figure 1a); for example, the trend was �2.22° ± 1.19°/decade
for the IBTrACS best track data during the recent WS period (Kosaka & Xie, 2013; Li et al., 2015; Meehl
et al., 2014) as the SST in the tropical WNP remained almost unchanged (0.01 ± 0.11 °C/decade; see
Figure S6). Therefore, the existing theory on the tropical expansion may explain the poleward shift of TCs
over the WNP during the RW period due to similar trends of SST and φDP, but it does not provide an
explanation for the equatorward migration of TCs over the WNP during the recent WS period due to large
differences between SST and φDP trends. In addition, despite the controversy associated with the existence
of the recent warming hiatus period (Karl et al., 2015), the observed SST indeed underwent a WS period at
least in the tropical WNP.

3.2. Possible Mechanisms for the Meridional Shift of TCs Over the WNP

For a TC, its φDP depends on TC genesis location that gives the TC initial latitude (φG), on TC intensity
evolution that directly affects TC destructive potential and thus φDP during its lifetime, and on TC track
pattern that determines its path and thus φDP during its lifetime. Interdecadal variability of φG is found to
be closely related to interdecadal fluctuation of φLMI (Song & Klotzbach, 2018) and thus is assumed to be
correlated with that of φDP. Moreover, the potential intensity (PI) is a known major factor controlling TC
intensity evolution (Emanuel, 1999), which describes the thermodynamically based maximum TC intensity
that the environment will support and thus connects closely to TC genesis and intensification.
Furthermore, the WNP TCs are usually steered by the large-scale environmental flow, especially the flow
in the main TC activity region of (15–25°N, 120–140°E; Chan & Gray, 1982; Sun et al., 2015). Thereby, the
changes of φG, PI, and the large-scale environmental flow are expected to contribute greatly to the change
of φDP during the RW and WS periods.

The RW and the recent WS were characterized by different regional SST patterns (Kosaka & Xie, 2013), which
are supposed to play important roles in determining both PI spatial distribution and the large-scale
environmental flow in the main TC activity region (15–25°N, 120–140°E) and eventually φDP of the TCs over
the WNP. For instance, the mean SST in the tropics after 1999 remained unchanged (Figure S6), while φDP
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decreased significantly (Figure 1), which implies that, rather than uniform SST change, it was the regional
pattern of SST change that contributed greatly to the equatorward shift of the TCs over the WNP.
However, little is known about the impact of regional patterns of RW and WS periods on TC migration. In
the following sections, we focus on regional patterns in the RW and WS periods, including regional
patterns of SST, PI, large-scale circulation, and TC exposure.

Figure 2. Differences in annual June–October mean SST, PI, large-scale circulation, and TC exposure among the three
phases (Phases A, B, and C). (a, b) SST (°C). (c, d) PI (m/s). (e, f) The 500-hPa geopotential height (shading; m) and 850- to
300-hPa vertical-mean wind (vector; m/s�1) and (g, h) TC exposure (number of days of exposure per year per 4° × 4°bin)
based on the IBTrACS best track data set. Stippling in Figures 2a–2d (2g and 2h) denotes that the difference is significant at
or above the 95% (90%) confidence level by the Student’s t test. SST = sea surface temperature; PI = potential intensity;
TC = tropical cyclone; IBtrACS = International Best Track Archive for Climate Stewardship.
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To investigate the causes for increasing (decreasing) trend of φDP during the period of 1980–1999 (of
1999–2016; Figure 1), we classify the phase of 1981–1990 as Phase A when φDP was at a relatively low
level, the phase of 1994–2003 as Phase B when φDP reached its peak level, and the phase of 2006–2015
as Phase C when φDP fell back to a relatively low level. Comparison between φG and φDP indicates that
despite their strong correlation (Table S6), φG is not the key factor contributing to the WNP TC migrations
during the past decades, especially for the WS period, as nonsignificant differences in time-averaged φG
cannot be used to effectively explain the significant differences in time-averaged φDP among the three
phases (Phases A, B, and C; Figure S7) and φG also cannot be used to explain the recent reversal in the
poleward shift of WNP TCs during the WS period (Table S7). To further investigate the linkage between glo-
bal warming and WNP TC migration, we compare SST, PI, large-scale circulation, and TC exposure during
the three phases (Figures 2 and S8). From Phase A to Phase B, the observed SST increased inhomogen-
eously over the WNP under global warming with a relatively warm SST pool to the southeast of Japan
(Figure 2a). On the one hand, such a warm SST pool resulted in an increase of PI in the midlatitudes (about
20–40°N; Figure 2c), which contributed to the poleward migration of φDP through strong positive meridio-
nal (south-to-north) gradient of PI over the main TC activity region. Note that among the contributing fac-
tors (i.e., SST, outflow temperature, moisture, and the other factors) suggested by Emanuel (1999; see
equation 1 in his paper), it is the SST increase that played a dominate role (86.2%) in determining the
increase of PI from Phase A to Phase B (Table S8). On the other hand, under the hydrostatic constraint,
such a pattern of SST change could induce relatively warm high-pressure anticyclone anomalies over
the warm SST pool, which expanded to the western edge region of the western Pacific subtropical high
and led to the westward expansion of the western Pacific subtropical high in the main TC activity region
(Figure 2e). This led to remarkable southerly wind with the magnitude of about 0.5 m/s in the main TC
activity region, which was favorable for the northward moving TCs over the WNP. As a result, under the
joint contribution of increased PI in the midlatitudes and enhanced northward large-scale environmental
flow, φDP moved poleward remarkably (Figure 2g). Moreover, consistent with the results of previous studies
(Kossin et al., 2016, 2014; Wu & Wang, 2004), TC exposure increased significantly north of ~20°N but
decreased distinctly in the south. The TC exposure increased in the regions of Taiwan, the Ryukyu
Islands, Japan, and South Korea and decreased in the regions of Fujian province of China, Vietnam, and
the Philippines (Figure 2g).

The situation became substantially different from Phase B to Phase C when the warming hiatus occurred. The
SST changed to a nearly opposite pattern from Phase B to Phase C compared to that from Phase A to Phase B,
with a spatial correlation coefficient of �0.91 (Figures 2a and 2b). On the one hand, the relatively cold SST
pool, together with relatively warm outflow temperature at 200 hPa (Figure S9b), contributed to the

Figure 3. Contributions of the known dominant natural variability and relative SST variability to TC migration during the
RW (red color) and WS (blue color) periods. Same as Figure 1a, except for the time series of φDP with ENSO, PDO, and
IPO variability reduced (a) and of φDP with relative SST variability reduced (b). The values are calculated from the residuals of
multivariate regression of φDP onto the June–October mean Niño-3.4, PDO, and tripole IPO indices and from the
residuals of the single-variate regression of φDP onto the June–October mean relative SST variability. Linear trends (dashed
lines) are shown with their 95% two-sided confidence intervals (shading), which are also quantitatively presented
(annotated values). SST = sea surface temperature; TC = tropical cyclone; RW = rapid warming; WS = warming slowing-
down; ENSO = El Niño–Southern Oscillation; PDO = Pacific Decadal Oscillation; IPO = Interdecadal Pacific Oscillation.
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decrease of PI in the midlatitudes over the main TC activity region, which
contributed to the equatorward migration of φDP through strong negative
meridional (south-to-north) gradient of PI over the main TC activity region
(Figure 2d). Moreover, it was the SST that contributed mainly (69.3%) to
the change of PI among the contributing factors (Table S8). On the other
hand, due to the relatively cold SST pool to the southeast of Japan and
its extension, a relatively low pressure surrounding a cyclonic circulation
occurred over the cold pool and expanded to the main TC activity region.
This led to remarkable northerly wind with amagnitude of about 0.7 m/s in
the main TC activity region, which was favorable for the southward mov-
ing of the TCs over the WNP (Figure 2f). Thereby, it is the decreased PI in
the midlatitudes and the enhanced southward large-scale environmental
flow that accounted for not only the equatorward shift of φDP but also
the reversed pattern of changes in TC exposure, for example, the TC expo-
sure increased in Fujian of China, Taiwan, and the Philippines and
decreased around the Ryukyu Islands and South Korea (Figure 2h).

4. Discussion

The most distinctive feature of the aforementioned SST change pattern is
the increase (decrease) of the SST and thus relatively warm (cold) SST pool
over the key region of (20–40°N, 140–160°E) during the RW period (the WS
period). Our results show that φDP was also closely related to the SST over
the key region, which exhibited a high correlation with the trend of φDP
during all three periods (i.e., the RW period, the WS period, and the whole

period of 1980–2016; Figure S10). Moreover, as mentioned above, rather than the SST itself, it is the SST gra-
dient and thus relative SST (defined below) that contributed to the changes of PI and large-scale environmen-
tal flow, which eventually led to TC migration trend. Thereby, to further investigate the relationship between
SST change and TC migration trend, we introduce the concept of relative SST, which is defined as the differ-
ence between the SST averaged over the key region (20–40°N, 140–160°E) and the SST averaged over the tro-
pics and subtropics (40°S to 40°N) globally (Figure S11).

To test the importance of relative SST for φDP, we compare the contributions of relative SST and the three
known dominant modes of variability (i.e., ENSO, PDO, and IPO) to φDP by regressing the time series of φDP
onto these indices (Figure 3 and Table 1). Relative SST explains remarkably large percentage of the variability
of the annual-mean φDP time series, more than the combination of ENSO, PDO, and IPO during the RW and
WS periods, respectively. More importantly, the residual of the trivariate regression of ENSO, PDO, and IPO
maintains a significant poleward (equatorward) migration trend of 0.73° ± 0.69° (�1.40° ± 0.77°)/decade,
while the residual of the single-variate regression of relative SST shows a smaller and insignificant poleward
(equatorward) migration trend of 0.58° ± 0.70° (�0.50° ± 0.97°°)/decade (Figure 3 and Table 1). Therefore,
compared with the theory based on the anthropogenic forcing and the known dominant modes of variability
(Kossin et al., 2016, 2014; Murakami et al., 2012; Wu et al., 2014), the mechanism associated with the regional
pattern of SST change characterized by a relatively warm or cold SST pool is a more convincing explanation
for the migration trend of the TCs over the WNP since 1980, especially for the recent WS period. This implies
but does not necessary mean that the anthropogenic factors did not contribute significantly to the WNP TC
migration trend as expected, since it is difficult to distinguish the contributions of relative SST variability and
anthropogenic forcing based on the short time series. In addition, according to the wavelet analysis of rela-
tive SST (Figure S12), the change of relative SST was probably due to natural internal variability with a long
period (40–60 years) rather than to the IPO or global warming, which is being investigated currently.
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RW and WS Periods

Index
RW period
(1980–1999)

WS period
(1999–2016)

Whole period
(1980–2016)

φDP 1.00 ± 0.85 �1.81 ± 1.16 0.16 ± 0.40
εNiño-3.4 0.98 ± 0.76 �1.37 ± 0.81 0.18 ± 0.35
R2, p value 0.16, 0.085 0.47, 0.002 0.24, 0.002
εPDO 0.79 ± 0.70 �1.41 ± 1.10 �0.04 ± 0.35
R2, p value 0.34, 0.007 0.21, 0.055 0.25, 0.002
εIPO 0.84 ± 0.72 �1.39 ± 0.79 �0.04 ± 0.33
R2, p value 0.27, 0.017 0.48, 0.001 0.34, <0.001
εN + P + I 0.73 ± 0.69 �1.40 ± 0.77 �0.07 ± 0.32
R2, p value 0.37, 0.055 0.49, 0.022 0.35, 0.002
εRSST 0.58 ± 0.70 �0.50 ± 0.97 �0.04 ± 0.31
R2, p value 0.41, 0.003 0.55, <0.001 0.40, <0.001

Note. Listed are WNP TC migration rate and 95% confidence interval (°/
decade) of annual-mean φLMI and the residuals of the regression of φDP
onto the annual June–October mean Niño-3.4, PDO, IPO, and relative
SST indices (i.e., εNiño-3.4, εPDO, εIPO,, and εRSST), along with the residuals
of the trivariate regression of φDP onto the Niño-3.4, PDO, and tripole
IPO indices (i.e., εN + P + I) using the IBTrACS best track data. For the sin-
gle-variate and trivariate regressions, the variance explained R2 and p
value are also given. RW = rapid warming; WS = warming slowing-down;
WNP = western North Pacific; TC = tropical cyclone; PDO = Pacific
Decadal Oscillation; IPO = Interdecadal Pacific Oscillation; SST = sea sur-
face temperature; IBtrACS = International Best Track Archive for Climate
Stewardship.
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