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Widespread sea surface salinification
induced by tropical cyclones over the
Changjiang River Plume
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Riverine plumes greatly shape ocean environments and ecosystems. The Changjiang River plume,
widely spreading in the Yellow and East China Seas in summer, induces extremely low surface salinity
and threatens local aquaculture and fisheries. Passage of tropical cyclones potentially increases
surface salinity by stirring upper oceans, yet the extent of cyclones’ effects on the Changjiang River
Plume extension and its mechanisms remains less explored. Here, combining satellite and in-situ
observations with numerical experiments, we reveal a widespread surface salinification induced by
Lekima (2019), with themaximum salinification reaching 6.5 psu and an 83%Changjiang River Plume
contraction. Tropical cyclone-induced vertical mixing contributes to this dramatic salinification, while
horizontal advection can either contribute to or offset the salinification, depending on specific
locations. Further examination of surface salinity during 2015–2022 suggests that tropical cyclones
can effectively restrict the Changjiang River Plume extension, potentially shielding fishing and
aquaculture industries from low-salinity-related disasters.

Tropical cyclones (TCs), also known as typhoons or hurricanes, are among
the deadliest natural hazards on earth and cause devastating damage to lives
and property in coastal regions annually1. With strong wind forcing, TC-
induced strong mixing and upwelling act to bring cold, salty, and nutrient-
rich subsurfacewater into the surface layer, triggering a cold, saltywake, and
stimulating phytoplankton blooms2–9. These profound responses can not
only have feedback on the subsequent TC intensification1,10,11 but also
influence the global climate and primary production12.

TC-induced thermal response, usually manifested as a 1–10 °C sea
surface temperature (SST) decrease, has been fairly well examined in
recent decades based on in situ and satellite observations13–20. In contrast,
the haline response to TCs is relatively less explored due to the sparsity of
sea surface salinity (SSS) observations. Based on in-situ observations from
buoys or Argos occasionally encountering TCs, few studies reported that
SSS increases induced by individual TCs could be over 1 psu21–27. Since

2009, SSS measurements from L-band microwave radiometers on board
the Soil Moisture and Ocean Salinity (SMOS), Aquarius, and Soil
Moisture Active Passive (SMAP) missions have been successively avail-
able, enabling the mapping of the spatiotemporal variability of TC-
induced SSS changes more precisely5,28–31. For example, using Aquarius
and SMOS observations, the research31 reported a 1–2 psu SSS increase
when Hurricane Katia (2011) passed over the Amazon-Orinoco River
plume (AORP). Combining 10-year satellite observations, four regions
are identified with the most striking SSS increases due to the presence of
barrier layers, i.e., the AORP, Bay of Bengal, Mississippi, and Changjiang
(Yangtze) River plume (CRP), all with large freshwater input from river
discharge or local rainfall5. It has been demonstrated that the stronghaline
stratification of thebarrier layer over theAORPandCRPhelps to suppress
vertical mixing and reduce SST cooling under TCs, thus favoring TC
intensification10,20,32.
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TheCRP, located in the shallow shelf of theYellowandEastChina Seas
(YECS), with an average water depth of about 60m, is formed by mixing
Changjiang discharged fresh water with ambient saline water33. In boreal
summer, due to increasing river discharge and summer monsoon winds34,
the low-salinity CRP widely extends within the YECS and can reach the
vicinity of Jeju Island35,36. This extension of extremely low-salinity water can
cause severe fishery damage37,38 since the YECS is one of the most favorable
fishing grounds in the world39. Meanwhile, approximately three TCs pass
over the YECS annually in the summertime, which potentially induces an
SSS increase and thus affects the CRP extension40–44. In contrast to the
extensive studies on the haline response to TCs in the AORP, Mississippi,
and the Bay of Bengal28,29,31,45, the impact of TCs on the SSS evolution in the
YECS has received much less attention. Despite previous studies demon-
strating that TCs increased the CRP SSS via entraining saltier subsurface
water to the fresher surface40–43, a detailed examination of the extent of TC-
induced SSS increases in the CRP and the underlying mechanisms is still
lacking.

In August 2019, Super Typhoon Lekima, the second-costliest TC in
Chinese history, passed over and influenced the CRP for three dayswhen
moving northward along the China mainland coast. Hereby combining
satellite, in situ observations, and model experiments, we characterize
the SSS response in the CRP to Lekima and explore the underlying
mechanisms. We find that Super Typhoon Lekima caused a widespread
increase in SSS across the YECS, with the most notable increase occur-
ringwithin the CRP. This led to a dramatic 83% reduction in the low-SSS
CRP area, which previously extended widely across the YECS, confined
to the vicinity of the Changjiang estuary. This dramatic increase in SSS is

mainly due to the TC-induced vertical mixing and horizontal advection.
Our study highlights TCs’ crucial role in reducing extremely low
salinity conditions in the YECS, thereby offering potential protection to
the region’s local fish industries from the adverse effects of diluted
seawater.

Results
Widespread sea surface salinification induced by Lekima
We characterize CRP SSS and SST response to Super Typhoon Lekima,
using satellite observations, which are validated by buoy data (see “Super
Typhoon Lekima” and “Satellite data” inMethods). Figure 1 illustrates pre-,
post-TC SSS, and SST and their changes induced by Lekima. Before the
passage of Lekima, low-SSS CRP prevailed in the YECS and extended
toward Jeju Island in the shape of a tongue (Fig. 1a), typically forming a
barrier layer20,46,47. Areas encompassed by 28 and 30 psu isohalines reach
5.68 × 104km2 and 2.06 × 105km2, respectively (Supplementary Fig. 1). A
northward-extending warm tongue is observed within this low-salinity
region, as indicated by the 28 °C isotherm.The co-occurrence of the low-SSS
CRP extension and warm tongue is likely because the low-SSS-related
barrier layers can restrain the downward heat transport and result in surface
warming29,48.

After the Lekima passage, a widespread increase in SSSwas detected by
satellite observations (Fig. 1b, c). The low-SSSCRPregion, previouslywidely
extending in the YECS, contracted to the vicinity of the Changjiang estuary.
The area with SSS smaller than 28 psu decreased to approximately
9.85 × 103km2, indicating an 83% CRP contraction. The CRP occupies a
larger SSS increase than surrounding areas, with themaximumSSS increase

Fig. 1 | Sea surface salinity (SSS) and temperature (SST) responses to Super
Typhoon Lekima. a Spatial pattern of SSS before Lekima passage.Colored-solid line
with dots denotes the track of Lekima; 28 and 30 psu isohalines and 28 and 29 °C
isotherms are contoured. b Same as (a), but after Lekima passage. Magenta stars
denote the locations of buoys B111 and B6001, which are located in the Yellow Sea

and the East China Sea, respectively. c Lekima-induced SSS changes.+3 and+5 psu
isohalines are contoured. d–f Same as (a–c), but for the spatial pattern of SST.
Abbreviations: TS tropical storm, C1 Category 1, C2 Category 2, C3 Category 3, C4
Category 4.
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reaching 6.5 psu. The areas encompassed by+3 and+5 psu isohalines are
6.87 × 104km2 and 1.34 × 104km2, respectively.

Given potential uncertainties in satellite observations near coastlines
due to radio-frequency interference49, the accuracy of the satellite-observed
SSS increases against in-situ buoy B111 observations is evaluated (Supple-
mentary Fig. 2). The correlation coefficient between satellite and buoy
observations reaches 0.81, statistically significant above the 99% confidence
level. Bias and root-mean-square error (RMSE) of satellite SSS against buoy
observations are only 0.09 psu and 0.16 psu, respectively. These results
indicate a good reliability of satellite observations in capturing the SSS
changes induced by TCs. In contrast to the pronounced SSS increase,
Lekima-induced SST cooling within the CRPwas relatively weak compared
to the surrounding regions in the YECS (Fig. 1d–f). Within the CRP, the
maximum SST cooling is around −2.9 °C, whereas the maximum SST
cooling over the surrounding area reached up to −5.0 °C. The haline stra-
tification fostered by the low-salinity surface water and underlying barrier
layer in the CRP tends to enhance salinification while mitigating cooling
effects. This leads to a saltier and warmer response to TCs in the CRP
compared to surrounding regions5,44,46,48.

Mechanisms of Lekima-induced surface salinification
Before the passage of Lekima on August 5, east winds smaller than 5m s−1

prevailed in the YECS (Supplementary Fig. 3a). However, when Lekima
passedover theCRPonAugust 9, thewinddirection shifted to the southeast,
with speeds increasing to over 17m s−1 (Supplementary Fig. 3b), before
shifting to south winds after the Lekima passage (Supplementary Fig. 3c).
The onshore southeasterly winds during Lekima passage can drive hor-
izontal advection of the low-salinity CRP and surrounding salty waters

northwestward, resulting in the encroachmentof saltywaters into the region
originally occupied by the low-salinity CRP waters. Thus, the horizontal
advection potentially contributes to the observed SSS increase.

Available radar sea surface current observations in the CRP during
Lekima passage, in combination with satellite SSS, allow us to explore the
effects of horizontal advection on SSS increase within the radar-covered
region (see “Radar observations” in Methods). On August 5, surface cur-
rents were relatively weak at about 0.08m s−1 (Fig. 2a). On August 9, under
the influence of Lekima’s strong winds, the currents increased to approxi-
mately 0.62m s−1 and flowed from high- to low-SSS water (Fig. 2b). Cor-
respondingly, daily-averaged horizontal advection of SSS reached the
maximumon this day, with an advection rate of roughly 1.81 × 10−6 psu s−1.
After the Lekima passage, the surface currents gradually weakened and
shifted offshore (Fig. 2c, d). From August 5 to August 11, horizontal
advection contributed to about 0.51 psu of SSS increase (Fig. 2e). Conse-
quently, due to the strong SSS gradients, horizontal advection contributes to
the sea surface salinification induced by Lekima in the radar-covered region
of CRP.

In addition to horizontal advection, the strong winds of TCs are likely
to trigger strong subsurface vertical mixing and vertical advection, bringing
subsurface salty water into surface layers. Moreover, freshwater flux
resulting from runoff, evaporation, and precipitation associated with
Lekima may also influence the SSS. These complex processes can be well
resolved in the three-dimensional numerical model developed byWu et al.
in 2011 based on the Estuarine, Coastal, and Ocean Model (ECOM-si)
(ref. 50). Thismodel has been used in studying dynamics in the CRP and its
interaction with TCs36,42,50–54 (see “Numerical model simulations” in
Methods). The ocean response to Lekima in theYECS is simulated using the

Fig. 2 | Sea surface salinity changes due to horizontal advection. aRadar-observed
sea surface currents and satellite sea surface salinity on August 5 before the Lekima
passage. Sea surface currents within the radar-covered region are represented by
shaded colors and black arrows. Sea surface salinity contours are shown by black
lines. b–c Same as (a), but for dates of August 9 and 11 during and after the Lekima

passage, respectively. Colored-solid lines with dots denote the track of Lekima that
has occurred. dComponents of daily-mean sea surface currents on the x-axis (u, red
line) and the y-axis (v, blue line). e Advection rate of salinity (blue line) and accu-
mulated horizontal advection of salinity (red line). Error bars denote 95%confidence
intervals.

https://doi.org/10.1038/s43247-025-02317-x Article

Communications Earth & Environment |           (2025) 6:337 3

www.nature.com/commsenv


model. As shown in Fig. 3a–c, model simulations well reproduce satellite-
observed pre-, post-Lekima SSS, and Lekima-induced sea surface
salinification.

To comprehensively explore the mechanisms of the CRP sea surface
salinification induced by Lekima, we conduct a mixed-layer salinity budget
analysis (see “Mixed-layer salinity budget analysis” in Methods). Repeating
calculations within the radar-covered region using the model output, hor-
izontal advection contributed ~0.7 psu to the SSS increase, close to the
observational estimate. In the whole CRP, horizontal advection and vertical
mixing are both important factors controlling the sea surface salinification,
while vertical advection and freshwater flux make slight contributions,
averaging 0.02 psu and −0.18 psu, respectively (Fig. 3d–g). The slight
contribution of vertical advection suggests that Lekima-induced upwelling
did not reach the CRP sea surface salinification region. This is because
upwelling typically occurs mostly around TC centers, which, in this case,
were located inland and at a considerable distance to the south and west of
the CRP (Supplementary Figs. 4 and 5) (see “Impact of upwelling” in
Methods).

In the southeast CRP, both vertical mixing and horizontal advection
contribute to the sea surface salinification. For example, at point P1 (30.5°N,
123.6°E), vertical mixing increases SSS by +1.4 psu, and horizontal advec-
tion increases SSS by+2.8 psu (Fig. 3d, e andSupplementary Fig. 6a–d). The
positive contribution of vertical mixing and horizontal advection to sea
surface salinification is due to subsurface salty waters being entrained into
surface layers and southeast winds pushing surrounding salty waters to the
CRP region, respectively. Nevertheless, in the northwest CRP from the

Changjiang mouth to Jeju Island, while vertical mixing increases the SSS,
horizontal advection decreases the SSS, counteracting the salinification
effect induced by vertical mixing. For example, at point P2 (32.0°N,
123.4°E), verticalmixing contributes to an increase in SSS of+7.8 psu, while
horizontal advection leads to a decrease of -1.3 psu (Fig. 3d, e and Supple-
mentary Fig. 6e–g). The negative contribution of horizontal advection in
this area is due to the southeast winds associated with Lekima generating
northwestward ocean surface currents, which transport the extremely low
salinity waters of the main CRP northwestward. The results indicate that
horizontal advection can either enhance or counteract the sea surface sali-
nification, depending on the directions of local horizontal SSS gradients and
surface currents; in contrast, vertical mixing, which entrains saline water
from the subsurface to the surface, consistently increases SSS in the CRP.

For individual TC cases with different attributes, including tracks,
intensity, translation speed, and size, themechanisms controlling sea surface
salinification induced by TCs may be different in specific regions of CRP.
For instance, along the Zhejiang and Fujian coasts, horizontal advection is
the predominant process over vertical mixing during the passage of Bavi
(2020), likely due to the presence of coastal currents55; in contrast, far from
the coasts, vertical mixing is the dominant process over horizontal
advection20. Additionally, although theCRP is shallowwaters, thewaters are
notmixed to the bottom sea by Lekima, consistentwith the finding in ref. 44
(see “Impact of shallow water” in Methods). Nevertheless, for strong and
slow-moving TCs directly passing over the CRP and exerting strong wind
stress, both shallow water effects and upwelling would be expected to occur
and thus impact the sea surface salinification6,20.

Fig. 3 | Model simulated sea surface salinity (SSS) responses to the Lekima pas-
sage and associated mixed-layer salinity budget analysis. a Spatial distribution of
SSS before Lekima passage. The colored solid line with dots denotes the track of
Lekima. b Same as (a), but for SSS after Lekima passage. c Same as (a), but for SSS
changes induced by Lekima. The +3 and +5 psu isohalines are contoured.

Contributions of horizontal advection (d), vertical mixing (e), vertical advection (f),
and freshwater flux (g) to the sea surface salinification of Changjiang River Plume.
The contributions are integrated fromAugust 5 to 15. Black dots are referred to as P1
and P2, respectively. Abbreviations: TS tropical storm, C1 Category 1, C2 Category
2, C3 Category 3, C4 Category 4.
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Potential role of TCs in restricting low-salinity water extension
As one of the most favorable fishing areas worldwide39, the YECS in sum-
mertime is often threatened by an extremely low-salinity environment due
to the CRP extension, which can causemassive mortality of marine life. For
instance, owing to the low-salinity stress, unprecedented massive mortality
of commercially important microbenthic animals occurred around Jeju
Island in 1996 (ref. 37). Thus, SSS evolution and CRP extension have an
important ecological impact on the YECS. Annually, influenced by the
rapidly increasing discharge from the Changjiang River and the summer
monsoon winds, the CRP extends offshore toward Jeju Island in a tongue-
shaped pattern, reaching the minimum SSS in July and August (Supple-
mentary Fig. 7).During thesemonths, the full development of theCRPoften
coincideswith the typical trajectory of TCs traversing the YECS. Analysis of
SuperTyphoonLekimademonstrates that satellite observations successfully
captured the spatiotemporal evolution of SSS under the influence of such
TCs, highlighting the notable increase in SSS across the CRP region and an
83%contraction of low-salinityCRPdue toTC-induced verticalmixing and
horizontal advection.

From 2015 to 2022, 30 TCs passed through the CRP region, with 19
TCs occurring in July and August (Fig. 4a). Spatial patterns of SSS response
to three TCs with typical tracks when passing over the CRP are shown in
Fig. 4b–d. Regardless of these TCs occurring in the middle-, left-, or right
side of the CRP region, all caused a widespread increase in SSS (encom-
passed by +1 psu isohaline) and thus CRP contraction. The surface sali-
nification induced by all the TCs is further investigated based on satellite
observations and model simulations. Figure 4e shows the temporal evolu-
tion of SSS averaged within the CRP region, illustrating that TCs pass over
theCRPnearly every year (except 2016) and cause substantial SSS increases.

Noteworthy is the lower SSS events in 2016 and 2020 than in other
years (Fig. 4e). In 2020, a record-breaking rainfall within the Changjiang
River watershed led to an exceptional river discharge56, likely explaining the
extremely low SSS despite the three TCs’mitigating effects to some degree.
Nevertheless, rainfall in 2016 was moderate, which is not a reasonable
reason for the even lower SSS than in 2020. Coincidentally, no TCs passed
over the CRP region in July and August 2016. If TCs were passing over, the
extension of extremely low-SSS water should have been mitigated by TC-
induced SSS increase. The co-occurrence of extremely low-SSS water and
the absence of TCs in 2016 is not unique, as it also occurred in August 1996
(Supplementary Fig. 7). The extension of extremely low-SSS water in these
years has resulted in severe ecological disasters37,48,57.

The intermittent increases in SSS induced by TCs are merged in the
seasonal cycle of CRP SSS, attributed to the seasonal Changjiang River
discharge. Todemonstrate the specific impact ofTCson the SSS changes,we
conduct numerical experiments with or without TCs using the numerical
model for July and August 2015–2022 (see “Numerical model simulations”
in Methods). In the simulations with TCs, SSS changes are generally con-
sistent with those observed by satellites. However, in simulations when TCs
didnotpass over theCRPduring July andAugust, the simulatedSSS is lower
than those with TCs, with the maximum SSS decrease in 2015 and from
2017 to 2022 being −2.9, −0.8, −1.9, −2.9, −2.5, −1.8, and −1.1 psu,
respectively (Fig. 4f).

Additionally, how SSS changes induced by TCs depend on TC attri-
butes, including number, intensity, and translation speed, are explored (see
“Numerical model simulations” in Methods). In July and August of 2019,
twoTCs,Danas (201906) andLekima (201909), sequentially passedover the
CRP region (Supplementary Fig. 8). Contrary to the contraction of the CRP
from 125°E to the coastline by Lekima, in the absence of Lekima’s passage,
the low-salinity CRP waters would spread more extensively from 125°E to
127°E in the YECS (Supplementary Fig. 9). The average SSS from August 5
to 31 was 1.4 psu lower and the maximum SSS was 2.3 psu lower than
conditions with Lekima. In contrast, when Danas were more intense or
slower, the average SSS was larger in July and August (Supplementary
Fig. 8). The findings suggest that recurring TCs, especially with high
intensity and slow translation speed, play a crucial sustaining role formarine
life in the YECS by alleviating the extension of extremely low-salinity CRP.

Discussion
During the boreal summer, the low-SSS CRP formed by Changjiang River
discharge extends widely within the YECS, posing possible adverse effects
such as mass mortalities of marine fish40,46. Meanwhile, TCs frequently pass
over the CRP region, while how they moderate SSS changes and the asso-
ciated mechanisms have been less explored. In this study, combining satellite
and in-situ observations with modeling experiments, we characterize the SSS
response to Super Typhoon Lekima (2019) and explore the associated
mechanisms. Satellite SSS observations have an average bias and RMSE of
only 0.09 psu and 0.16 psu, suggesting their reliability in capturing the SSS
changes induced by Super Typhoon Lekima.We find that Lekima induced a
widespread increase in SSS within the YECS, with the most profound
increase observed within the CRP. The maximum SSS increase reaches 6.5
psu, and the low-SSS CRP, previously widely extending in the YECS, retreats
to the Changjiang estuary with a contraction of 83%. This dramatic increase
in SSS is primarily attributed to Lekima-induced vertical mixing and hor-
izontal advection. Horizontal advection can either enhance or counteract the
sea surface salinification, depending on the directions of local horizontal SSS
gradients and surface currents; in contrast, vertical mixing, which entrains
saline water from the subsurface to the surface, consistently increases SSS in
the CRP. Vertical advection and freshwater flux contribute positively and
negatively, but both slightly to the increase in SSS in the case of Lekima.

Considering that approximately three TCs pass over the developing
CRP annually, the potential impact of TCs on the extension of low-salinity
CRP is explored based on satellite observations andmodel experiments from
2015 to 2022. It is found that TC-induced SSS increase restricts extremely
low-salinity water within the CRP, being of potential ecological significance
in the YECS. Combining the impact of TCs on SSS with fishery recruitment
or harvest records is an important area for further study. Additionally, as the
haline stratification below low-SSS water can be favorable for the formation
of extreme surface warming events such as marine heatwaves20,48, TCs pas-
sing over the low-SSS water may be strengthened. Given that aquaculture
and fisheries contribute an increasing share of nutrition for the global
population, the oceanic salinity and temperature environment in the YECS is
crucial for the local fishery, as it is one of the most favorable fishing areas
worldwide. Our findings suggest the complex interplay between weather
phenomena and marine ecological balance, underscoring the importance of
monitoring these dynamic processes and enhancing their representation in
numerical models for improving TC intensity forecasting and sustaining
marine resources in the YECS.

Methods
Super Typhoon Lekima
Information on Lekima (2019), including its 6-hourly center location and
1-min sustained maximum winds distributed by the U. S. Joint Typhoon
Warning Center (JTWC), is obtained from the International Best Track
Archive for Climate Stewardship version 4.0 dataset58. Lekima, the most
devastating typhoon in the 2019 Pacific typhoon season, developed as a
tropical depression in thewestern tropical Pacific onAugust 4.After genesis,
Lekima moved northwest and quickly strengthened to its lifetime peak
intensity (~69m s−1) on August 8, equivalent to a Category 4 hurricane on
the Saffir-Simpson Hurricane Scale. It weakened and made landfall in
Zhejiang, China, with an intensity of approximately 46m s−1 at 18 UTC on
August 9. Then itmovednorthwards and traversed the ShandongPeninsula
before disappearing on August 11. Overall, Lekima mainly influenced the
YECS fromAugust 9 toAugust 11. In addition,TCbest trackdata from2015
to 2022 are also used to investigate their effect on surface salinification over
the CRP.

Satellite data
The satellite Soil Moisture Active Passive (SMAP) SSS L3 product (version
5.0), provided by the Remote Sensing Systems (RSS) since April 2015, is
employed to examine theCRPSSS response to SuperTyphoonLekima.This
dataset provides daily SSS based on the SSS average spanning an eight-day
moving time window. We use SSS smoothed to approximately 70 km
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Fig. 4 | Impact of tropical cyclones on the sea surface salinification of Changjiang
River Plume. a Tropical cyclone tracks that influenced the Changjiang River Plume
region (represented by a black box) in July and August from 2015 to 2022. The box
range is 28°N–35°N and 120°E–127°E. b–d Spatial patterns of SSS increase induced
by three representative tropical cyclones. Solid lines with dots denote tropical
cyclone tracks. +1 psu contours are presented, and the maximum value of the SSS
increase is labeled on the top-left corner of each panel. e Time series of averaged sea
surface salinity (SSS) in the Changjiang River Plume from satellite data. Shaded gray

areas denote July and August of each year. Red stars on the x-axis denote tropical
cyclones influencing the Changjiang River Plume region in July and August. Blue
bars denote rainfall anomalies over the Changjiang River valley. f Simulated SSS in
July and August each year with (red line) and without tropical cyclones (black line),
and SSS difference between model experiments without and with tropical cyclones
(blue line). The maximum SSS differences are labeled. Note that no simulated SSS
and its differences are shown in 2016 since no tropical cyclones passed.
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resolution (ref. 59). In situ SSS observations from a pre-Lekima deployed
surface buoy B111 in the YECS are used to assess the accuracy of SMAP SSS
data. The salinity sensor of B6001 is broken and thus has no SSS data
available. Microwave and infrared merged OI SST with 9 km and daily
resolution, provided by the RSS, is also employed to study the SST
response60. Monthly rainfall data from the Climate Prediction Center
Merged Analysis of Precipitation61 are used to calculate the rainfall
anomalies over the Changjiang River valley56.

Radar observations
Contributions of horizontal advection to the SSS increase are estimated by
combining satellite SSS and radar sea surface current observations.
Although current data during TC conditions are difficult to observe62, we
obtained the data during Lekima from ahigh-frequency ground-wave radar
installed at the coast. The radar transmits at a frequency of about 12MHz
and provides sea surface current maps every 10min with a high horizontal
resolution of 0.05′ × 0.05′. Sea surface currents are measured through the
Doppler shift of the radio waves, which are backscattered by the ocean
surface waves. After filtering out tidal signals, daily-averaged currents are
used. The domain of radar observation reaches up to 3.2 × 104km2 in the
YECS, covering most of the CRP extension area in the summer.

Numerical model simulations
To explore mechanisms of the CRP sea surface salinification induced by
Lekima and the dependences of SSS changes on TC attributes, we conduct
numerical experiments with the model developed by Wu et al. in 2011
(ref. 50.). Themodelwas configuredbasedon the 3DEstuarine,Coastal, and
OceanModel (ECOM-si) that was improved byWu andZhu in 2010with a
new advection scheme63.

The model domain covers the Bohai Sea, Yellow Sea, East China Sea,
and parts of the northwestern Pacific Ocean. Model grid comprises 367 by
319 cells horizontally, with resolution ranging from several hundredmeters
near the rivermouth to 2–3 km in regionswhere themainbodyof theplume
expands. Vertically, the model consisted of 20 non-uniform sigma layers,
with refinement near the surface.

Boundary and initial conditions for salinity and temperature are from
the Simple Ocean Data Assimilation dataset. Hydrodynamic open ocean
boundary conditions are driven by velocity, incorporating both shelf and
tidal currents. Changjiang River discharge data are from the Changjiang
Sediment Bulletin (http://www.cjh.com.cn/). Air–sea heat flux, including
solar radiation, atmospheric radiation, sensible heat flux, and latent heat
flux, was calculated with a bulk formula64 based on simulated sea surface
temperature, 2-m temperature, mean sea level pressure, 10-m wind speed,
2-mrelativehumidity, and total cloud cover sourced fromERA5hourlydata
of ECMWF. Air–sea freshwater flux (i.e., evaporation minus precipitation,
EMP) was also prescribed in the model based on data from ERA5. More
details on the numerical model setup can be found in ref. 50.

Using this model, we conduct numerical simulations with or without
TCs,which allowus to isolate anddemonstrate the specific impact ofTCson
CRP SSS. These simulations are carried out for July and August each year
from 2015 to 2022. For the experimental runs without TCs, we remove the
atmospheric fields during TCs and replace them with linear interpolations
of their neighbors before and after TCs. Wind observations from buoys
B111 and B6001 support the accuracy of ERA5 wind direction data (Sup-
plementary Fig. 3). Nevertheless, considering that wind data from ERA5
exhibit smaller bias in strong TCs, we utilize the Jelesnianski model65 to
construct wind fields for TCs as inputs for the numerical experiments with
TCs, to accurately simulate the oceanic response to TCs. Winds and pres-
sure based on the Jelesnianski model are calculated:

V ¼
r

Rmaxþr ðVoxiþ VoyjÞ þ Vmax
r

Rmax

� �3
2 1
r ðAiþ BjÞ ðr ≤RmaxÞ

Rmax
Rmaxþr ðVoxiþ VoyjÞ þ Vmax

Rmax
r

� �1
2 1
r ðAiþ BjÞ ðr>RmaxÞ

8><
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ð1Þ
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r

� �
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� �
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ð2Þ

A ¼ � x � xc
� �

sin θ þ y � yc
� �

cos θ
� � ð3Þ

B ¼ x � xc
� �

cos θ � y � yc
� �

sin θ
� � ð4Þ

Vmax ¼ 3:029ðPn � PcÞ0:664 ð5Þ

Rmax ¼ 28:52 tanh 0:0873ðφ� 28Þ þ 12:22e
Pc�Pn
33:86 þ 0:2Vmov þM

h i

ð6Þ
where x and y denote locations of wind to be calculated (referred to as
calculated points), xc and yc denote locations of TC centers, r denotes dis-
tances from calculated points to TC centers, V denotes winds at calculated
points,Vox andVoy denotewindprojected to x and ydirection, respectively, i
and j are unit vectors of the x and y coordinate axis, Vmax denotes the
maximumwinds ofTCs,Rmaxdenotes radius of themaximumTCwinds,Pa
denotes pressure at calculated points, Pc and Pn denote the minimum
pressure at TC centers and atmosphere pressure at infinity, respectively, φ
denotes latitude of TC centers, Vmov denotes translation speed of TCs, θ
denotes inflow angle, using 20°, andM denotes starting radius, using 25 km.

To better simulate wind fields far from TC centers, we use composited
winds from model winds and background ERA5 winds. The composited
winds are calculated:

Vcom ¼ ð1� αÞV þ αVb ð7Þ

α ¼ c4

1þ c4
ð8Þ

c ¼ r
nRmax

ð9Þ

where Vcom denotes the composite winds, V denotes model winds, Vb

denotes backgroundERA5winds,αdenotes aweighting coefficient, andn is
set to 5 here.

To analyze the dependence of CRP SSS changes on TC attributes,
including TC number, intensity, and translation speed, we further conduct
three additional numerical experiments. In July and August of 2019, two
TCs, Danas (201906) and Lekima (201909), passed over the CRP region. To
examine the impact of TC frequency on SSS, we conduct an experiment
where we retained Danas but removed Lekima from the model. To explore
the impact of TC intensity on SSS, we increase the maximum intensity of
Danas by 30m s−1. Lastly, to explore the impact of the translation speed of
TCs on SSS, we reduce the translation speed of Danas by 50%.

Mixed-layer salinity budget analysis
To explore mechanisms for CRP sea surface salinification, we conduct a
mixed-layer salinity budget analysis. The mixed layer salinity evolution
equation66 is:

∂S
∂t

¼�~u � ∇h
�!

S�~w � ∇z
�!

S� 1
h
∂h
∂t

S� Sz¼h

� �þ 1
h

κ
∂S
∂z

	 


z¼h

þ E � P � Rð ÞS
h

þ ε

ð10Þ

where S ismixed-layer-average salinity, t is time, u andw are horizontal and
vertical ocean currents, h is mixed-layer depth which is calculated using a
criterion of a 0.125 kgm−3 density change relative to near-surface value, κ is
the vertical diffusion coefficient,E is evaporation,P is precipitation,R is river
runoff, and ε is error including horizontal diffusion, which can be neglected.
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Right-hand terms 1 and 2 in Eq. (10) denote the horizontal advection and
vertical advection, respectively; terms3and4denote the verticalmixing, and
term 5 denote the freshwater flux.

Impact of upwelling
Based on the model simulations, we examine the impact of upwelling on
Lekima-inducedCRPsea surface salinification.Theoretically, the upwelling,
resulting from Ekman pumping associated with positive wind stress curl of
TCs, occurs mostly around TC centers. On August 9 and 10, Lekima
reached its weakening stage,movingnorthwestward to theChinamainland,
and making landfall in Zhejiang. Therefore, Lekima exerted relatively weak
maximum winds in the CRP (~20m s−1) and no positive wind stress curl
because its track was south and west of the CRP. When examining the
evolution of salinity and temperature (S/T) profiles at a point (27.6°N,
122°E, as indicated by a red star in Supplementary Fig. 4a) directly beneath
Lekima center at 1200 UTC on August 9 before landfall, we indeed find an
upwelling signal occurred following TC passage (Supplementary Fig. 4b, c).
This upwelling led to amaximumuplift of 22m in isohalines and isotherms,
thereby enhancing sea surface salinification and cooling.

However, an upwelling signal at station (123.6°E, 30.2°N) within the
CRP, which is about 280 km away from Lekima center, is very weak
(Supplementary Fig. 4g–i). Moreover, due to the presence of topography,
the onshore winds during Lekima’s passage seem to cause a downwelling in
the coastalwaters.This is supportedby a recent study55,which identified that
Bavi (2020) also induced a downwelling in the coastal waters. Additionally,
weak tidal signals can also be seen in the isohalines and isotherms. This
indicates that the Lekima-induced upwelling may not extend to the main
low-salinity CRP region.

To demonstrate whether the Lekima-induced upwelling extended to
theCRP,we explore the extendedrangeof theLekima-inducedupwellingby
examining a cross-track T/S section from 121.6°E (27.1°N) to 122.5°E
(28.0°N), as indicated by the green line in Supplementary Fig. 4d. Before
Lekima passage, horizontal gradients of T/S and water depth along the
selected cross-track section are minimal. After Lekima, strong upwelling
emerged around regions beneath the Lekima center, however, the upwelling
extends northeastward no more than (122.3°E, 27.8°N), far away from the
CRP region (Supplementary Fig. 4e, f). Further, by examining salinity and
temperature profiles for each point in the CRP sea surface salinification
region, we find that no point wasmarked with upwelling. Therefore, during
the passage of Lekima near the CRP with its center located southward,
westward, or inland, theupwelling cannot reach the low-salinityCRP region
and thus cannot contribute to the sea surface salinification.

Theoretically, if no land existedwhenLekimawaswestwardof theCRP
on August 10, Lekima would induce upwelling beneath its center. We
examine the potential upwelling by conducting a three-dimensional Price-
Weller-Pinkel (3DPWP) model experiment67. Since Lekima did make
landfall, pre-Lekima T/S profiles beneath Lekima’s center are unavailable.
Thus, we use T/S profiles from the location (125°E, 26.5°N) in the CRP
instead, sourced from the World Ocean Atlas 2018 (WOA18), as input for
the 3DPWP model. After Lekima, by examining the simulated T/S section
from 114°E to 127°E (30.6°N), we find that upwelling occurs approximately
200 kmwithin the Lekima center (Supplementary Fig. 5). In reality, the area
where upwelling occurs is mostly inland and cannot reach the main CRP
regions that we focus on.

Impact of shallow water
When a strong and/or slow-movingTCpasses over the YECS, exerting high
stress on the ocean, the shallow waters over the CRP region are likely to
become totallymixed from surface to bottom. In such scenarios, the shallow
waters restrict vertical mixing, thereby potentially limiting the sea surface’s
salinity and temperature response to the TC.

Previous studies44 indicate thatmixing depth can extend to the bottom
of the Yellow Sea under TC winds of approximately 35m s−1 (with a
translation speed of 6m s−1). In the case of Lekima, it made landfall when
passingnear theCRPandexhibited relativelyweakwind speeds (~20m s−1).

Moreover, barrier layers created by Changjiang diluted water are likely to
resist Lekima-induced verticalmixing20. Consequently, in themainCRP sea
surface salinification region, the mixing did not affect the entire water
column.

Moreover, we conduct experiments to examine whether shallow waters
in the main CRP restrict the extent of sea surface salinification. This exam-
ination utilized the 1DPWP model to compare the magnitudes of salinifi-
cation between shallow water and open ocean conditions20. The 1DPWP
model is a “shear instability” model that applies the atmospheric forcing to
initial vertical profiles of temperature, salinity, and currents and calculates
their time evolution. It presumes that when the bulk Richardson number is
less than 0.65 or the gradient Richardson number falls below 0.25, vertical
mixing is initiated. Wind stress is calculated based on the bulk formula68.
Precipitation data are obtained fromERA5. Pre-TC salinity and temperature
profiles are based on monthly profiles for August from theWOA18 dataset.
Pre-TC currents are set to zero. These profiles are interpolated to a vertical
resolution of 1mwithin the 1DPWPmodel. The model is configured with a
time step increment of 300 s, and data is saved to the output file every hour.

In shallow water conditions, we use original salinity and temperature
profiles from the WOA18. For open ocean conditions, we extend these
profiles to a depth of 1500m: within the true shallow water depth, the
extension is basedon theoriginal profiles; for depthsbeyond the truebottom
water depth, the extension is based on profiles from the open ocean at
equivalent latitudes in the Western North Pacific, adjusting for an offset at
the true bottom shallow water depth. The simulations revealed a marginal
difference of 0.02 psu between the shallowwater andopenocean conditions,
indicating that shallow waters have a negligible impact on the vertical
mixing and sea surface salinification induced by Lekima.

Data availability
The data used in this study are available at https://doi.org/10.6084/m9.
figshare.28784516. Best track data are available at the International Best
Track Archive for Climate Stewardship at https://climatedataguide.ucar.
edu/climate-data/ibtracs-tropical-cyclone-best-track-data. SMAP salinity
andMW_IR temperature products are available at Remote Sensing Systems
at https://www.remss.com. Monthly precipitation data are obtained from
the Climate Prediction Center Merged Analysis of Precipitation at https://
climatedataguide.ucar.edu/climate-data/cmap-CRPc-merged-analysis-
precipitation. European Center for Medium-Range Weather Forecasts
Reanalysis v5 dataset at https://www.ecmwf.int/en/forecasts/dataset/
ecmwf-reanalysis-v5. World Ocean Atlas 2018 is available at https://www.
ncei.noaa.gov/products/world-ocean-atlas. Simple Ocean Data Assimila-
tion data are available at https://www2.atmos.umd.edu/~ocean/. Chang-
jiang Sediment Bulletin is available at http://www.cjh.com.cn/.
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