
1.  Introduction
Rapid intensification (RI) is recognized as a sharp increase in tropical cyclone (TC) intensity over a short dura-
tion. RI prediction still poses significant challenges for operational TC forecasting, owing to an incomplete under-
standing of the physical mechanisms responsible for RI (DeMaria et al., 2021; Knaff et al., 2018). Both internal 
factors and environmental conditions can influence RI (Hendricks et al., 2010). Internal factors are related to 
the TC's thermodynamic and dynamic structure as well as their spatiotemporal variations, which can sometimes 
be modulated by changes in the large-scale environment. RI-favoring environmental conditions include large 
maximum potential intensity (MPI), high tropical cyclone heat potential (TCHP), a moist lower-to-middle trop-
osphere, low vertical wind shear (VWS), an anomalous low-level cyclonic circulation and upper-level divergent 
flow (Kaplan & DeMaria, 2003; Kaplan et al., 2010; Knaff et al., 2018; Shu et al., 2012; Wang & Zhou, 2008).

The western North Pacific (WNP) has the most frequent RI occurrences of any global TC basin on an 
annually-averaged basis (Lee et  al.,  2016). Several studies (e.g., Guo & Tan, 2021; Song et  al.,  2022; Wang 
& Zhou, 2008) have investigated interannual changes in WNP RI activity. Wang and Zhou (2008) reported a 
significant simultaneous interannual relationship between WNP RI occurrence and El Niño-Southern Oscillation 
(ENSO). Compared with La Niña years, the mean frequency of WNP RI events was notably higher in El Niño 
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years, while the average location of RI occurrence shifted equatorward and eastward. This shift is a result of an 
RI-favorable environment with an enhanced and southeastward-extended monsoon trough over the WNP in El 
Niño years (Wang & Zhou, 2008). When considering different ENSO flavors and different TC seasons, Guo and 
Tan (2021) found that RI number during the early season (April–June) in eastern Pacific (EP) El Niño years was 
relative lower than in either central Pacific (CP) El Niño or La Niña. During the peak season (July–September), the 
mean RI onset position significantly migrated poleward in La Niña years, while it weakly shifted southward and 
northward in EP El Niño years and CP El Niño years, respectively. During the late season (October–December), 
the mean RI onset position shifted significantly westward in both EP El Niño and La Niña years. These shifts 
were further attributed to corresponding changes in the thermal state of the upper ocean, mid-tropospheric rela-
tive humidity and VWS (Guo & Tan, 2021). In addition, Song et al. (2022) showed a significant inverse correla-
tion between WNP RI number and the Antarctic Oscillation (AAO). During positive (negative) AAO years, RI 
occurrence was significantly suppressed (enhanced) over most of the WNP, except the South China Sea (SCS). 
The AAO-induced changes were primarily driven by anomalous changes in the WNP low-level circulation (Song 
et al., 2022).

Most RI-related publications have focused on the frequency of WNP RI occurrence. Recently, several studies have 
investigated changes related to RI magnitude, as measured by the 24-hr TC intensity change during the RI stage 
(Balaguru et al., 2018; Li et al., 2023; Song et al., 2020). Song et al. (2020) showed that there was a significant 
increasing trend in WNP RI magnitude since 1979, mainly resulting from increased sea surface temperatures 
(SSTs) and ocean heat content. However, changes in WNP RI number were not significant during the same period.

Li et al. (2023) examined WNP RI activity in 1998 and 2010. They found that although RI occurrence frequency 
was significantly lower than the 1979–2020 average in both years, RI magnitude was the third highest in 1998 
but the lowest in 2010. They attributed the high RI magnitude in 1998 to increased ocean warming coupled with 
an unstable atmosphere, while the low RI magnitude in 2010 was linked to decreased low-level relative vorticity. 
The above studies imply that changes in RI magnitude are driven by potentially different atmospheric/oceanic 
factors than RI number.

It is still unknown what controls changes in WNP RI magnitude on interannual timescales. Given the modulation 
of WNP RI occurrence by ENSO and the AAO (e.g., Song et al., 2022; Wang & Zhou, 2008), we investigate 
what climate modes can influence WNP RI magnitude via correlations of WNP RI magnitude to global SSTs and 
500-hPa geopotential heights. Based on the spatial pattern of the correlation between WNP RI magnitude and global 
500-hPa geopotential heights (Figure 1e), we investigate the statistical linkage between WNP RI magnitude and the 
large-scale environment as influenced by the Western Pacific (WP) teleconnection (Barnston & Livezey, 1987).

The positive phase of the WP teleconnection is characterized by anomalously high heights off the coast of Japan 
and anomalously low heights in the subtropical WNP, while the negative phase of the WP teleconnection is char-
acterized by anomalies of the opposite sign. These changes result in shifts in the position of the East Asian jet 
stream, which modulate large-scale environmental factors that either favor or disfavor TCs.

The remainder of this study is organized as follows. Section 2 introduces the TC and environmental data sets 
employed as well as the analysis methodology. Section 3 displays spatiotemporal variations in WNP RI occur-
rence and magnitude as driven by the WP teleconnection. Section 4 shows how the WP teleconnection modulates 
several environmental variables. Section 5 discusses the influences of several environmental factors on RI occur-
rence and magnitude. This study concludes with a summary in Section 6.

2.  Data and Methods
This study uses the 6-hourly TC best track data from the Joint Typhoon Warning Center provided by the Inter-
national Best Track Archive for Climate Stewardship (IBTrACS) (v04r00), including TC central position and 
maximum 1-m sustained wind (Vmax) over the WNP (north of the equator and 100°E–180°). Only the recent 
period of 1982–2021 is considered, when TC intensity estimates are of higher quality given the near-global cover-
age of geostationary satellites starting in 1982 (Moon et al., 2019). Consistent with previous RI-related studies 
(Kaplan & DeMaria, 2003; Kaplan et al., 2010; Knaff et al., 2018; Shimada et al., 2020; Shu et al., 2012), an RI 
event is identified as a 24-hr Vmax (ΔV24) intensification of at least 30 kt over water, approximately corresponding 
to the 95th percentile of ΔV24 for all TC cases. Here, starting from the first 6-hr point (t0) of the TC, a ΔV24 
(Vmax[t0 + 24 hr] − Vmax[t0]) is calculated for every 6-hr point. Note that RI events defined here are counted in 
6-hr intervals when the above criteria are satisfied. Each RI event has a duration of 24 hr, with one consecutive RI 
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period of a TC lasting more than 24 hr being recognized as multiple RI events. In other words, one RI event will 
overlap with its preceding or following event if an RI period longer than 24-hr occurs. Our results are not signifi-
cantly changed if RI events are identified in 24-hr intervals (figures not shown). Similar to previous publications 
(Balaguru et al., 2018; Li et al., 2023; Song et al., 2020), RI magnitude is defined as ΔV24 during the 24-hr RI stage, 
so by definition its lower limit is 30 kt. We focus on WNP RI activity during July–November (JASON), which 
includes the majority (84%) of RI events that occur over the entire year (Ge et al., 2018; Wang & Zhou, 2008).

Six large-scale environmental factors potentially influencing RI activity are considered in this study, including 
maximum potential intensity (MPI), tropical cyclone heat potential (TCHP), 700–500-hPa relative humidity, 
850–200-hPa VWS, 850-hPa relative vorticity and 200-hPa divergence (Fudeyasu et al., 2018; Knaff et al., 2018; 
Shu et  al.,  2012). Specifically, these variables are first calculated from monthly data and then are averaged 
for the full JASON season. Our results are not significantly different if these variables are computed from 
JASON-averaged large-scale fields (figures not shown). We calculate MPI using the formula of Emanuel (1988):

MPI =

√

𝐶𝐶𝑘𝑘

𝐶𝐶𝑑𝑑

SST − 𝑇𝑇0

𝑇𝑇0

(𝑘𝑘∗ − 𝑘𝑘),� (1)

Figure 1.  (a) Total WNP RI occurrence, mean RI magnitude and the WP index during JASON from 1982 to 2021. (b–e) Spatial distributions of correlations for (b) RI 
occurrence versus SST, (c) RI magnitude versus SST, (d) RI occurrence versus 500-hPa geopotential height and (e) RI magnitude versus 500-hPa geopotential height 
during 1982–2021. Hatched areas denote correlations significant at the 0.05 level.
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where T0 is the temperature of the outflow, k* is the saturation enthalpy of air at the sea surface, k is the enthalpy 
of the boundary layer air overlying the surface, and Ck and Cd are the surface exchange coefficients of enthalpy 
and momentum, respectively. TCHP is a measure of ocean heat content that is warmer than 26°C (DeMaria 
et al., 2005) and is computed as:

TCHP = 𝑐𝑐𝑝𝑝𝜌𝜌∫
0

𝐷𝐷26

[𝑡𝑡(𝑧𝑧) − 26]𝑑𝑑𝑑𝑑𝑑� (2)

where cp is the heat capacity of water, ρ is the density of water, D26 is the depth of the 26°C isotherm, and t(z) is 
the water temperature at depth z.

Monthly mean atmospheric variables are derived from the fifth generation European Centre for Medium-Range 
Weather Forecasts (ECMWF) reanalysis of the global climate (ERA5) with a resolution of 0.25° × 0.25°. Monthly 
mean SST data over a 1° × 1° grid are from the Hadley Centre Sea Ice and Sea Surface Temperature data set 
(HadISST; Rayner et al., 2003). Monthly ocean subsurface temperature profiles over a 0.25° × 0.25° grid are 
from the control member of the ECMWF Ocean Reanalysis System 5 (ORAS5). HadISST and ERA5 provide 
the primary forcing fields for ORAS5 (Zuo et al., 2019), leading to physical consistency between our data sets. 
July–November averages of both the Niño-3.4 SST anomaly and the AAO index are obtained from NOAA's 
Earth System Research Laboratory Physical Sciences Division. Following Wallace and Gutzler (1981), the WP 
teleconnection index (hereafter WP index) is defined as:

WP =
1

2

[

𝑧𝑧
∗(60◦N, 155◦E) − 𝑧𝑧

∗(30◦N, 155◦E)
]

,� (3)

where z* represents monthly normalized 500-hPa geopotential height derived from ERA5. We also use 6-hourly 
environmental parameters extracted from the Statistical Typhoon Intensity Prediction Scheme (STIPS; Knaff 
et al., 2005) developmental data between 1990 and 2020.

The significance levels (p) of correlation coefficients (r), partial correlation coefficients and the differences in 
means between two samples are estimated using a two-tailed Student's t-test. In evaluating statistical significance, 
the effective sample size proposed by Trenberth (1984) is applied to minimize the influence of autocorrelation.

3.  Changes in RI Number and RI Magnitude Associated With WP
Figure 1a displays interannual variations of RI number and RI magnitude over the WNP during JASON from 
1982 to 2021. The correlation coefficient between RI number and RI magnitude is −0.04 (p = 0.79), meaning that 
they are linearly independent. The detrended correlation coefficient is also insignificant (r = −0.09; p = 0.56). 
The spatial distribution of the correlation between RI number and simultaneous SST is characterized by an El 
Niño-like pattern, with significant positive correlations extending from the equatorial central Pacific to the equa-
torial and extratropical eastern Pacific in both hemispheres and significant negative correlations occurring over 
the equatorial western Pacific (Figure 1b). This confirms the relationship between WNP RI number and ENSO 
as found in Wang and Zhou (2008). However, there are almost no significant correlations between RI magnitude 
and simultaneous SST (Figure 1c). Consequently, it is possible that the annual variability of WNP RI magnitude 
is not driven by known SST modes (e.g., ENSO).

The spatial distribution of the correlation between RI number and the simultaneous 500-hPa geopotential height 
shows significant positive correlations in the Southern Hemisphere polar regions and significant negative correla-
tions over the extratropical South Pacific (Figure 1d). This pattern is similar to a negative AAO pattern, consistent 
with the inverse relationship between RI number and the AAO shown in Song et al.  (2022). By comparison, 
significant correlations between RI magnitude and simultaneous 500-hPa geopotential height are observed near 
Japan (Figure 1e). There is a dipole structure with positive values near 60°N and negative values near 30°N, 
characteristic of a positive phase of the WP teleconnection.

Choi and Moon (2012) found that TCs occurred more frequently in boreal summer during positive WP phases 
than during negative WP phases. Positive WP phases favored TCs recurving into the northeastern part of the 
WNP. Here, we find a significant interannual linkage between WNP RI magnitude and the WP index (r = 0.33; 
p = 0.04) (Figure 1a). This linkage remains significant when the long-term linear trends in both indices are 
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removed (r = 0.32; p = 0.04). Moreover, the correlation coefficient remains nearly unchanged when the linear 
influence of ENSO or the AAO is excluded. The lack of change in correlation is primarily due to the insignificant 
simultaneous correlations between the WP index and the Niño-3.4 SST anomaly (r = 0.11; p = 0.52) and between 
the WP index and the AAO index (r = 0.01; p = 0.95). By contrast, there is a weak and insignificant correlation 
between RI number and the WP index (r = −0.05; p = 0.76). There is also a weak correlation after removing 
the trends (r = −0.06; p = 0.71). These results indicate that there are distinct modulations of RI number and RI 
magnitude by the WP teleconnection.

Figures 2a and 2b display the 40-yr climatological (1982–2021) distributions of RI occurrence and RI magnitude 
over the WNP during JASON, by counting 6-hr RI events and calculating their mean magnitude over individual 
5° × 5° grids. Similar spatial features are observed, with more RI occurrences and higher RI magnitudes east of 
the Philippines. Nonetheless, Figures 2c and 2d show different responses of RI occurrence and RI magnitude to 
the WP teleconnection. Note that changes in both RI occurrence and RI magnitude associated with the WP are not 
significantly altered when the effect of ENSO or the AAO is removed (Figure S1 in Supporting Information S1). 
WP-induced changes in RI occurrence between 120°E and 140°E are of a greater magnitude than those over other 
parts of the WNP (Figure 2c). During a positive WP, there is a south-north dipolar pattern in RI occurrence, with 
significantly enhanced RI occurrences over the southwestern WNP (SWWNP; south of 20°N, west of 140°E) and 
significantly suppressed RI occurrences over the northwestern WNP (NWWNP; north of 20°N, west of 140°E). 
Given the comparable magnitudes of these changes in RI occurrence, the basinwide RI number changes little 
during different WP phases.

By comparison, WP-induced changes in RI magnitude are characterized by a southwest-northeast dipolar struc-
ture (Figure 2d). During a positive WP, significant RI magnitude increases occur over the SWWNP, extending 
from the Philippine Sea to the SCS, and are much larger than the region with significant RI occurrence increases. 
Most of the RI magnitude decreases occur over the northern WNP (NWNP; north of 20°N), particularly 

Figure 2.  (a, b) Climatological (1982–2021) JASON (a) RI occurrence and (b) RI magnitude over the WNP. (c, d) Regressions of (c) RI occurrence and (d) RI 
magnitude onto the WP index during 1982–2021. Black crosses denote regressions significant at the 0.05 level. The black dashed lines denote the four WNP quadrants.
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south of Japan. These decreases are insignificant and much weaker than the RI magnitude increases over the 
SWWNP. These results imply that during different WP phases, SWWNP RI magnitude changes dominate varia-
tions in basin-averaged RI magnitude. Moreover, RI occurrence and RI magnitude change differently over some 
parts of the WNP, particularly over the NWNP, when the same environmental changes induced by the WP tele-
connection are considered.

4.  Environmental Changes Associated With WP
Compared with internal dynamics, environmental conditions controlled by climate variability play a dominant 
role in influencing RI activity on interannual timescales (Hong & Wu,  2021). Figure  3 displays changes in 

Figure 3.  Regressions of environmental variables on the WP index from 1982 to 2021, including (a) MPI, (b) TCHP, (c) 700–500-hPa relative humidity, (d) 850-hPa 
relative vorticity, (e) 200-hPa divergence, and (f) 850–200-hPa vertical wind shear. Black crosses denote regressions significant at the 0.05 level. The black dashed lines 
denote the four WNP quadrants.

 19448007, 2023, 21, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
105084 by T

est, W
iley O

nline L
ibrary on [22/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geophysical Research Letters

SONG ET AL.

10.1029/2023GL105084

7 of 10

environmental variables associated with the WP teleconnection. During a positive WP, increased MPIs concen-
trate over the southeastern WNP (SEWNP; south of 20°N, east of 140°E), while decreased MPIs occur over 
most of the other quadrants of the WNP (Figure 3a). Increased TCHPs develop near the equator and within the 
latitudinal belt of 10°–20°N, while decreased TCHPs occur over the NWNP (Figure 3b). We do not find any 
other significant large-scale WP-induced changes in MPI and TCHP (Figures 3a and 3b). During a positive WP, 
significant decreases in 700–500-hPa relative humidity are concentrated over the SEWNP, while weak decreases 
in relative humidity are observed over other sub-regions of the WNP (Figure 3c). These results indicate that the 
WP teleconnection appears to play a minor role in modulating thermodynamic conditions influencing RI activity.

There are larger regions with significant WP-induced changes in dynamic variables relative to thermodynamic 
variables (Figures 3d–3f). During a positive WP, significant increases in 850-hPa relative vorticity are found over 
the SWWNP, particularly southeast of the Philippines. Weak decreases in relative vorticity are distributed along 
the belt extending from the NWWNP to the SEWNP. This distribution likely explains the south-north dipolar 
pattern of WP-induced changes in RI occurrence (Figure 2c). By comparison, despite significant decreases in 
200-hPa divergence near the dateline over the central Pacific, there are only weak changes in 200-hPa divergence 
over other parts of the tropical WNP (Figure 3e). Additionally, 850–200-hPa VWS is significantly reduced over 
the SWWNP, including the SCS and the area east of the Philippines, corresponding to significant RI magnitude 
increases (Figure 3f). Only insignificant VWS increases occur over most of the NWNP, consistent with weak 
decreases in RI magnitude.

In summary, during a positive WP, there are significantly increased 850-hPa relative vorticity and significantly 
decreased 850–200-hPa VWS over the SWWNP, associated with significant increases in both RI occurrence and 
RI magnitude. By comparison, there is significantly decreased relative vorticity but weakly increased VWS over 
the NWWNP, with significant RI occurrence decreases and weak decreases in RI magnitude. During a positive 
WP, the spatial distribution of RI magnitude changes is more like that of VWS changes than that of vorticity 
changes. Consequently, it appears that changes in relative vorticity play only a minor role in interannual variations 
in WNP RI magnitude. This finding is discussed further in Section 5.

Given that dynamic variables likely play a more important role in influencing RI activity over the SWWNP and 
NWWNP than thermodynamic variables do, Figure 4 displays how the WP teleconnection modulates 850-hPa 
relative vorticity and 850–200-hPa VWS. Climatologically, the SWWNP corresponds to the monsoon trough 
region, characterized by low-level southwesterly flow (Figure 4a). The NWWNP is located along the western 
edge of the western Pacific subtropical high and is associated with low-level southerly flow. At upper levels, both 
the SWWNP and the NWWNP are located over the southeastern part of the South Asian high, characterized by 
northeasterly flow (Figure 4b).

Figure 4c shows that a positive WP is characterized by a dipolar structure in the 850-hPa flow at mid-to-high 
latitudes, with an anomalous anticyclone centered at 55°N, 170°E and an anomalous cyclone centered at 35°N, 
145°N. This cyclone and another three cyclonic/anticyclonic circulations at relatively smaller spatial scales consist 
of a large-scale deformation pattern at lower-to-mid latitudes (Figure 4c). One anomalous cyclone centered at 
10°N, 135°E occurs over the SWWNP, providing positive vorticity anomalies. By comparison, the NWWNP 
is located near the horizontal ridge of one anomalous anticyclone centered at 25°N, 115°E, inducing negative 
vorticity anomalies.

The dipolar flow pattern of the WP extends from lower levels to upper levels, with no obvious vertical tilting 
(Figure 4d). During a positive WP, the anomalous cyclone centered at 35°N, 145°N influences a much larger 
area at 200 hPa than at 850 hPa, inducing anomalous upper-level westerlies over most of the tropical WNP. Over 
the SWWNP, there are significant anomalous westerlies at 200 hPa, opposing the climatological northeaster-
lies, which implies a significant deceleration of the 200-hPa winds. By comparison, only weak wind anomalies 
are observed at 850 hPa. These weak wind anomalies are of a much smaller magnitude than the 200-hPa wind 
anomalies (Figure 4c). These results mean that significant VWS decreases over this area are primarily caused 
by significant 200-hPa wind decreases. Over the eastern part of the SWWNP (east of 130°E), the anomalous 
cyclonic circulation at 850 hPa is in the same direction as the climatological winds (Figure 4c). The deceleration 
of 200-hPa winds and the acceleration of 850-hPa winds jointly lead to VWS decreases in this region. Over most 
of the NWWNP, anomalous westerlies oppose climatological easterlies at both 850 and 200 hPa, with the magni-
tude of 850 hPa wind anomalies being slightly greater than the 200 hPa wind anomalies (Figures 4c and 4d). The 
greater reduction in 850-hPa winds than 200-hPa winds induces 850–200-hPa VWS increases.
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5.  Discussion
As previously noted, WNP RI magnitude is less influenced by changes in low-level relative vorticity on inter-
annual timescales. To verify this observation, we apply 6-hourly STIP data from 1990 to 2020 to investigate 
potential contributors to RI occurrence and RI magnitude on synoptic timescales. There are a total of 1,451 RI 
events and 15,959 non-RI events (ΔV24 < 30 kt) in 6-hr intervals. Statistically speaking, the occurrence of RI 
events is associated with significantly larger MPI, TCHP, 700–500-hPa relative humidity, 850-hPa relative vortic-
ity and 200-hPa divergence and significantly smaller 850–200-hPa VWS than that of non-RI events (Figure S2 
in Supporting Information S1), consistent with previous studies (e.g., Fudeyasu et al., 2018; Knaff et al., 2018; 

Figure 4.  (a, b) Climatological (1982–2021) geopotential heights and streamlines over the WNP at (a) 850 hPa and (b) 200 hPa. (c, d) Regressions of (c) 850-hPa and 
(d) 200-hPa streamlines over the WNP onto the WP index, as well as their magnitudes. The pink dashed lines denote the four WNP quadrants. “C” and “AC” refer to 
anomalous cyclonic and anticyclonic circulations, respectively. Hatched areas denote regressions of wind anomalies significant at the 0.05 level.
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Shu et al., 2012). However, when only considering RI events, not all of the six environmental variables show 
significant relationships with RI magnitude (Figure S3 in Supporting Information S1). RI magnitude is signifi-
cantly correlated with TCHP, 200-hPa divergence and 850–200-hPa VWS, although corresponding correlations 
are quite small (r < 0.10). By contrast, MPI, 700–500-hPa relative humidity and 850-hPa relative vorticity have 
insignificant correlations with RI magnitude.

6.  Summary
The interannual variability of WNP RI magnitude is investigated in this study. There is only a weak correlation 
between RI number and RI magnitude during JASON from 1982 to 2020. WNP RI magnitude is significantly 
correlated with the WP teleconnection, regardless of whether the influence of ENSO or the AAO is consid-
ered. On average, basinwide RI magnitude is significantly larger (smaller) in positive (negative) phases of the 
WP. During a positive WP, changes in RI occurrence exhibit a south-north dipolar pattern, with comparable 
increases and decreases in magnitude, respectively. By contrast, there is a southwest-northeast dipolar structure 
west of 140°E in RI magnitude changes, with significant RI magnitude increases over the SWWNP (south of 
20°N, west of 140°E) and weak decreases in RI magnitude over the NWNP (north of 20°N).

The influence of the WP teleconnection on RI magnitude can be explained by changes in large-scale environmen-
tal variables. 850–200-hPa VWS likely plays a more important role in influencing RI magnitude over most of the 
WNP than do other variables (e.g., MPI, TCHP, 700-500-hPa relative humidity, 850-hPa relative vorticity and 
200-hPa divergence). During a positive WP, VWS is significantly reduced over the SWWNP, including the SCS 
and the area east of the Philippines, inducing strong RI magnitude increases. Only slight and insignificant VWS 
increases occur over most of the NWNP, leading to weak decreases in RI magnitude. By comparison, during a 
positive WP, RI occurrence is significantly enhanced over the SWWNP, which is driven by the joint influences 
of increased relative vorticity and VWS. RI occurrence is significantly suppressed over the NWWNP (north of 
20°N, west of 140°E), predominately because of decreased relative vorticity. These changes in 850–200-hPa 
VWS and 850-hPa relative vorticity can be further linked to WP-induced circulation anomalies at lower and 
upper levels.

Song et al. (2020) reported a basinwide increasing trend in RI magnitude over the WNP, which was primarily 
driven by the warming ocean (e.g., increasing SSTs and TCHPs). Li et al. (2023) compared the RI magnitude 
anomalies over the WNP in two years: 1998 and 2010. The warming ocean coupled with an unstable atmosphere 
led to the high RI magnitude in 1998, while reduced low-level relative vorticity induced the low RI magnitude in 
2010. By comparison, our study focuses on changes in WNP RI magnitude on interannual timescales. We find 
that VWS plays a more important role in modulating RI magnitude than other environmental conditions, such 
as SST, TCHP and low-level vorticity. Strong VWS can induce vertical tilt in the TC structure, suppressing TC 
intensification. It is likely that RI occurs when thermodynamic conditions are favorable (e.g., high SST, large 
TCHP, etc.), while its magnitude is controlled by dynamic conditions, particularly VWS. Our study also high-
lights that changes in RI occurrence and RI magnitude over the WNP on both interannual and synoptic timescales 
may be driven by different large-scale factors. RI magnitude tends to be less influenced by low-level environmen-
tal relative vorticity than RI occurrence.

Our results are mainly obtained through statistical analysis and should be verified by numerical sensitivity tests. 
In addition, the impacts of different environmental conditions on RI magnitude should be examined and compared 
with those for RI occurrence.

Data Availability Statement
Best track data is obtained from Knapp et al. (2018). HadISST data is available at: https://www.metoffice.gov.uk/
hadobs/hadisst/data/download.html. ERA5 data is retrieved from Hersbach et al. (2017). ORAS5 data is available 
at Copernicus Climate Change Service (2021). The monthly timeseries of the Niño-3.4 SST anomaly and the 
Antarctic Oscillation (AAO) index are obtained from: https://psl.noaa.gov/data/climateindices/. STIPS develop-
mental data is available at http://rammb.cira.colostate.edu/research/tropical_cyclones/ships/.
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