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Philippine archipelago and South China Sea
monsoon plus ocean cooling buffer
Northwestern Pacific super typhoons

Tian Ma 1, Wei-Dong Yu 1,2,3 , Sabrina Speich 4, Hai-Kun Zhao 5, Rui Xin1,
Hao Luo 6 & Li-Guang Wu7

In dramatic contrast to the continuous intensification of strong Atlantic hur-
ricanesmoving into theGulf ofMexico, super typhoons (SuperTYs) originating
from the Northwest Pacific significantly weaken after entering the South China
Sea (SCS). Using an idealized cyclone intensity model, we show that this
striking discrepancy results from the SCS’s buffering effects, including per-
sistent topographic blocking by the Philippine archipelago and seasonally
shifting atmospheric–oceanic constraints. The archipelago accounts for ~54%
of typhoon weakening throughout the season, while environmental factors
explain the remaining ~46% with the significant seasonal dependence on
strong SCSmonsoon-induced vertical wind shear in summer (~30%) and ocean
cooling in autumn (~37%). The Coupled Model Intercomparison Project Phase
6 projects that these buffering effects may likely persist through the 21st
century. These findings enhance our understanding of the SCS coastal vul-
nerability to typhoon impacts, with broader implications for climate risk
management.

The super typhoons (SuperTYs) cause huge impacts along their track
and even extreme destructions in the coastal region once landing1,2,
which stands out dramatically from the tropical cyclones (TCs). While
both the Northwest Pacific (WNP) and the North Atlantic (NA) regions
are prone to SuperTYs (Fig. 1), SuperTYs from WNP consistently
weaken after entering the South China Sea (SCS), while the NA hurri-
canesmaintain their intensity or even get intensified after entering the
Gulf ofMexico (GM). Theprobability of the SuperTYoccurrence in SCS
is significantly lower (4.3%) compared to that in GM (17.3%). Thus, the
SCS can be regarded as a natural “buffer”3 that protects the adjacent
coastline from the destructive impact of SuperTYs, whereas the US
coast is more exposed to SuperTY risks. Gaining insight into the

underlying mechanisms responsible for this buffering effect is crucial
for improving operational forecasting and assessing future typhoon
disaster risks. However, SCS buffering effect and the SCS-GM contrast
remain poorly understood.

The theoretical framework for assessing TC intensity has pre-
dominantly centered around the Maximum Potential Intensity (PI)
theory, which estimates the theoretical maximum intensity that a TC
can reach4,5. According to PI theory and most high-resolution climate
models, TCs are expected to intensify as sea surface temperature (SST)
warm under global warming6–13. However, the regional response in TC
intensity to warming ocean varies significantly14. For instance, the no
significant trend of TC intensity in the SCS diverges from the rising
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trend in the GM (Fig. 1c, d). This regional contrast suggests that other
environmental factors, such as upper-ocean thermal structure15–19,
vertical wind shear20–23, and mid-tropospheric humidity24, may play
significant roles in influencing TC intensity. Yet, the relative importance
of these factors under different regional conditions remains unclear25.

While the SCS buffering effect was initially proposed based on
statistical analyses of typhoons crossing the Luzon Strait3, that work
focused on northern SCS storms and emphasized interdecadal varia-
bility. A recent study26 broadened the scope to the entire basin and
provided substantial mechanistic insight, highlighting the amplifying
effect of strong internal tides on SST cooling that suppresses TC
intensification. Notably, SuperTYs such as Typhoon Megi27 have been
observed to weaken when crossing the Philippine terrain. This aligns
with the sharp intensity drop near 120°E, suggesting a topographic
constraint that has yet to be quantitatively assessed relative to the
environmental background.

This study aims to advance understanding of the SCS buffering
effect by quantitatively separating the roles of large-scale environ-
mental fields and topographic constraints. We first investigated the
relatively unfavorable environmental factors within the SCS and

analyzed the underlying processes through cross-basin comparisons.
We then quantified the respective contributions of the Philippine
archipelago and environmental fields using idealized tropical cyclone
model simulations. Finally, we assess the potential future evolution of
the buffering effect under climate change based on CMIP6 multi-
model projections.

Results
Severe typhoons over the South China Sea
Figure 2a, b illustrate the distribution of SuperTYs during the boreal
summer and autumn, with a specific focus on those entering the SCS.
Although thenumber ofwestwardSuperTYs is relatively limited,with 9
out of 65 in summer and 28 out of 115 in autumn, they rarely dissipate
in the open sea, resulting in considerable economic losses and
casualties in the surrounding areas of the SCS. Typically, these
typhoons reach theirmaximum intensity in the eastern Philippines and
subsequently weaken after crossing the Philippines and the Luzon
Strait into the SCS.

Focusing on the most intense typhoons affecting the SCS, the
majority of those reaching severe or super typhoon (STY or SuperTY)

Weakening(a)

(b)

(c) (d)

Fig. 1 | Global distribution of tropical cyclones (TCs) and regional contrasts.
a Global TC tracks from 1979−2020, with intensity indicated by color categories:
tropical storm (TS; 17–24.4m s⁻¹), severe tropical storm (STS; 24.5–32.6m s⁻¹),
typhoon (TY; 32.7–41.4m s⁻¹), severe typhoon (STY; 41.5–51m s⁻¹), and super
typhoon (SuperTY; ≥51m s⁻¹). Red boxes denote the regions selected for com-
parative analysis. b Spatial distribution of SuperTY occurrence rate (%), calculated
as the proportion of SuperTY points relative to all TC points within each 1° × 1° grid
cell. c, d Interannual variations in TC intensity (colored dots, m s⁻¹) and mean sea

surface temperature (SST, bars, °C) in the South China Sea (SCS) and the Gulf of
Mexico plus part of the Caribbean Sea (GMC) during the boreal summer and
autumn. TCs that remained in the regions for at least 1 day were included. TC
intensity was calculated as themaximum intensity of each TCwithin the region and
then averaged over all TCs in each 3 year period, with error bars showing the 25th

and 75th percentiles. Solid (Dotted) lines show statistically significant (non-sig-
nificant) linear trends at a 95% confidence level. Numbers in the titles denote the
percentage of SuperTYs in each region. [Inspired by Fig. 1 in ref. 26].
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Fig. 2 | Seasonal variations in super typhoon (SuperTY) occurrence and
Northwest Pacific typhoon (WNPTY) intensitywith environmental differences.
a, bColored tracks indicate SuperTYs that entered the South China Sea (SCS, white
solid box) and remained for at least 1 day during the boreal summer (June–August,
JJA) and autumn (September–November, SON). Gray tracks represent SuperTYs
that did not meet this criterion. Colored dots show the tropical cyclone (TC)
intensity category: tropical storm (TS), severe tropical storm (STS), typhoon (TY),
severe typhoon (STY), and super typhoon (SuperTY). c Climatological differences
in TC environmental factors between the SCS and Northwest Pacific (WNP, white

dashed box); see Methods for detailed calculations of environmental factors.
d Linear correlation between mean difference (SCS minus WNP) in pre-TC wind
shear (pre-shear, m s–1) and the corresponding WNPTY intensity difference (m s–1)
during summer (blue) and autumn (brown). WNPTY sample selection is described
in the Methods. Each pre-shear value is averaged within a 350km radius of the TC
center and from 15−3 days before the TC observation. The solid line indicates the
linear regression, with Pearson correlation coefficient (R) and significance level (P)
labeled. The shaded area denotes the 95% confidence interval. e Same as (d) but for
pre-TC sea surface temperature (SST, °C).
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intensity within the SCS originate east of 130°E, accounting for 64.6%
for STYs and 77.8% for SuperTYs (Fig. S1). In contrast, locally generated
TCswithin the SCS tend to exhibit lower intensity. This high-risk group
originating east of 130°E, comprising 64 TCs, forms the primary focus
of our subsequent analysis and is hereafter referred to as Northwest
Pacific typhoons (WNPTYs; see Methods for selection criteria). The
pronounced weakening of these WNPTYs upon entering the SCS
underscores the region’s buffering effect against strong typhoons,
likely influenced by the Philippine archipelago’s blocking role and the
contrasting large-scale environmental conditions between the SCS and
WNP3,26,28.

The dominant environmental factors influencing the WNPTYs
The buffering effect of the SCS against WNPTYs can reasonably be
attributed to its relatively unfavorable environmental conditions. Fig-
ure 2c compares key environmental factors relevant to TC develop-
ment between the SCS andWNP, including vertical wind shear, relative
humidity, PI, and SST. The SCS exhibits stronger vertical wind shear
and weaker PI compared to the WNP, particularly during the boreal
summer. These atmospheric and oceanic conditions collectively limit
the westward intensification of WNPTYs.

To quantify their relative influence, Fig. 2d, e examine the direct
impact of these factors on WNPTY intensity changes. During summer,
regional variations in vertical wind shear are the dominant driver, with
a significant linear correlation coefficient of −0.69. In contrast,
WNPTYs show limited sensitivity to regional SST differences. Larger
pre-TC vertical wind shear differences result in more pronounced
weakening of WNPTYs, while negative differences can even lead to
their strengthening. Strong vertical wind shear disrupts the structure
of TCs, hindering upwardmotion and energy concentration within the
cyclone21,29–33.

These regional differences are largely shaped by the South China
Sea Summer Monsoon (SCSSM), which weakens from west to east
(Fig. S2a). During the summer monsoon, intensified southwesterly
winds in the lower atmosphere and northeasterly winds in the upper
atmosphere increase vertical wind shear. The stronger low-level
southwesterly winds and deep convection significantly reduce the
SST through processes such as enhanced entrainment, latent heat
release, and blocked short-wave radiation. The zonal gradients in
vertical wind shear and SST induced by the summer monsoon, parti-
cularly the former, hinder the westward development ofWNPTYs. The
Bay of Bengal offers an even more extreme case, where the stronger
vertical wind shear entirely prevents the formation of SuperTYs34.

After the SCSSM, the vertical wind shear and its zonal gradient
rapidly decrease, reducing the atmospheric dynamical constraints on
WNPTYs. Meanwhile, the faster cooling of the SCS enhances the
thermal constraints on WNPTYs. As a result, WNPTYs become
increasingly sensitive to oceanic thermal conditions (Fig. 2e). During
the transitional window from the summer to winter monsoon, the
combination of reduced vertical wind shear and SSTs remaining above
28 °C creates favorable conditions thatmake the SCSmore susceptible
to strong typhoons35,36.

In contrast, the environmental factors in the North Atlantic trade
wind region exhibit an east-west gradient opposite to that in the
monsoon region (Fig. S2b). Easterlywinds in the lower atmosphere and
vertical wind shear decrease from east to west, while SST increase in
the same direction. Additionally, both circulation patterns and SST
follow a unimodal structure, peaking in September. As a result, hurri-
canes in the GM and the Caribbean Sea are most frequent in
September37, and generally intensify as they move westward (Fig. S3).
The GM’s atmospheric and oceanic conditions, including weaker ver-
tical wind shear, warmer SST, and higher mid-tropospheric humidity,
collectively favor hurricane intensification during the peak season.

A previous study26 identified the SCS as a relatively favorable TC
environment based on global basin comparisons, and accordingly

emphasized strong TC-induced SST cooling as a key suppression
mechanism. In contrast, our analysis focuses specifically on WNPTYs.
In this context, the SCS exhibits comparatively unfavorable
atmospheric–oceanic conditions relative to the WNP. To enable a
consistent cross-basin comparison, we further evaluate environmental
conditions acrossmajor Northern Hemisphere TC basins (Fig. S4). The
results confirm that the SCS exhibits stronger pre-TC vertical wind
shear during the summer monsoon (JJA), while its TC-induced SST
cooling becomes particularly pronounced during autumn (SON),
approaching that in the GM. Nonetheless, the GM has higher pre-TC
SSTs, providing more favorable thermal conditions for TC intensifi-
cation. In contrast, the SCS shows no seasonal advantage in either
summer SST cooling or autumn wind shear.

These results suggest a seasonally complementary buffering
structure in the SCS for strong WNPTYs, with summer dominated by
atmospheric dynamical suppression and autumn by oceanic thermal
suppression. However, environmental constraints alone may not fully
account for the sharp intensity drop observed near 120°E, motivating
further investigation into the role of the Philippine archipelago.

Mechanistic quantification of topographic and environmental
buffering
The meridional topography of the Philippine archipelago on the
eastern side of the SCS contrasts with the conditions in the GM. To
assess its buffering effect onWNPTYs, we employed a tropical cyclone
intensitymodel38. Since the originalmodel did not account for tropical
cyclones passing over islands, we added a ‘Philippine archipelago’
module. The modified simulation, which includes this module, serves
as the control experiment (Experiment 0, EX0). For comparison, the
originalmodel, where the Philippine Islands were removed, represents
the alternative experiment (EX1). Details of the experimental design
are provided in the Methods section. The validation results are shown
in Fig. S5, where EX0 accurately reproduces the intensity changes of
WNPTYs east of the Philippines. Although there are some deviations
over the archipelago, the model’s accuracy is restored west of 117°E,
providing confidence in subsequent comparisons.

The results from EX1 suggest that without the Philippine archi-
pelago, the peak intensity of WNPTYs would shift westward to 120°E,
leading to a notable increase in both the average intensity and fre-
quency of SuperTYs within the SCS. As WNPTYs progress further into
the SCS, they weaken due to the influence of environmental gradients.

Figure 3 evaluates the buffering impact of the Philippine archi-
pelago onWNPTYs by comparing their intensity at two key locations.
The first location is set to the east of the Philippines (green line),
where WNPTYs typically reach their peak intensity. The second is
near the northwest coastline of the SCS (yellow line). Both observa-
tions and EX0 show a similar intensity reduction between these two
points (~−8.3m s⁻¹). This reflects the combined buffering effects of
the Philippine archipelago and the SCS environmental conditions.

When the archipelago is removed (EX1), the reduction shrinks to
~3.8m s⁻¹. Taking EX0 as the baseline (100% total weakening), this
implies that SCS atmospheric–oceanic conditions (e.g., wind shear and
upper-ocean thermal structure) alone explain 46%, whereas the Phi-
lippine archipelago contributes 54%± 5.3% (90% confidence interval,
based on αmax = 35%–55% sensitivity tests shown in Fig. S6). The same
two‑location comparison yields nearly identical results in both sum-
mer and autumn (46%/54% vs. 45%/55%).

To assess the influence of empirically parameterized shear, we
conducted sensitivity experiments, which show that the buffering
attribution remains robust under varying shear formulations
(Table S1). We also extended the analysis to explicitly assess the
mechanism of enhanced TC-induced SST cooling, inspired by the
observational evidence reported by a previous study26. By introducing
a flux adjustment factor based on amplified cooling magnitudes ran-
ging from 1 × to 5 × (seeMethods), our sensitivity experiments (Fig. S7)
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show that even under enhanced cooling conditions, the relative con-
tributions of the environmental field and the Philippine archipelago
remain comparable (41%/59%), with the environmental contribution
slightly increasing during autumn (52%, compared to 45% in the
baseline case). This underscores the archipelago’s irreplaceable role in
suppressing WNPTYs.

A seasonal decomposition (Table S2) further quantifies the pre-
viously suggested seasonal complementarity of atmospheric–oceanic
conditions by explicitly isolating vertical wind shear (EX2; see
Method), which maintains fixed shear values after the storm crosses
Line_WNP. During summer and autumn, vertical wind shear accounts
for 30 ± 4% and 8 ± 3% of the typhoon weakening, respectively, while
the residual oceanic component contributes 16% and 37%, respec-
tively. Uncertainty estimates reflect sensitivity only to the shear
parameter.

It’s important to note that the above experiments did not account
for the influence of terrain elevation, particularly theCordillera Central
mountains in northern Philippines. To further assess the role of
topographic height in modulating SuperTY intensity, we conducted
additional sensitivity experiments using the Weather Research and
Forecasting (WRF)model. As detailed in theMethods section, a total of
11 observed SuperTYs that crossed the Cordillera Central were simu-
lated, of which four were retained for detailed analysis based on their
agreement with observed intensity and track.

Across all four cases, reducing terrain elevation to 15m or 1m
resulted inminimal changes in intensity compared to the control runs,
indicating that the elevation of the Cordillera Central had limited
influence (Fig. S8), consistent with a previous case study27. In contrast,

complete removal of the Philippine archipelago consistently led to
markedly stronger typhoons downstream, reaffirming the buffering
role of the islands as a whole.

Notably, both the land module in the WRF model and the sim-
plified ‘Philippine archipelago’module in themodified tropical cyclone
intensity model amplify the weakening effect of the archipelago on
super typhoons. This highlights that the complex processes induced
by islands remain inadequately understood. In contrast to the growing
focus on rapid the intensification of SCS TCs36,39,40, these under-
explored blocking effects are likely to be equally crucial for opera-
tional forecasting, as they determine the initial state of WNPTYs upon
entering the SCS, which in turn influences their subsequent intensifi-
cation. This underscores the need for further research into these
processes to enhance the accuracy and reliability of operational
forecasts.

Future evolution of the buffer zone
Assessing trends in TC activity in the context of climate change pre-
sents a significant challenge and remains controversial due to the
confounding effects of natural variability and the limited availability of
long-term observations. Several studies14,41–46 indicate that the most
significant trend observed in the WNP is a poleward shift in TC tracks,
rather than an increase in the frequency of intense typhoons.However,
projections from numerous studies suggest that the frequency of very
intense TCs is expected to increase as global warming progresses6–13.
This raises a critical question: Will the SCS buffering effect continue to
mitigate the risk of SuperTYs in surrounding regions under future
anthropogenic warming?

(a)

(b) (c)

Philippine archipelago (54%)
Environmental fields (46%)

Fig. 3 | The contribution of the Philippine archipelago to the buffering effect.
a Terrain height (m) of the East Asian region. White lines indicate the tracks of
Northwest Pacific typhoons (WNPTYs; see Methods) that crossed the yellow
coastline. b The mean intensity (m s–1) of WNPTYs during the half-day before
reaching the Northwest Pacific (WNP) line (Line_WNP) and the coastline (Line_-
Coast). Error bars indicate the 90% confidence interval. ‘OBS’, ‘EX0’, and ‘EX1’
represent the observations, the control experiment, and the experiment in which

the Philippine archipelago was removed, respectively (see Methods for details).
c The difference in themean intensity (m s–1) ofWNPTYs between the coastline and
the WNP line. In this study, the intensity difference in EX0 is set as 100%, repre-
senting the total buffering effect. The 46% in EX1 represents the relative con-
tribution of atmospheric–oceanic conditions, while the remaining 54% is attributed
to the Philippine archipelago, as noted below the bars.
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To predict future changes in SuperTY activities, two primary
methods are employed11,47,48: (1) dynamical downscaling and (2) the use
of TC development-related indices. The first approach offers a more
direct prediction of future TC changes. Simulation results for Super-
TYs in the WNP are promising, but the same cannot be stated for the
SCS49. Therefore, as an alternative approach,we analyze the large-scale
environmental factors in this study usingmulti-model ensembles from
the Coupled Model Intercomparison Project Phase 6 (CMIP6). This
allows us to infer indirectly whether the SCS’s natural buffering effect
will persist under anthropogenic warming.

Figure 4 illustrates changes in WNPTY environmental factors
under the most extreme anthropogenic warming scenario. One of the
key factors during summer, the SCS vertical wind shear and its east-
west gradient, shows little change in the ensemble mean. The SST is
expected to increase significantly, by ~2.5 °C (8.6%), while the corre-
sponding rise in PI is more modest (2.8%). This is largely because the
potential increase in TC intensity is counterbalanced by the simulta-
neous warming of the upper troposphere in a high-CO2 climate50,51. A
2.5 °C rise in SST alone would substantially elevate the risk of intense
typhoons within the buffer zone (Fig. S9). However, previous WRF
experiments suggest that when accounting for concurrent changes in
atmospheric temperature and relative humidity, the impact of the SST
increase is significantly diminished, resulting in little change inWNPTY
intensity51.

It is anticipated that the effectiveness of the buffer zone may
persist through the end of this century, particularly during the
summer monsoon season. This projection is based on several rela-
tively stable factors: the presence of the Philippine Islands, the
relatively unchanged vertical wind shear, and the modest increase in
PI, even under extreme warming scenarios. Observational evidence
further supports this view: despite significant regional SST warming,
SCS typhoon intensity has shown no clear upward trend in recent
decades, likely due to stable shear (Fig. S10) and strong TC-induced
ocean cooling26.

However, this conclusion remains conditional. It is derived from
trends in a limited set of large-scale proxies thatmay not capturefiner-
scale physical processes such as island-induced disruptions and
air–sea coupling. Ensemble variance of these environmental fields also
increases under warming (Fig. 4), contributing further uncertainties.

Moreover, seasonal asymmetry may emerge if SSTs continue to rise
(Fig. S9): vertical shear in summer may offset warming effects, while
autumn conditions could favor more intense typhoons.

Discussion
Our study advances the understanding of the South China Sea buffer
zone by quantitatively attributing the weakening of strongWNPTYs to
the respective roles of the Philippine archipelago and
atmospheric–oceanic constraints (Fig. 5). Using an idealized cyclone
intensity model, we identify the Philippine archipelago as a robust
geometric barrier, accounting for ~54% ± 5% of typhoon weakening
across the entire typhoon season. In contrast, atmospheric–oceanic
constraints contribute the remaining 46%, displaying pronounced
seasonal variability.

During summer, strong vertical wind shear induced by the South
China Sea monsoon emerges as the primary environmental inhibitor
for strong WNPTYs, responsible for about 30 ± 4% of the weakening.
This result helps clarify previous inconsistencies regarding shear
effects3,26,35,36, emphasizing that significant suppression primarily
affects stronger typhoons, while weaker storms remain less influenced
(Fig. S4). With the weakening of shear in autumn, the primary envir-
onmental control shifts towards oceanic conditions, which account for
~37% of the typhoon weakening. This finding quantifies the seasonal
role of the previously proposed SST cooling mechanism26, confirming
its importance in autumn, but showing that topographic blocking
remains indispensable (Fig. S7). Thus, the total buffering effect is
maintained by a seasonally shifting balance between atmospheric and
oceanic constraints, superimposed on a persistent topographic bar-
rier, jointly enhancing the robustness of the SCS as a natural buffer
zone against super typhoon impacts. In contrast, the GM lacks similar
meridional island barriers, and its environmental gradients instead
favor westward intensification, resulting in more frequent super
hurricanes.

We explicitly isolated the effects of topography and wind shear
through targeted experiments and assessed their uncertainties
using sensitivity tests on the island flux-reduction parameter and
shear coefficients. While these efforts provide a solid foundation for
our quantitative attribution, several sources of uncertainty remain.
As a residual term, the oceanic contribution may encompass

SCS SCS SCS

SCS-
WNP

SCS-
WNP

SCS-
WNP

Fig. 4 | Projected changes in tropical cyclone environmental factors under
severe anthropogenic warming scenarios. aUpper panels show the vertical wind
shear (m s-1) over the South China Sea (SCS, white solid box in Fig. 2a) during the
boreal summer and autumn for the current 20 years (2015–2034) and the future
20 years (2080–2099), with error bars representing the multi-model standard
deviation over 20 years. The numbers indicate the change rate in the mean values.

Lowerpanels (gray shading) show the regional differences between the SCS and the
Northwest Pacific (WNP, white dashed box in Fig. 2a), with error bars representing
the 90% confidence interval. b, c Same as (a), but for sea surface temperature (SST,
°C) andpotential intensity (PI,m s-1), respectively. Under the SharedSocioeconomic
Pathway 5-8.5 (SSP5-8.5) scenario, the selected Coupled Model Intercomparison
Project Phase 6 (CMIP6) multi-models are listed in Table S3.
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unquantified influences, including unrepresented interactions
among atmospheric, oceanic, and topographic processes.
Similar limitations also exist in the uncoupled WRF simulations
employed here, which do not capture dynamic SST cooling, sub-
surface feedback, or prior-storm memory effects—all of which are
important for realistically simulating typhoon intensity changes.
Additionally, summer monsoon-driven track shifts, which may steer
typhoons northward, were not explicitly quantified and likely con-
tribute to the observed seasonal differences. These limitations do
not alter our core findings, but they highlight the need to further
advance coupled atmosphere–ocean–terrain modeling frameworks
to improve the completeness and accuracy of future attribution
analyses.

Looking ahead, CMIP6 multi-model projections suggest that the
SCS buffer zone may continue to moderate SuperTY risk through the
21st century, supported by relatively stable topography, wind shear
and potential intensity. However, this conclusion remains conditional,
as it relies on trends in a limited set of large-scale proxies that cannot
fully represent finer-scale processes like island-induced disruptions,
internal tides, and detailed air–sea coupling. Moreover, increased
variance across CMIP6 models under warming scenarios reflects
enhanced uncertainty (Fig. 4), potentially driven by either inter-model
differences or a true increase in internal climate variability. In the latter
case, the SCS could face intensified typhoon activity during particu-
larly extreme years. Additionally, future typhoon risks will likely
depend on shifts in monsoon circulation driven by uneven
warming47,52, which may alter storm tracks even without substantial
changes in storm intensity53.While the SCSmay remainmore resilient54

than temperate regions such as eastern China and Japan55,56, this buf-
fering is conditional and shaped by processes not fully resolved in
current climate models.

While our study provides a foundation for long-term assessments
of extreme typhoon hazards in the SCS buffer zone, it also highlights
considerable challenges in short-term operational forecasting, as cur-
rent high-resolution regional models struggle to accurately capture
these island-forcing effects (Fig. S8), revealing gaps in understanding
the complex influence of topography in TC behavior. Similar island-
induced blocking effects may also play a crucial role in other cyclone-
prone regions, such as the TaiwanStrait and theMozambiqueChannel.
Addressing this gap is crucial for improving operational TC forecasts,
extending lead times, and ultimately enhancing disaster preparedness
and response strategies.

Methods
Data
TC tracks and intensity information are obtained from the World
Meteorological Organization (WMO) subset of the International Best
Track Archive for Climate Stewardship (IBTrACS-WMO) version 4,
which uses data from the officialWMO agency in each region. IBTrACS
is the most comprehensive global collection of tropical cyclone data
currently available. It combines current and historical tropical cyclone
data from several agencies, including the Joint Typhoon Warning
Center (JTWC), WMO Regional Specialized Meteorological Centers
(RSMCs), Tropical CycloneWarning Center (TCWC), and the Shanghai
Typhoon Institute57.

The large-scale environmental factors related to TCs mainly
include (a) monthly and daily wind, air temperature, relative and spe-
cific humidity, and sea level pressure from the European Centre for
Medium-RangeWeather Forecasts (ECMWF)Reanalysis v5 (ERA5)58, (b)
Sea Surface Temperature (SST) obtained from NOAA high-resolution
SST data products (OISST)59, (c) Mixed-layer depth (MLD) obtained
from the NCEP Global Oceanographic Data Assimilation System
(GODAS). In addition, we analyzed 43 model simulations from the
Coupled Model Intercomparison Project Phase 6 (CMIP6)60. These
include the latest generation of integrated Earth SystemModels (ESM),
driven by historical greenhouse gas concentrations. Each scenario
simulation in CMIP6 is run under a combination of the Representative
Concentration Pathways (RCP) and Shared Socio-Economic Pathways
(SSP)61. The most extreme scenario (SSP5-8.5) was selected for this
study (Table S3).

Basemap imagery (e.g., in Fig. 1a) was obtained from the NASA
Moderate Resolution Imaging Spectroradiometer (MODIS) Blue Mar-
ble dataset (August 2004), provided by the NASA Earth Observatory.
Global topographic elevation data were obtained from the NOAA 15
arc-second Global Relief Model (TOPO15).

Tropical cyclone classification
With reference to the global tropical cyclone classification from
IBTrACS57, we categorize typhoon intensity (maximum sustained
winds,MSW) as follows: tropical storms (TS, 17m s-1 ≤MSW<24.5m s-1),
severe tropical storms (STS, 24.5m s-1≤MSW<32.7m s-1), typhoons
(TY, 32.7m s-1 ≤MSW<41.5m s-1), severe typhoons (STY, 41.5m s-1 ≤
MSW<51.0m s-1), and super typhoons (SuperTY, MSW ≥ 51.0m s-1). A
SuperTY is roughly equivalent to a Category 3 to 5 hurricane on the
Saffir-Simpson scale. The IBTrACS-WMO dataset includes MSW

Shear Ocean Terrain Shear Ocean Terrain

30%±4%

16%*

54%±4%

8%±3%

55%±6%

37%*Weakening

Summer contribution Autumn contribution

Fig. 5 | Schematic illustration of the South China Sea (SCS) buffering effect and
seasonal attribution. Shading shows the summer-mean vertical wind shear
anomaly (m s–1, relative to the zonal average), while contours indicate autumn sea
surface temperature anomaly (°C, relative to the zonal average). The 3D structure
represents idealized typhoon weakening across the SCS. Bar charts illustrate the

seasonal contributions to typhoon weakening from monsoon shear (blue), ocean
cooling (orange), and Philippine archipelago’s topographicblocking (green) during
summer and autumn, based on the quantitative decomposition results shown in
Table S2. Oceanic contributions (marked by asterisks) are inferred as residuals after
isolating the effects of shear and topography.
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measurements from various agencies. Following previous studies62,63,
we converted certain 10min average wind speed data in the dataset to
1min average wind speed by dividing by a factor of 0.88.

Calculation of large-scale environmental factors on TCs
Vertical wind shear is the difference in wind speed between two
atmospheric levels. It is calculated as:

Vertical Wind Shear=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðU850 � U200Þ2 + ðV850 � V 200Þ2
q

ð1Þ

where U850 (V850) and U200 (V200) are the zonal (meridional) wind
components at 850 hPa and 200 hPa. In addition, the relative humidity
(RH) at 600 hPa is used to represent mid-tropospheric humidity.

The maximum potential intensity (PI) defined by ref. 64 and
developed by refs. 65,66:

V 2
max =

Ck

CD

Ts � To

To
ðho*� h*Þ ð2Þ

where Ck and CD are the surface enthalpy momentum exchange
coefficients; Ts and To are the sea surface temperature and outflow
temperature; h*

o and h* are the saturationmoist static energy at the sea
surface and at the free atmosphere respectively.

Selection criteria of TC tracks
In this study, TCs with a maximum intensity below 17m s⁻¹ are first
excluded from the analysis. Starting from Fig. 2d, this study focuses on
the high-risk typhoon group impacting the SCS, defined as Northwest
Pacific typhoons (WNPTYs), which originate from the WNP east of
130°E. The criteria selected for WNPTYs are as follows:

• TCs originate east of 130°E and reach their maximum intensity
during the boreal summer and autumn.

• TCs cross the WNP region (white dashed box in the Fig. 2a) and
enter the SCS (white solid box), where they remain for at
least 1 day.

• The portion of TCs that crosses the yellow line (Fig. 2a) is exclu-
ded. This criterion is designed tominimize the potential influence
of the eventual landfall.

Following these selection criteria, a total of 64 WNPTYs are
identified, including 17 cases in summer and 47 in autumn. Among
them, 52 TCs remain active upon reaching the northwestern boundary
of the SCS (yellow line in Fig. 3a) and are thus included in the quanti-
tative analysis of the buffering effect. Although not all tracks directly
intersect the Philippine landmass, 84% cross the simplified repre-
sentation of the archipelago (black dashed line in Fig. 3a), and the
remaining cases pass within 90 km. This subset provides a repre-
sentative basis for diagnosing the buffering effects of the SCS envir-
onment and the Philippine terrain.

Tropical cyclone intensity model
In this study, we verify the impact of Philippine topography on the
buffer zone using a tropical cyclone intensity model. This model,
adopted from previous studies38,67, is an axisymmetric numerical
atmospheric model coupled with a simple one-dimensional ocean
model. In this study, the intensitymodel is initialized with a warm-core
cyclonic vortex with amaximumwind speed of 21m s⁻¹. The inputting
environmental parameters include the daily vertical wind shear, SST,
and ocean mixing layer depth (MLD). The MLD ‘s original data reso-
lution is monthly average, which undergoes linear interpolation to
derive daily values. All other fixed parameters follow the model’s
default configuration, except for the near-surface relative humidity,
which is adjusted from 80% to 82% in this study to better reflect
observed conditions over the South China Sea and the western North
Pacific. Previous studies have shown that the model successfully

captured the interannual variability of TC intensity in the WNP,
although it tends to overestimate the intensity68,69. This bias is reduced
in our simulations through the adjustment of near-surface humidity.

The influence of islands was not considered by this model, which
relies solely on the absence of SST data to determine TC landfall. The
pre-TC input parameters, including vertical wind shear, SST, andMLD,
are averaged within a 350 km radius of the TC center and over the
period from 15−3 days prior to the TC observation point. In this way,
the Philippine archipelago is replaced by the surrounding real marine
and atmospheric environmental fields.

To evaluate the influence of the Philippine archipelago, an idea-
lized “islandmodule”was introduced. In thismodule, the TC’s capacity
to extract heat from the ocean is linearly reduced as the storm
approaches a simplified representation of the archipelago (Fig. 3a,
black dashed line). This reduction is governed by an empirical para-
meter α, which increases from0 to amaximum value (αmax) as the TC
moves from a distance of 350km to 0 km from the island chain. Based
on this setup, three primary experiments were conducted:

• Experiment 0 (EX0) serves as the control run, including the full
island module (αmax = 45%), realistic wind shear, and oceanic
inputs. It is calibrated tomatch the observed intensity weakening.

• Experiment 1 (EX1) removes the island effect (αmax=0%) while
keeping all environmental conditions unchanged. The difference
between EX1 and EX0 isolates the contribution of topographic
blocking by the Philippine archipelago.

• Experiment 2 (EX2) retains the island effect but fixes wind shear at
its instantaneous value upon crossing Line_WNP (~123°E), thereby
isolating the relative contribution of SCS wind shear.

The seasonal decomposition based on these three experiments is
summarized in Table S2 and illustrated in Fig. 5, providing a clean
partitioning of the total weakening into topographic, shear, and resi-
dual oceanic components.

Robustness testing of the island module. To test the robustness of
our findings regarding the contribution of the Philippine archipelago,
we performed additional sensitivity experiments using various αmax
values (35%–55% in 5% intervals). These experiments defined a 90%
confidence interval for the inferred buffering effect (Fig. S6).

Robustness testing of the shear parameterization. The tropical
cyclone intensity model does not explicitly resolve the dynamic
interaction between the storm and vertical wind shear. Instead, the
shear effect is empirically parameterized as a function of the envir-
onmental sheer magnitude, with the default configuration assuming
a quadratic dependence (σV 2

shear, Equation (7) in the reference38),
where σ is an empirically determined coefficient, and V shear is the
vertical wind shear. This parameterization is designed to capture the
ventilating effect of environmental shear on the storm. Given this
empirical treatment of shear, the robustness of the inferred buffering
effect may depend on the specific form of this parameterization. To
evaluate this potential sensitivity, we conducted additional experi-
ments by modifying the shear dependence from quadratic to linear
(σ1V shear) and perturbing the parameterization coefficient by ±10%
(0.9σ1 and 1.1σ1). The results of these sensitivity tests are summar-
ized in Table S1.

Robustness testing of the SST cooling amplification. A previous
study26 highlighted intensified SST cooling in the SCS due to internal
tides interacting with TCs. Although our initial experiments accounted
for the spatial variation of MLD, with shallower depths in the SCS
enhancing TC cooling effects compared to the WNP, they might still
have underestimated the extreme cooling observed in the SCS.
Therefore, we conducted additional sensitivity experiments explicitly
designed to assess the impact of amplified cooling effects.
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This observed TC-induced SST cooling (ΔSSTcooling) was quanti-
fied as the difference between the mean SST during day 0–1 after the
observation point (SST1) and the pre-TC SST (SST0). Considering that
cooling affects surface heat fluxes (thus modulating TC intensity), we
introduced a flux ratio (Q1=Q0, Fig. S7a), which scales linearly with the
SST cooling magnitude, and incorporated it into the model to repre-
sent amplified ocean cooling:

flux ratio=0:04×ΔSSTcooling ×β+ 1 ð3Þ

where β is a cooling amplification factor ranging from 1 (observed
cooling) to 5 (amplified cooling). Considering that OISST may under-
estimate cooling compared to microwave observations26, this factor
compensates for potential data bias (β = 2–3 roughly corresponds to
the adjustedΔSSTcooling reported in that study). The linear relationship
was estimated using the COARE 3.5 bulk flux algorithm70, accounting
for essential parameters such as SST, near-surface temperature
(approximated as SST-1.4 °C), near-surface wind speeds and a unified
near-surface relative humidity of 82%.

Using this relationship, we derived a flux ratio for each TC loca-
tion, replacing the original MLD module in the model. The final out-
comes of these sensitivity experiments are presented in Fig. S7b.
Although this approach introduces some uncertainties, it explicitly
accommodates the distinctively strong cooling effects observed in
the SCS.

Weather Research and Forecasting (WRF) model
The tropical cyclone intensity model is relatively simple and idealized,
making it difficult to assess the role of the Philippine terrain elevation.
To address this,we further employed theWRFmodel to investigate the
role of Philippine topography in modulating SuperTY intensity. We
simulated 11 historical SuperTYs that crossed the northern Philippines.

The WRF simulations were performed using version 4.3.3 with
three nested domains (27 km, 9 km, and 3 km horizontal resolution),
with the innermost domain moving with the storm center. The model
includes 45 vertical levels, extending to 20 hPa. Initial and boundary
conditions were obtained from ERA5 hourly reanalysis. The physics
configurations are summarized in Table S4. Extensive testing of var-
ious configurations and physical schemes indicates that the above
configuration can capture the SuperTYs as effectively as possible.

Among the 11 simulated SuperTYs, only four reached super
typhoon strength east of the Philippines, with peak intensity within
±10m s⁻¹ of observations and reasonably aligned tracks, andwere thus
considered suitable for terrain sensitivity analysis. The remaining
seven cases were excluded due to substantial intensity or track
deviations. The selected cases—Elsie (1989), Nalgae (2011), Utor (2013),
and Haima (2016)—were retained for further analysis.

For each of the four selected SuperTYs, we conducted a control
run and three terrain sensitivity experiments: one with Philippine
topography reduced to 15m, another with elevation set to 1m, and a
final experiment in which the entire Philippine archipelago was
removed and replaced by ocean. Sea surface temperatures in the
removed-land experiment were filled using the average value within a
350km radius surrounding the islands. All four storms passed over the
Cordillera Central mountains, enabling a consistent assessment of
elevation sensitivity across cases.

Figure S8presents a representative example using Super Typhoon
Utor (2013), covering the period from 00:00 UTC on August 10 to
12:00 UTC on August 13, encompassing both the intensification phase
east of Luzon and the weakening phase after crossing the northern
terrain. All four caseswere included in thefinal intensity comparison to
evaluate the relative contribution of topographic elevation versus the
presence of the entire Philippine archipelago.

Data availability
The tropical cyclone best-track data are obtained from the National
Centers for Environmental Information website (https://www.ncei.
noaa.gov/products/international-best-track-archive). Atmospheric
field data used for diagnostic analyses and WRF initialization are from
ERA5 reanalysis (https://cds.climate.copernicus.eu/datasets). SST data
are from NOAA OISST, and MLD data are from GODAS. CMIP6 model
outputs are available at Earth System Grid Federation (ESGF, https://
esgf-node.llnl.gov/search/cmip6/). The Blue Marble basemap imagery
is available from the NASAGIBS Visualization Product Catalog (https://
nasa-gibs.github.io/gibs-api-docs/available-visualizations/). Topo-
graphic elevation data (TOPO15) are available from the NOAANational
Centers for Environmental Information (https://www.ngdc.noaa.gov/
mgg/global/). All data used to generate the figures in this study are
publicly available at Code Ocean (https://doi.org/10.24433/CO.
1991288.v1).

Code availability
The codes used to generate the figures in this study are publicly
available at Code Ocean (https://doi.org/10.24433/CO.1991288.v1).
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