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Abstract

Most tropical cyclones (TCs) originate from tropical disturbances over the western North
Pacific (WNP). This study examines the tropical disturbances that developed into TCs and their
relationship with maximum attained intensity. Using data from 1981 to 2020, we reveal that 29.1%
of developing disturbances originated from Mixed Rosshy—Gravity (MRG) waves. Compared with
other origins, MRG-originated TCs intensify faster, produce more super typhoons, and reach
higher lifetime maximum intensity (LMI). These developing systems typically form farther
southeast and follow prolonged northwestward tracks, benefiting from a longer pre-LMI oceanic
trajectory and greater exposure to favorable large-scale conditions, including warmer sea surface
temperature, greater mid-level moisture, stronger convection and weaker vertical wind shear.
Following their formation, the disturbances co-propagate westward with the MRG wave packet,
which itself does not dissipate. 81.8% of these disturbances remain within the MRG wave packet
until reaching their LMI, for an average duration of 3.7 days. The MRG wave packet provides
favorable conditions for disturbance development, including warmer sea surface temperatures,
enhanced moisture supply, reduced vertical wind shear, and stronger upper-level divergence—
features that collectively promote intensification. Furthermore, the proportion of TCs statistically
associated with MRG-related disturbances shows a significant increasing trend, underscoring an

increasingly important role of MRG wave environments in modulating TC intensity.



Introduction

Tropical cyclones (TCs) are among the most destructive weather phenomena on earth,
causing catastrophic rainfall, extreme winds, and coastal inundation. Under global warming, the
frequency of intense TCs has increased significantly'. The impact of TCs critically depend on
their lifetime maximum intensity (LMI)®, which can be influenced by various factors throughout
their life cycle, including genesis conditions® 3, environmental interactions and internal dynamics®-
17 Although some progress has been made in predicting TC intensity using dynamical models,
statistical studies exploring the factors that control the LMI of TCs remain limited®,

Evidence suggests that developing disturbance/TC geneses are critical in determining their
eventual intensity. Previous research has established links between genesis conditions and LMI
through case studies and numerical models®”*8, For example, Rappin et al.” found that tropical
disturbances with stronger tangential winds or lower central pressures at the time of their
generation are more likely to develop into stronger TCs. Focusing on North Atlantic TCs, Ditchek
et al.® examined their LMI and identified key genesis variables, such as lower-level vortex strength
and mid-tropospheric vorticity, which demonstrate a strong correlation with LMI. Additionally,
Lu and Tang*® applied machine learning and composite analysis to demonstrate that a more
compact low-level vortex during the early stages of TC development enhances intensification,
leading to a higher LMI by promoting a stronger, more organized circulation. While previous
studies have suggested that the origin of tropical disturbances can influence the LMI of TCs, the

key factors, the climatological statistics relationship and the underlying mechanisms remain to be



explored. This is particularly true for the western North Pacific (WNP), where TCs are shaped by
highly complex environmental conditions such as monsoon troughs, monsoon gyres, and tropical
waves.

Previous studies have shown that most TCs originate from pre-existing tropical
disturbances!®?. Over the WNP, approximately 80% of these disturbances are associated with
equatorial tropical waves®~?*, Among the various wave types, Mixed Rossby—Gravity (MRG)
waves have been identified as a particularly influential background?23%>, MRG waves are
characterized by westward phase propagation and eastward group velocities. They do not radiate
wave energy westward. Instead, their evolution can involve scale contraction and structural
transformation under the influence of background flow and monsoon-related shear, leading to the
emergence of smaller-scale disturbances embedded within the wave packet?®-28, These embedded
disturbances do not represent a westward radiation of MRG wave energy, but rather arise from
internal scale transformation and wave—flow interaction during the westward phase propagation
of the parent MRG wave. Such smaller-scale disturbances can often serve as effective precursors
for tropical cyclogenesis under favorable environmental conditions, accounting for nearly 30% of
TC genesis events over the WNP??4 Feng et al.?! demonstrated that the phase relationship
between pre-TC vortices and the associated tropical waves significantly influences disturbance
intensity development. In-phase interactions between the disturbance and the wave favor a rapid
intensification of tropical disturbance, while out-of-phase interactions tend to suppress it. This
modulation likely occurs by altering the local thermodynamic and kinematic conditions through

the equatorial wave environment, thereby affecting the disturbance's development potential. Such



interactions suggest that the origin of a TC within specific tropical wave structures, such as MRG
waves, can have a profound impact on its intensity evolution. However, the quantitative linkages
between MRG-originated tropical disturbances and TC LMI remain largely unexplored.

While research on TC genesis and development is well-established, the specific influence of
MRG-originated TC genesis on subsequent TC intensity has not yet been fully addressed. This
study assesses the statistical relationship between the TC origin from MRG waves and the LMI of
TCs, providing new insights for TC intensity prediction. Through a comparative analysis of TC
characteristics and the environmental conditions associated with MRG waves, this study
investigates: (1) the differences in genesis location, track characteristics, life cycle evolution, and
LMI between MRG-originated and non-MRG-originated TCs; and (2) the physical mechanisms
by which MRG waves modulate TC intensity, including the genesis environment, track steering,

and wave—vortex interactions.

Results

Contribution of MRG waves to TC genesis and spatial distribution

A total of 958 TC genesis events is recorded in the WNP region (0°-30°N, 120°E-180°)
during 1981 and 2020. Pre-existing tropical disturbances contribute to 79.0% of these TCs. MRG
waves are a significant source of disturbances leading to TC formation, as previous studies have
confirmed the critical role of this transformation?”284>-47 A total of 279 out of the 757 developing
disturbances are associated with MRG wave signals at their initial time, accounting for 29.1% of

all TCs (Fig. 1a). In contrast, 478 developing disturbances are not associated with MRG waves at



genesis, making up 49.9% of the total TCs. Notably, the spatial distribution of genesis locations
for MRG-originated and non-MRG-originated TCs differs significantly. TCs originating from
MRG wave typically form further southeast (Fig. 1b), whereas TCs originating from non-MRG
wave exhibit a peak genesis location near 130°E, east of the Philippines, and a secondary peak in
the SCS. TCs without precursor disturbances are predominantly concentrated in the SCS, likely
reflecting the local characteristics of SCS TCs®. Because the SCS represents a semi-enclosed
basin with environmental conditions and genesis mechanisms distinct from the broader WNP, our
analysis focuses on disturbances developing over the open WNP and does not further examine
locally formed SCS TCs. Note that current research primarily focuses on the origin of developing
disturbances. The number of MRG-originated TCs shows a negative correlation with the number
of TCs that do not originate from MRG waves (correlation coefficient = -0.24, significant at the
90% confidence level). Despite a decrease in the total number of developing disturbances, MRG-
originated disturbances have increased slightly. Consequently, the proportion of MRG-originated
TCs relative to total TCs has exhibited a significant upward trend from 1981 to 2020 (Fig. 1c). We
note that the diagnosed increase in the fraction of MRG-originated TCs exhibits pronounced
interannual variability, partly linked to ENSO modulation. Importantly, after excluding moderate-
to-strong ENSO years, the upward trend in the fraction of MRG-originated TCs persists and
remains statistically significant (Supporting Information Fig. S1), indicating that the diagnosed

trend is not solely driven by ENSO clustering.
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Structural and intensity differences

Tropical disturbances of different origins exhibit distinct wind field and convective structures
at various stages of disturbance development (Figs. 1d-k). The clear differentiation in physical
characteristics between MRG-originated and non-MRG-originated disturbances validates the
effectiveness of our identification method. The disturbances originating from MRG waves display
a classic MRG wave pattern on the day preceding genesis, characterized by an equatorially
symmetric, counterclockwise-rotating low-level vortex accompanied by an equatorially
antisymmetric distribution of convection. In this convection region, intense updrafts and deep
convection are often associated with the strengthening of the low-level vortex. MRG waves
propagate westward near the equator, with the vortex and convective activity tightly coupled
during this evolution (Fig. 1d). As the disturbance develops, the vortex gradually intensifies, and
the convection begins to align with the low-level vortex center (Fig. 1le), forming more

concentrated updrafts and deep convection. At this stage, the vortex and convection remain tightly



coupled, marking a successful genesis of tropical disturbance. The disturbance then begins to move
northwestward, laying the foundation for subsequent TC formation (Fig. 1f).

In contrast, non-MRG-originated disturbances typically show weaker intensification (Figs.
1h, i) and lack prominent circulatory features in their early stages (Fig. 1h). Since the TC data at
genesis time exhibit similar intensities, the low-level vortex structures and intensities at the time
of genesis are similar for both disturbance types (Figs. 1f, j). However, significant differences in
wind speed and convective structure become apparent when they reach their LMI. MRG-originated
TCs exhibit a more pronounced cyclonic circulation and more organized convection within the
storm center compared to non-MRG-originated TCs (Figs. 1g, k). It should be noted that the
composite circulation patterns are sensitive to the spatial distribution of the contributing events.
The broader meridional spread of non-MRG-associated TCs tends to smear out the circulation
signal in the composite fields, making the gyres appear more poleward-elongated and weaker than
those of MRG-associated TCs. This effect reflects compositing characteristics rather than weaker
intensities of individual storms, which are instead quantified using event-based LMI statistics.

MRG-originated TCs achieve a mean LMI of 46.76 m s™', which is significantly higher than
42.89 m s! observed for non-MRG-originated TCs, representing a 9.0% increase in LMI. This
difference is statistically significant at the 99% confidence level (Fig. 2a). At the time of LMI, the
horizontal distribution of the 850-hPa wind field and Tb differences shows that MRG-originated
TCs possess stronger low-level cyclonic circulation and convective activity, with maximum
differences of 2.7 m s in wind speed and 5.9 K in Tb compared to non-MRG-originated TCs (Fig.

2b). In other words, TCs originating from MRG waves typically have higher intensities. This



difference tends to be apparent when LMI reach 35 m s~ (Fig. 2c¢). When the LMI is above 55 m
s!, the number of MRG-originated TCs significantly increases compared to non-MRG-originated
TCs. 75.64% of MRG-originated TCs develop into typhoons (TY), with 49.45% becoming super
typhoon (Super TY). These proportions greatly exceed those of non-MRG-originated TCs, of

which only 52.98% attain TY intensity and 32.03% become Super TYs (Fig. 2c).
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Notably, the annual frequency of non-MRG-originated TCs is declining significantly (Fig. S1),
which is consistent with the decrease in overall TC frequency reported in previous studies*®. In
contrast, the frequency of MRG-originated TCs shows no clear trend. However, their proportion
relative to the total TCs has increased significantly. The differences between the year-mean LMI

of MRG-originated TCs and non-MRG-originated TCs are relatively small in the early stages, but



after 2000, the disparity becomes more pronounced. During this later period, MRG-originated TCs
display a significant upward trend in LMI (Fig. 2d), whereas non-MRG-originated TCs show no
notable change in LMI intensity. A similar ENSO sensitivity is found for the long-term variation
of LMI (Fig. 2d). After masking moderate and strong ENSO years, the increasing tendency of LMI
for MRG-originated TCs remains detectable (Supporting Information Fig. S2). This indicates that
ENSO plays an important role in modulating the interannual variability of TC intensity, but does
not fully account for the observed long-term tendency. Taken together, the persistence of the
increasing LMI tendency after masking ENSO years, along with the increasing fraction of TCs
statistically associated with MRG-related disturbances, indicates that MRG waves may be

involved in modulating disturbance genesis and early development. This influence, operating



alongside ENSO-related variability and other processes, may contribute to variations in TC

intensity.
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Environmental modulation and persistence of MRG wave influence during cyclone

development

Significant differences exist in the activity regions of the MRG-originated and non-MRG-

originated disturbances and their subsequent evolution (Fig. 3a). Disturbance track density and



genesis locations are closely tied to the initial genesis position**° and to the large-scale steering
flow®152, First, the two origins show distinct mean genesis locations and track bands. MRG-
originated disturbances form farther southeast and propagate at lower latitudes (0—10°N), ranging
from the Philippine Sea to the central-eastern WNP (Figs. 1b, 3a). By contrast, non-MRG-
originated disturbances have a mean genesis position ~6.7° farther north and track predominantly
through subtropics (15°-30°N, 125°-165°E) and the SCS (5-25°N, 110-120°E). The spatial
distributions of the two partially overlap with the regions of the ITCZ/monsoon trough. However,
in this study, the ITCZ/monsoon trough is treated as a low-frequency background state, while
MRG waves are analyzed from a wave-dynamical perspective. Although interactions between
MRG waves and the ITCZ/monsoon trough are expected in the real atmosphere, explicitly
diagnosing such interactions is beyond the scope of the present analysis. Second, during
development, MRG-originated disturbances and their ensuing tracks are associated with a stronger,
more westward subtropical ridge. This westward displacement causes the northward steering flow
to shift accordingly, prompting MRG-originated systems to initiate their poleward turn at more
western longitudes. Consequently, these systems spend more time south of 15°N, resulting in a
substantially longer pre-LMI oceanic trajectory for about 768 km on average (Supporting
Information Fig. S3) and a correspondingly longer duration over warm ocean compared to their
non-MRG-originated counterparts.

To further investigate the effect of latitudinal variation of disturbance and TC activity on its
LMI, the aforementioned analysis domain is divided into two sub-regions (Fig. 3a): the MRG

region (4°N-16°N, 130°E-180°E) and the non-MRG region (18°N-30°N, 125°E-175°E). This



division allows for a detailed comparison of the environmental conditions that influence TC
development in regions dominated by different types of disturbances, namely MRG-dominated
and non-MRG-dominated disturbances. Using 20-day low-pass filtered data to minimize the
influence of TC themselves (Figs. 3b-g), we conduct a comparative analysis of key background
environmental parameters, averaged over the period of disturbance and TC development (Fig. 3a).
These parameters are averaged over the disturbance life cycle (Fig. 3a) for each region, allowing
for a clear comparison of the conditions across the two sub-regions. This MRG-dominated region
exhibits: reduced vertical wind shear, higher SST, deeper moisture-rich layers (especially 500-700
hPa), stronger upper-level divergence, low-level convergence and upward motion. The
combination of these factors creates a more favorable thermodynamically and dynamically
environment, promoting the development of MRG disturbances into TCs with stronger peak
intensities.

At the same time, analysis of the deviation between the disturbance life cycle and the regional
climate average further reveals that, although the non-MRG region remains conducive to TC
development, it generally lacks the pronounced intensity-enhancing characteristics of the MRG-
dominated region. For instance, although the non-MRG region has SST higher than the
environmental average, its overall SST is lower than that of the MRG region. Similarly, moisture
content, vertical wind shear, Th, and upper- and lower-level convergence and divergence show
similar patterns. Overall, the environmental differences between the MRG and non-MRG regions
provide valuable insights into the role of disturbance origin in shaping the TC intensity. It is

important to note that all storms examined in this study are TCs governed by the same fundamental



internal dynamics. The LMI differences identified here do not imply distinct TC types, but instead
reflect differences in large-scale environmental modulation associated with disturbance origin and
subsequent wave—environment coupling.

In addition, it is notable that the MRG wave often persists after the development of the
disturbance?®*’. Composite Hovméller diagrams averaged over 10°S—-10°N for all MRG-
originated disturbances (Fig. 4a) show that the MRG wave remains present and continues to
propagate westward throughout the disturbance and subsequent TC development stages. It should
be noted that the westward propagation shown here represents the phase evolution of the MRG
wave, while the associated wave energy propagates eastward in a group-velocity sense, consistent

with classical MRG wave dispersion.
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Before the development of a disturbance, the phase evolution of the MRG wave propagates
westward at a speed of about 15.9 m s', consistent with previous findings®*°*. As the MRG wave

progresses westward, its speed slows slightly, and a developing disturbance forms near the center



of the wave packet (yellow star, Fig. 4a). The nascent disturbance then travels northwestward at
roughly 8.9 m s™'. The original MRG signal does not completely dissipate but persists and
continues to propagate westward. Under these conditions, the persisting MRG signal overlaps
spatially and temporally with the newly emerging disturbance, indicating a coexistence of both
wave-disturbance signals. (Figs. 4b, c). On average, the disturbance remains embedded within the
MRG wave packet for about two days before transitioning into a TC, which subsequently continues
westward at a speed similar to that of the developing disturbance and exits the MRG packet after
about 1.6 days. Throughout this period, the MRG wave retains its distinctive characteristics, and
both systems co-propagate westward. It should be noted that TCs themselves can excite equatorial
wave responses, through energy dispersion processes®®®. Therefore, the association between
MRG wave signals and TCs does not necessarily imply a purely one-way causal relationship in all
cases. In this study, our interpretation is constrained to events in which the MRG wave signal is
objectively identified prior to disturbance and TC formation, and the results should be understood
as a statistical assessment of the role of pre-existing MRG wave environments in modulating
subsequent TC development. We acknowledge that potential two-way interactions between TCs
and MRG waves may occur during later stages of storm evolution, but these feedback processes
are beyond the scope of the present study.

Composites show that TCs originating from MRG waves are influenced by the MRG packet
during their pre-genesis and early development stages for an average of 3.68 days. Upon
decoupling from the wave packet, the MRG-originated disturbance reaches a peak wind speed of

39.72 m s7', 19.6% higher than the 33.2 m s™! for non-MRG-originated disturbances during



equivalent developmental periods. Statistical analysis further indicates that 81.8% of MRG-
originated disturbances remain coupled with MRG waves up to their LMI, and that longer coupling
durations are associated with higher LMI (correlation coefficient = 0.27, significant at the 99%
level; Supporting Information Fig. S4). One possible explanation for this phenomenon is that MRG
waves provide a more favorable environment than non-MRG-originated disturbances.

To investigate the environmental conditions provided by MRG waves, we apply a frequency—
wavenumber spectral filtering technique to identify the low-level cyclonic circulation (also named
as “pouch”) of MRG waves at the time of disturbance or TC formation and extract the associated
initial environmental fields. To exclude the influence of the disturbance or TC itself, data within a
5° radius of the disturbance center are masked when constructing the environmental fields. For
disturbances influenced by MRG waves, we average the pouch-region environmental fields. For
non-MRG-originated disturbances, we similarly average the environmental fields within a 15°
radius of the disturbance center (comparable to the typical scale of an MRG “pouch”).

A systematic comparative analysis of key environmental parameters crucial for TC LMI (Figs.
4d-1) reveals a clear enhancement of favorable conditions within the MRG region compared to
non-MRG regions. These include higher SST, reduced vertical wind shear, stronger convection,
enhanced upper-level divergence, and intensified low-level convergence—all of which are notably
amplified by the MRG wave within the pouch. This MRG environment provides a highly favorable
setting for disturbance and TC intensification, far surpassing the potential for such development
in the absence of MRG wave forcing. As a result, developing disturbances and TCs that are

accompanied by MRG waves experience an average intensity increase rate of 6.17 m s™! per day,



significantly higher than 4.4 m s™' per day for disturbances in the absence of MRG waves. Upon
leaving the MRG wave packet, these disturbances reach an average intensity of 39.72 m s™.
Therefore, the persistence of the MRG wave in accompanying a disturbance after its formation
plays a critical role in predicting the resulting TC’s LMI. Our results demonstrate that continued
embedding within the MRG packet supplies a more favorable environment, which explains why
MRG-originated TCs attain higher LMIs. This mechanism highlights a potentially predictable

pathway linking equatorial wave activity and extreme TC intensity in a warming climate.

Discussion

MRG waves are not only a major source of TC seeds over the WNP but also a key modulator
of their peak intensity. This study provides the first comprehensive climatological assessment of
how MRG waves influence TC genesis and LMI during 1981-2020. Using 40 years of best-track
and reanalysis data combined with wavenumber-frequency filtering, we show that about one third
of TCs originate from MRG waves and these systems achieve significantly higher LMls than non-
MRG-originated TCs. MRG-originated disturbances form farther southeast, travel longer over
warm waters, and are steered by a stronger, westward-displaced subtropical ridge, providing a
longer pre-LMI oceanic trajectory. Its active regions partially overlap with the ITCZ/monsoon
trough. Although MRG waves and the monsoon trough are dynamically coupled and can mutually
influence each other, as shown in previous studies, the present study adopts a wave-centered

perspective and treats the ITCZ/monsoon trough primarily as a low-frequency background state



rather than explicitly analyzing their two-way interactions. The interactions between the two will
be discussed in future research.

Composite analyses further reveal that the MRG “pouch” region is characterized by higher
SST, deeper mid-level moisture, reduced vertical wind shear, stronger upper-level divergence, and
enhanced low-level convergence compared to non-MRG environments. This environment
supports an average intensification rate of 6.17 m s™' day!, compared to 4.4 m s™' day ' in the
absence of MRG forcing. Importantly, 82% of MRG-originated disturbances remain coupled with
the MRG wave through LMI. Statistical results also indicate that a longer period of co-propagation
with the MRG wave packet is associated with a higher LMI. This highlights the importance of
wave-vortex coupling in TC intensification.

Together, these findings demonstrate that MRG waves are an important modulator of TC
intensity over the WNP. The persistence of the MRG wave in accompanying a disturbance after
formation emerges as a key predictor of the eventual LMI, highlighting the potential to incorporate
MRG diagnostics into TC intensity forecasts. How MRG waves and the associated TCs respond
to future climate forcing remains an open question and represents a limitation of the present study,
warranting further investigation in future work using climate model projections.

Methods
Data
TC best-track data are obtained from the International Best Track Archive for Climate

Stewardship?® (IBTrACS, Version 4.0) over the period from 1981 to 2020. The best-track records



provide 6-hourly TC positions (longitude and latitude) and maximum sustained wind speeds. This
study only includes TCs that have reached at least tropical storm (TS) intensity, defined by
maximum sustained surface winds exceeding 17 m s™'. TC genesis location is defined as the first
recorded position of each TC in the dataset®®. The analysis is conducted in the western North
Pacific (WNP; 0-30° N, 120° E-180°) during its TC season spanning from May to November.
Tropical disturbances in the South China Sea (SCS) are excluded because their characteristics
differ from those over the WNP3L. Environmental parameters including wind fields, vertical
vorticity, relative humidity (rhum) are obtained from the European Centre for Medium-Range
Weather Forecasts ERA5%, with 0.25° x 0.25° spatial resolution and 6-hour temporal resolution.
Daily sea surface temperature (SST) data are derived from the NOAA OI SST V2 High Resolution
Dataset®®, with the same resolution. Convective activity is assessed using brightness temperature
(Th) data from the Gridded Satellite** (GridSat-B1), with 0.07° x 0.07° horizontal resolution every
3 hours. For consistency with other datasets, Th data are interpolated to a 0.25° x 0.25° grid at 6-

hour intervals.
Filtering

The Lanczos filtering technique® is used to obtain the synoptic-scale signals at the 2.5-10-
day band®. The wavenumber-frequency spectral filtering method of Wheeler and Kiladis®’ is
applied to isolate the MRG wave signal, with periods of 2.5-10 days, westward wavenumbers 1-
10, and equivalent depths of 8 m to 90 m.

Identification and Tracking of Developing Disturbances



Tropical disturbances are often associated with convective activity and vortex coupling.
Previous studies®®“? have highlighted the significance of low-level relative vorticity and
convection near the disturbance center as the crucial variables for identifying and tracking tropical
disturbances. In this study, we utilize 2-10-day band-pass filtered 850-hPa relative vorticity and
Tb data to identify and track tropical disturbances. A disturbance is classified if it displays a
cyclonic circulation, with at least one-third of the grid points within a 3° radius showing a filtered
relative vorticity greater than 0.2 X 107° s™', a minimum filtered Tb within the same radius lower
than -2 K, and a displacement distance not exceeding 5° over a 6-hour period'?#344, If there is a
TC recorded in IBTrACS at the next time step (6 h) within a distance of 5° of disturbance’s tracked
path, it is classified as the developing disturbance of that TC, its trajectory is correspondingly

established.
Determining MRG Origin of Developing Disturbances

A disturbance is classified as originating from an MRG wave if, within its initial location, the
wavenumber-frequency filtered relative vorticity at 850 hPa exceeds 0.8 x 10°¢ s during the 6
hours prior to the disturbance’s first detection, following the criteria set by Wu and Takahashi?®*,

TCs that develop from such disturbances are labeled as MRG-originated for short.

Data availability
The data supporting the findings of the present study are openly available. The IBTrACS data can

be accessed at https://www.ncei.noaa.gov/data/international-best-track-archive-for-climate-



stewardship-ibtracs/v04r00/access/netcdf/. The ERA5 data set was acquired via
https://doi.org/10.24381/cds.6860a573. The NOAA Ol SST V2 High Resolution Dataset was

acquired via  https://www.psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html.  The

GridSatB1 data were obtained from the following website:

https://www.ncei.noaa.gov/products/gridded-geostationary-brightness-temperature.
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Fig. 1| Overview of WNP TCs with different disturbance origins, including their proportions, spatial
distributions, and composite characteristics. (a) Proportion of total WNP TCs (May-Nov, 1981-2020) originating
from MRG wave, non-MRG wave, and non-tropical disturbance. (b) Genesis density in each 5° x 5° grid for MRG-
originated TCs (red), non-MRG-originated TCs (blue), and non-tropical disturbance TC (black). (c) Percentage of
MRG-originated TCs relative to total TCs (black), along with the number of TCs originating from MRG waves (red),
non-MRG-originated (blue), and non-tropical disturbance TC (gray). Dashed lines represent linear trends, with *
indicating significance at the 99% level based on the Mann-Kendall trend test. (d-e) Composite of MRG-originated
TCs at MRG wave time (d) and disturbance (DB) generation time (e), with 2.5-10-day filtered 850-hPa winds (vectors,
m/s) and Tb (shading, K). (f-g) Composite of MRG-originated TCs at TC generation time (f) and LMI time (g),
showing original 850-hPa winds (vectors, m/s) and Th anomalies (shading, K). (h-k) Composite of non-MRG-
originated TCs at -24h (h), DB generation time (j), TC generation time (j), and LMI time (k).

Fig. 2| LMI differences among TCs with different disturbance origins in the WNP. (a) Differences in LMI (m
s7') among MRG-originated, non-MRG-originated, and non-tropical disturbance TCs in the WNP (May-Nov, 1981
2020). (b) Composite difference in 850-hPa horizontal wind (vectors, m s') and Tb (shading, K) between MRG-
originated and non-MRG-originated at the time of LMI. Vectors and shadings with dots in (b) indicate regions



exceeding the 95% confidence level. (c) LMI distribution for MRG-originated (red) and non-MRG-originated (blue)
TCs, stars indicate statistical significance at the 95th percentile. (d) Annual mean LMI (solid lines) with linear trends
(dashed lines) and 95% confidence intervals (shadings) for MRG-originated (red) and non-MRG-originated (blue)
TCs.

Fig. 3| Environmental and spatial differences between MRG-originated and non-MRG-originated disturbances
in the WNP. (a) Standardized density difference of disturbance tracks (MRG minus non-MRG; shaded) on a 2° x 2°
grid over the WNP. Plus signs indicate statistical significance at the 95% confidence level. Red and blue dashed lines
represent the 1520 gpm contour at 850 hPa, marking the position of the subtropical high ridge during the disturbance
periods, respectively. Tracks and genesis points for MRG (non-MRG) disturbances are plotted in red (blue) lines and
dots. (b-g) Box-and-whisker plots show 20-day low-pass filtered SST (°C), 500-700 hPa mean relative humidity (%),
vertical wind shear (m s™), Tb (K), and divergence at 200 hPa and 850 hPa (10°¢s™!), averaged for the MRG region
(4°N-16°N, 130°E-180°E) and a non-MRG region (18°N-30°N, 125°E-175°E), based on the density difference sign
in (a), during the disturbance lifetime. The mean is shown by the red line, m donating the environmental region's
annual average, 6 denoting the deviation from the annual average during the disturbance period. Stars at the top left
indicate statistical significance at the 95th percentile.

Fig. 4| Evolution and environmental characteristics of MRG-developing disturbance-TC events in the WNP. (a)
Hovmaoller diagram of MRG-developing disturbance-TC events from lag day -1 to +5. Lag day 0 is the developing
disturbance genesis time. Shaded area denote MRG-band filtered 850-hPa relative vorticity averaged over 10° S-10°
N (10°° s7'); black contours are 2.5-10-day filtered 850-hPa relative vorticity, radial averaging within £10° of the
disturbance center (> 2x107¢ s'). Yellow and green stars mark developing disturbances and TC formation. White,
yellow, and green dashed lines denote MRG wave, developing disturbance, and TC track. (b, c) Composite MRG and
developing disturbance/TC wave at (b) lag day+1 and (c) lag day+3. The red dot indicates the center of the TC. Shaded
area denotes MRG-band filtered 850-hPa streamfunction (10° m? s'). Black vectors are 2.5-10-day filtered 850-hPa
wind (speed > 0.25 m s™). (d-i) Composite environmental fields for MRG and non-MRG-influenced disturbances,
showing SST (°C), 500-700-hPa mean relative humidity (rhum; %), vertical wind shear (VWS; m s!), Tb (K), and
200 and 850-hPa divergence (div; 1076 s™!). Stars at top left denote statistical significance at the 95% level.



