communications earth & environment

A Nature Portfolio journal

Article in Press

Article

https://doi.org/10.1038/s43247-026-03969-z

Yellow River sediment sinks exhibit
divergent decadal responses to
anthropogenic and climatic forcing
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Large river sediment sinks face profound reconfiguration under anthropogenic and climatic pressures.
Using machine-learning-reconstructed daily suspended sediment concentration (SSC) records, we
reveal a distinct divergence in decadal trends across the Yellow River sink system: proximal sinks
show an ~18% mean decline in SSC, whereas distal sinks show a ~ 23% enrichment. This contrast
emerges from two competing processes: anthropogenic sediment reduction and intensified winter-
storm forcing that amplifies distal resuspension and lateral transport. Proximal depletion is driven by
anthropogenic forcing, including an ~83% fluvial sediment reduction since the 1980s, a ~ 69%
coastline solidification since the 1980s, and a ~ 30% seabed grain-size increase since the 1990s,
which raise entrainment thresholds and inhibit resuspension. Conversely, distal sinks retain highly
erodible sediments activated by more frequent winter storms and shortened inter-event durations.
These findings highlight a critical Anthropocene regime shift: natural, fluvial-dominated source-to-sink
continuums becoming systems governed by the asymmetric interplay of human engineering and

climatic extremes.

The source-to-sink processes of riverine sediments, governing terrestrial-to-
marine particulate transport from mountainous regions across the con-
tinental margins to the deep seafloor fans, constitute the fundamental dri-
vers of erosion and deposition in land-ocean systems, playing a critical role
in Earth’s sedimentary cycle'~’. During the past half-century, the combined
effects of climate change and human engineering activities, including
increasing magnitude frequency of storm surges, dam construction, river
discharge regulation, and sea-level rise, are fundamentally restructuring the
mobilization, transport and sequestration of riverine sediment. These
changes are most pronounced at terrestrial-marine interfaces, including
deltas, estuaries, and coastal regions comprising near-shelf regions**. Sys-
tematic analysis of how variable human activities and marine environmental
influences modulate shelf-to-sea and source-to-sink processes provides a
significant and deeper understanding of nearshore material cycling and
biochemical processes’.

The Yellow River, as a typical anthropogenically stressed system, is
regarded as a natural laboratory for contemporary sediment transport
processes and represents a strategic microcosm of global deltaic systems
(Fig. 1), as it possesses an extremely high sediment concentration that drives

intense depositional activities from fluvial channels to the marine terminus
in the Bohai Sea®"". Previous studies on the sediment distribution pattern of
the Yellow River in the marine environment have identified two distinct sink
regions'”™"*. In this study, the proximal sinks are defined as the subaqueous
deltaic clinoform of Laizhou Bay and Bohai Bay. The distal sinks are cor-
responded to the depocenters in the central Bohai Sea and along the coast of
Shandong Peninsula (Fig. 1). Decadal-scale anthropogenic modifications,
such as soil and water conservation projects and reservoir interception along
the middle reaches, have caused decline in sediment delivery to the marine
sink'™'®. Furthermore, artificial flood pluses inducing episodic sediment
delivery have resulted in rapid burial of terrestrial organic carbon and
pollutants, fundamentally reshaping the spatio-temporal distribution of
biogeochemical processes in the Bohai-Northern Yellow Sea'”™".
Meanwhile, increasingly variable climatic conditions, particularly the
increasing frequency of extreme weather events such as storm surges and
hurricanes, have significantly influenced sedimentation in the sink
region” . As a robust proxy reflecting the integrated sediment transport
dynamic under varying environmental conditions, suspended sediment
properties exhibit spatiotemporal heterogeneity in response to
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Fig. 1 | Study area and key sediment sinks of the Yellow River. The dashed area
indicates the distribution of fine-grained fluvial source sediments. Red arrows
indicate sediment transport pathways controlled by the winter monsoon™. The
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primary sediment sinks are located in Bohai Bay, Laizhou Bay, the Central Bohai Sea,
and along the northern coast of the Shandong Peninsula. The map is modified from
Qin, Mei", and Yang and Liu".

environmental forcings™**. Previous studies have argued that intense winter
monsoons accompanied by storm surges can generate powerful waves and
significant sea-level oscillations, resuspending summer-deposited sedi-
ments for subsequent along-shelf distal transport via coastal currents'>*>*.
Also, the reduction in riverine sediment supply and the coarsening of
sediments in the subaqueous delta drives pronounced suspended sediment
concentrations (SSC) depletion near the river mouth” >,

Therefore, it is imperative to execute a comprehensive quantita-
tive analysis of varijability trends in SSC within the sink area of the
Yellow River, covering decadal time scales, so as to account for both
anthropogenic and environmental changes. Nevertheless, the dis-
continuity in satellite data and the difficulty in acquiring in situ mea-
surements render it challenging to quantify these changes. The
majority of extant inter-decadal studies rely upon qualitative analyses
of monthly mean data, which by nature tend to examine the entire
study area in a holistic manner, and therefore lack accounting for
spatial or temporal variation. Critical knowledge gaps persist regarding
SSC dynamics in distal sinks, particularly within the depocenters off
Shandong Peninsula’s southern coastal zone and the central Bohai,
where multi-decadal analyses remain conspicuously absent.

Machine learning (ML) techniques are valuable tools for optimizing
the utility and continuity of satellite data™. In this paper, we apply the
SatelliteFixer framework, an ML-driven gap-filling algorithm’, to
reconstruct daily SSC data from satellite data in the Bohai-North Yellow
Sea system to examine the decadal variation in the sediment sinks areas
of the Yellow River. Our analysis further resolves the compounding
drivers that regulate the SSC fluctuations in proximal and distal sink
regions. This paper investigates the decadal variability in the response of
fluvial sediment sinks to climatic and anthropogenic forcing. We further
aim to advance a mechanistic understanding of how increasingly intense
anthropogenic and atmospheric processes are involved in the transfer of
sediment across the river-shelf-ocean sink continuum. Specifically, this
study addresses three objectives. First, to quantify decadal SSC trends
across the proximal-distal sink continuum at daily resolution based on
machine-learning-reconstructed satellite records. Second, to identify the
dominant forcing controlling sediment dynamic in each sink zone.
Third, to evaluate how anthropogenic and climatic factors reconfigure
the river-shelf source-to-sink continuum under Anthropocene
pressures.

Results

Decadal SSC distribution features

Based on the SatelliteFixer retrievals over an 18-year period (2002-2019),
the annual mean SSC in the study area ranges from 0.81 mg/L to 38.95 mg/L
(Fig. 3a), with the maximum and minimum values recorded in the Yellow
River mouth and the central North Yellow Sea, respectively. Since sediment-
laden gravity currents typically form via mixing with ambient seawater to
govern cross-shelf sediment transportn, the observable SSC serves as a
reliable indicator of material deposition and transportation.

Maximum turbidity zones (peaking at 38.9 mg/L) are located in the
southwestern Bohai Sea, encompassing Laizhou Bay and Bohai Bay, where
both the active and abandoned deltas of the Yellow River are situated. As the
primary sediment source, the Yellow River historically transports
approximately 1.1 Gt/year of sediment to the ocean®. The majority is rapidly
deposited near the river mouth, while a portion undergoes resuspension
under hydrodynamic forces to form this SSC high-value area'***. To cate-
gorize turbidity levels, a value of 9.7 mg/L (25% of the maximum annual
mean value) was defined as the critical threshold separating high- and low-
turbidity environments, and the relevant interval is delineated with dashed
lines in Fig. 2. This turbidity boundary primarily reflects the dispersal pat-
tern of fine-grained suspended sediment originating from the Yellow River
plume, as well as those resuspended by hydrodynamic forcing such as tidal
currents and waves. Furthermore, a tongue-shaped high-turbidity belt
(10-15mg/L) propagates along the northern shore of the Shandong
Peninsula, consistent with the Shandong Coastal Current that forms an
elongated mud deposit”’. Another high-turbidity water mass protruding
northeastward identifies a major sediment sink, reflecting seaward transport
from the river mouth to the central Bohai Basin™.

The regional SSC demonstrates pronounced seasonal variability
characterized by “summer storage and winter transportation” (Fig. 2).
During the winter half-year (October-March), intense northerly winds and
associated waves facilitate the upward entrainment of terrigenous sediments
to the surface layer™, thus resulting in a high SSC regime across the entire
Bohai Sea, especially near the Yellow River delta with the highest average
SSC of ~125 mg/L. Additionally, high-turbidity water covering the proximal
sinks (Laizhou Bay and Bohai Bay) spreads northward to the Bohai central
basin and eastward to the Shandong Peninsula, forming the distal sink
area”. Conversely, the summer half-year (April-September) features a calm
hydrodynamic environment with a low regional mean SSC of ~2 mg/L.

Communications Earth & Environment

Article in Press


www.nature.com/commsenv

https://doi.org/10.1038/s43247-026-03969-z

Article

mg/L
a) 41°N ey
50
40
Central
....... Bohai Sea
Bohj:li Strait Yellow 30
20
: 10
[ 7% ) 3
21°N 41°N S
40°N 40°N =
40
39°N 39°N
& 30
38°N 38°N
20
37°N 37°N
10
36°N 36°N 0

117°E 118°E 119°E 120°E 121°E 122°E 123°E

TI°E 118°E 119°E 120°E 121°E 122°E 123°E

Fig. 2 | Spatial distribution of surface suspended sediment concentration (SSC) in the Bohai Sea and North Yellow Sea from 2002 to 2019. The high- and low-turbidity
environments is separated marked by dashed lines. a Mean SSC. b Seasonal distributions during the winter and summer half-years.

During summer, the nearshore turbid belt indicates current-driven trans-
port, while the distinct spatial contrast between the clear northern waters
and the turbid southern waters of the Bohai Strait arises from the intrusion
of the Yellow Sea Warm Current and tidal-current-induced resuspension,
respectively' >,

Decadal variability of SSC

To evaluate the variation of SSC over the 18-year period, a Mann-Kendall
trend analysis was conducted. The statistically significant results (p < 0.05,
Fig. 3a,b) reveal contrasting spatial and temporal variations across the Bohai
and Yellow Seas. A pronounced decline in SSC is observed in Bohai Bay,
Laizhou Bay, and the western Liaodong Peninsula, with a maximum
reduction approaching 80%. Conversely, the central Bohai Basin and the
North Yellow Sea exhibit an elevated trend, particularly along the Shandong
Peninsula, which demonstrates the highest increase of over 60%. The
SatelliteFixer daily data provide an opportunity to examine the fluctuation
of SSC over approximately 7000 days, and the typical cases illustrating the
year-round trends are observed in Fig. 3c at Point A (37.8°N, 119.5°E)
located in Laizhou Bay, Point B (39.0°N, 120.0°E) located in Bohai Central
Basin, Point C (38.5°N, 118.9°E) located in Bohai Bay and Point D (36.5°N,
122.5°E) located near the Shandong Peninsula. Time-series extraction using
the rLOESS method at four representative locations further validates this
decadal divergence. Characterized by regular saddle-shaped seasonal
oscillations, the SSC at these sites exhibits synchronized variability,

indicating that the observed trends reflect a gradual shift rather than isolated
extremes. The detrended results confirm that the proximal sinks (Points A
and C) exhibit a declining trend, whereas the distal sinks (Points B and D)
show an upward trend.

In this study, decadal variation is defined as significant when the
change amplitude exceeds +10%, with Fig. 4a depicting the geographical
distribution of these areas. This threshold coincides with the 75th percentile
of 18-year relative SSC change across MK-significant pixels, marking a
natural break between ~75% with weak drifts <5% and ~25% with decadal-
scale signals (10-80%) concentrated in the four sink zones. The identified
areas demonstrate strong geographical correspondence with the sink area of
the Yellow River, including the Bohai Bay proximal sink area (BBPS, with an
18-year mean value of 21.2 mg/L), the Laizhou Bay proximal sink area
(LBPS, with an 18-year mean value of 13.4 mg/L), the central basin distal
sink area (CBDS, with an 18-year mean value of 5.8 mg/L), and the Shan-
dong Peninsula distal sink area (SPDS, with an 18-year mean value of
9.4 mg/L). The proximal sinks exhibit mean declines of approximately 18%
(a net reduction of ~3.8 mg/L for BBPS and ~2.4 mg/L for LBPS), while the
distal sinks increased by approximately 23% (a net increase of ~1.3 mg/L for
CBDS and ~2.2 mg/L for SPDS).

To determine whether the observed annual-mean divergence between
proximal and distal sinks is seasonally consistent or confined to a specific
season, Fig. 4b decompose the Mann-Kendall trend results into winter-half-
year (October-March) and summer-half-year (April-September)
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Fig. 3 | MK-test results of SSC in the Bohai Sea-North Yellow Sea. a Relative
surface SSC change rate in Bohai Sea-North Yellow Sea derived from Mann-Kendall
trend analysis, defined as the ratio of the total change over the 18-year period to the
average-value in 2002. Points without 95% confidence level (p > 0.05) are excluded
from the analysis. b Mann-Kendall p values, with red indicating non-significance
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(p 2 0.05) and blue indicating significance (p < 0.05). ¢ Daily SSC variation at Points
A-D. Decadal trends (dotted lines) were extracted via rLOESS with 35% span

( ~2300 days, ~6 years), consistent with the trend directions identified by the Mann-
Kendall analysis.

components. Specifically, the distal sinks exhibit a substantially stronger
increasing trend during the winter half-year (exceeding 50% in parts of
CBDS and SPDS) than during the summer, whereas the proximal sinks
decline in both seasons. These results further reveal a seasonally consistent
trend in spatial pattern, with a markedly higher magnitude of variability
during the winter that is 1.1-2.3 times higher than that in the summer.
During the summer, significant changes are primarily localized within five
regions: the active river mouth of the LBPS (decreasing), the Diaokou
abandoned delta (decreasing), the western BBPS (decreasing), the southern

CBDS (increasing), and the coastal zone of the SPDS (increasing) (Table S1).
The mean variation rate in these regions is approximately —22% in prox-
imal sinks and 18% in distal sinks. During the winter months, the entire
study area exhibits a pronounced variation in trend, with a marked increase
in the distal sink (exceeding 50%) and a notable reduction in the proximal
sink ( ~ 27%). Alterations exceeding 70% have been notably documented in
four specific regions: the western portion of BBPS (decreasing), the southern
region of LBPS (decreasing), the coastal zone of SPDS (increasing), and the
majority of CBDS (increasing)(Table S1).
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Fig. 4 | Variation trend of SSC in the Bohai Sea-North Yellow Sea. a Areas
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anomalies. An area exhibiting a variation rate exceeding 10% of the 18-year mean
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SSC in winter half year and summer half year by Mann-Kendall test, defined as the
ratio of the half-year total change to the average-value in the initial half year (2002).
Points without 95% confidence level (p > 0.05) are excluded from the analysis.

Temporal periodicities and forcing signals in yellow river
sediment sinks

To quantify the long-term temporal variability of SSC across different
sediment sinks, an evolutionary power spectrum analysis was applied to the
daily SSC time series (2002-2019) at the four representative points and the
results are shown in Fig. 5. The analysis focuses on frequencies below 0.035
cycles per day (cpd), corresponding to periods longer than ~1 month, to
filter out sub-monthly variability. The results reveal that the annual signal
dominates at all four points, while a secondary semi-annual signal is pro-
nounced at the proximal sites and decays towards the distal sites, both
surpassing the 95% confidence level of the robust autoregressive (AR)
background. These correspond to an annual period (frequency ~0.00273
cpd, T ~ 366 days) and a semi-annual period (frequency ~0.00546 cpd,
T ~ 183 days), where the period T is given by T = 1/£.

Data verify that the spectral power varies significantly across different
regions. For the annual period, power intensities are highest and comparable
at the proximal sink locations, recording ~144 x 10° at Point A and
~137 x 10* at Point C. In contrast, the annual power drops substantially in
the distal sinks, decreasing to ~9 x 10 at Point D and reaching a minimum
of ~3x 10’ in the central basin (Point B). A similar spatial pattern is
observed for the semi-annual signal. Point A exhibits the highest semi-
annual power of ~19 x 10°, which accounts for about 13% of its corre-
sponding annual peak. This absolute value decreases seaward to ~4 x 10° at
Point C (representing 3% of its annual intensity), ~0.3 x 10* at Point D
(2.9%), and is lowest at Point B with only ~0.05 x 10* (2%).

Discussion

Primary forcing mechanisms across diverse Yellow River
sediment sinks

The SSC adjacent to Yellow River mouth exhibits high spatiotemporal
variability, controlled synergistically by anthropogenic forcing and climatic
drivers. Human interventions dominate the sediment source through reg-
ulating river water and sediment’*”, while climate factors govern ocean
dynamics by affecting sediment motion, transportation, and deposition'***.
As demonstrated by the temporal periodicities identified in Section 3.3, the
entire study area is governed by a shared macro-forcing framework, spe-
cifically the annual monsoon cycle and riverine discharge patterns. Here, we
first use the periodic signals to identify which forcing dominates each sink;
the long-term changes in these two forcings are then examined in the
following two sections.

To link these periodicities to their physical drivers, we compare the
filtered SSC signal with the two candidate forcings: regional wind speed and
fluvial sedimentload (Fig. 6). The filtered data reveal that wind speed follows
an annual oscillation, with peak intensities occurring during the winter
monsoon. Conversely, the filtered Yellow River sediment load shows a
distinct peak in summer. Using Point A as an example, its filtered SSC time
series displays a “double-peak” pattern: one peak aligns with the winter wind
maximum, and the other coincides with the summer fluvial sediment load.
Notably, the two peaks are strongly asymmetric in amplitude, while the
winter resuspension peak regularly exceeds 120 mg/L and the summer
riverine peak reaches only ~20 mg/L. This mechanistic asymmetry between
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the two seasonal maxima accounts for the co-existence of both annual and
semi-annual spectral peaks in the power spectrum at Point A (Fig. 5a), with
the amplitude of the semi-annual component (blue curve in Fig. 6a) directly
quantifying the degree of contrast between two forcing-distinct seasonal

peaks. Accordingly, the decrease of both filtered amplitudes towards
2018-2019 (Fig. 6a), despite the concurrent strengthening of the riverine
signal (Fig. 6¢), reflects a weakening of the winter resuspension peak that
narrows the winter-summer contrast.
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In the proximal sinks (Points A and C), the dominant semi-annual
periodicity is a product of the dual control. Wind-driven resuspension,
which peaks during the intense winter monsoon, serves as the primary
determinant of SSC variability and governs the annual cycle®. However, the
massive delivery of riverine sediment near the active river mouth (Point A)
during summer creates a secondary concentration peak that offsets the
relative calm of the summer wind field. The interaction between these two
opposing seasonal maxima effectively leads to the formation of the 183-day
semi-annual periodicity. Consequently, the abundant sediment supply
makes the proximal SSC highly sensitive to variations in wind speed. It
should be noted that while Point C is also situated in the proximal sink area,
its sediment is primarily derived from the erosion of the Diaokou subaqu-
eous delta (abandoned in 1976) following its channel avulsion™".

In contrast, the spatial decay of the riverine signal indicates that the far-
field distal sinks are primarily forcing-dependent. The main difference
governing SSC at Points B and D is their bathymetric characteristics. Situ-
ated in the central Bohai Basin, the water depth at Point B can reach
50-70 m. This increased depth acts as a physical shield that significantly
attenuates the impact of wind-driven waves on the seabed, resulting in much
weaker resuspension and, consequently, the lowest annual power among the
four points. This bathymetric shielding explains why the central basin

maintains relative low sediment concentration unless subjected to extreme
hydrodynamic forcing.

Variations of human interventions in study area

Building on the forcing framework above, we first quantify the decadal
changes in anthropogenic forcing. The Yellow River has historically been
considered as the second-largest fluvial sediment source on Earth*'. How-
ever, the artificial diversion of the primary channel from the Diaokou course
to the present Qingshuigou course in 1981 initiated the profound influence
of human activities on the regional spatiotemporal distribution of water and
sediment®. Since the 1980s, the Yellow River has experienced an 83%
decline in sediment flux (from 1.2 to 0.2 Gt/yr, Fig. 7a) owing to the
cumulative impact of upstream dam construction, enhanced soil con-
servation efforts, and significant in-channel siltation'"*’. This continuous
declining trend was further exacerbated following the implementation of the
Water and Sediment Regulation Scheme in 2002, which has had a con-
siderable impact on the development of the deltaic lobe™.

In addition to the reduction in riverine input, extensive human
interventions have substantially restricted the availability of erodible sedi-
ments along the coast*™*. The construction of aquaculture ponds, shipping
ports, and coastal dykes has led to a notable stabilization of the coastline. As
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imagery in 1981 (June 12, Landsat 2 Full-Resolution Natural Color image) and 2019
(May 31, Landsat 8 Full-Resolution Natural Color image). The dashed white line
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revealed by Lu, Zhang"’, reclamation was the predominant factor driving an
approximate 72.9% seaward movement of the Bohai Sea coastline from
1985 to 2018. It is evident that as of 2018, approximately 69% of the original
Bohai Sea coastline has been solidified by engineered modifications. Con-
sequently, the contemporary morphology of the Yellow River mouth is
markedly altered from its 1981 state, exhibiting near-complete artificial
structures except for the active and abandoned river mouths (Fig. 7b).

This dual depletion of riverine and coastal sediment sources has fun-
damentally altered the physical properties of the regional sediment delivery
and the deltaic substrate. The continuous scouring of coarse-grained sedi-
ment from the lower river reaches has resulted in sediment delivery char-
acterized by intense coarsening and poor sorting'"**. Correspondingly,
core samples collected in Laizhou Bay and Bohai Bay (Fig. 7c) demonstrate
an average increase of more than 30% in mean grain size (Mz), indicating a
gradual coarsening of the seabed. Crucially, this seabed coarsening off the
delta coast significantly increases the critical shear stress required for sedi-
ment mobility. Based on the classical Shields threshold framework for non-
cohesive equivalents (Soulsby, 1997), a 30% coarsening from a baseline fine
silt of ~25um theoretically yields an approximately 15.5% increase in the
critical bed shear stress. However, in a natural estuarine system, the con-
tinuous winnowing of fine sediments creates a bed-armoring effect, which
exponentially ~exacerbates the entrainment threshold beyond
theoretical single-grain predictions. This physical effect acts as a powerful
negative feedback mechanism, which undoubtedly inhibits sediment
resuspension”’”’,

Variations of climatic drivers in study area

We next examine the changes in climatic forcing over the same period.
Wind represents a pivotal driving mechanism for coastal sediment
dynamics, primarily governing the resuspension of bed materials via wind-
generated waves and modulating advective transport directions™*. Regu-
lated by the regular fluctuations of the East Asian Monsoon, the winter
months predominantly dictate the annual sediment resuspension and
transportation budget due to intense northerly winds and associated storm
surges' >,

Under the context of global climate change, the study area has
experienced a decadal intensification of extreme weather events. These
storms can rapidly amplify wave-induced bottom stress, thereby enhancing
sediment resuspension and dispersal across the benthic boundary layer**.
Statistical analysis of winter storm events from 1981 to 2019, utilizing the
method proposed by Fan, Chen”, reveals a regional mean frequency of
approximately 44.8 events per winter half-year and an average inter-event
duration of 101.2 h (Fig. 8). During this period, the winter storm frequency
increased significantly across the Bohai and North Yellow Seas. Specifically,
regarding storm frequency and temporal intensity, the proximal sinks
experienced a mean storm frequency increase of approximately 6.8%,
accompanied by a 3.3% reduction in inter-event duration, indicating more
concentrated and persistent storm impacts. Notably, this intensification of
hydrodynamic forcing failed to yield elevated SSC in the proximal zones;
rather, the enhanced storm-driven energy was counterbalanced by
anthropogenic sediment depletion and the associated seabed coarsening
discussed above.

Conversely, the distal sinks recorded a more modest mean storm fre-
quency increase of approximately 2.5%, while the duration had no sig-
nificant variation. However, isolated from direct coastal engineering and
coursing sediment, the far-field distal seabed retains its fine-grained and
highly erodible deposits, and this 2.5% amplification in winter storm fre-
quency is sufficiently powerful to activate the benthic boundary layer. This
enhanced wave-induced bottom stress efficiently fuels the resuspension-
transport continuum. The winter-dominated amplification of the distal SSC
increase (Fig. 4b) therefore confirms that this rise is primarily driven by
intensified wave-induced resuspension rather than summertime riverine
forcing.

The spatiotemporal asynchrony in sink areas

The differential evolution of the Yellow River sediment sink, as con-
ceptualized in Fig. 9, is shown as a comprehensive system driven by the
spatiotemporal asynchrony between high-intensity anthropogenic forces
and climate change.
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Fig. 8 | Variations of climatic drivers. a The var- a)
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In the proximal sinks, the sedimentary regime is overwhelmingly
modified by human interventions across both the active and abandoned
delta lobes. The fundamental driver for the decadal SSC declines across these
nearshore regions is the dual shortage of sediment: a drastic reduction in
Yellow River sediment flux combined with extensive shoreline reinforcing.
This deprivation directly limits effective deltaic replenishment, leading to
the progressive depletion of fine-grained materials and subsequent seabed
coarsening. Consequently, the elevated entrainment threshold inhibits
resuspension fluxes despite winter wind forcing™. However, the magnitude
of this decline is different due to the proximity to the active river mouth, as
the active channel still provides partial fine-grained replenishment to the
LBPS". In contrast, the BBPS completely lacks direct fluvial supply, relying
only on the historical deposits of the abandoned Diaokou lobe. Without any
effective modern replenishment, the seabed coarsening is even more pro-
nounced at the BBPS, leading to a more severe and obvious reduction
in SSC.

Unlike the proximal zones, decadal SSC variations in the distal sinks
are predominantly controlled by climatic factors. Receiving Yellow River-
sourced materials historically, the distal deposits consist primarily of fine
sediments delivered via wind-driven transport under strong winter
monsoons™**. Lacking the direct impact of human activity, the surface
sediments of far-field areas remain highly susceptible to wave-induced
bottom stress. Specifically, across this river-delta-distal mud continuum, the

suspended sediment in the distal sinks is sustained by a dual mechanism,
including the local resuspension of the highly erodible fine-grained deposits
driven directly by wave-induced bottom stress, and the lateral seaward
transport of material delivered by intensified winter storms and the asso-
ciated wind-driven coastal currents”. Both pathways are amplified by the
decadal increase in winter storm forcing, driving the SSC enrichment
observed in the distal surface waters.

A key point concerns the source of this lateral bottom transport, which
is not contemporary fluvial input. Under the water-sediment regime of the
Yellow River, the bulk of fluvial sediment is delivered during the summer
flood season and rapidly deposited near the river mouth, whereas the large-
scale seaward redistribution to the distal sinks occurs mainly in winter, when
storms remobilize the pre-existing proximal inventory including the
abandoned Diaokou subaqueous delta and the historical mud deposits of
Bohai Bay and Laizhou Bay. This historical inventory is sufficient to sustain
net seaward export even though modern fluvial supply has declined by
~83%, and the progressive seabed coarsening in proximal cores (Fig. 7c)
provides direct geological corroboration of this net fine-sediment export.
However, this regime likely represents a transient state. If the Yellow River
continues to deliver such reduced sediment fluxes, the unreplenished delta
and proximal sinks will struggle to sustain the present lateral export in the
future, although the timescale of this transition remains to be constrained.
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Broader implications for large river source-to-sink systems
Since the mid-20th century, the acceleration of anthropogenic activities and
climatic extremes has fundamentally altered the sediment transportation in
large river systems resulting in more irregular and complex processes®*".
Specifically, the opposite trend observed in the Yellow River sinks system are
attribute to the regional evolutionary characteristics. However, more sig-
nificantly, it reflects a broader global common feature shared by large river-
shelf systems, which face analogous anthropogenic and climatic pressures’”.
Large river systems universally suffer from sediment reduction due to
upstream dam impoundment, leading to deltaic erosion and a systemic
decline in coastal turbidity. For example, the total sediment trapping
capacity of reservoirs throughout the entire Yangtze River basin can reach
~450 million tons per year, resulting in a 60-70% reduction in sediment
amount transported into the sea®*. Concurrently, a distinct coarsening of
subaqueous delta and Changjiang Distal Muds has been observed®'. Simi-
larly, the sediment load of the Mississippi River has been reduced by 50%
through dam construction in the Mississippi Basin, resulting in the large-
scale inundation of the river delta and wetlands', and the pristine sediment
flux of Mekong River has declined from ~160 million tons per year to only
~25% of pre-1992 levels”, while the trapping efficiency of all the planned
reservoirs will be 51-69%®. Furthermore, extreme weather events have
significant influence on sediment transport and morphological adjustments
across these systems, while the increasing intensity and changing frequency
of typhoons and hurricanes documented in the Northwest Pacific and the
Gulf of Mexico provide the climatic forcing analog™. Similar to the Yellow
River, the subaqueous delta of the Yangtze River and Mekong River
experiences significant sediment resuspension under the influence of winter
storm surges***, whereas the Mississippi River delta is severely impacted by
intense hurricanes”.

Nevertheless, the Yellow River sink system exhibits distinctly more
extreme sedimentary responses than these counterparts, owing to its unique
hydrological and management characteristics. Characterized by excep-
tionally high sediment-to-water ratio, equivalent damming interventions
produce a far more disproportionate reduction in fluvial sediment supply
compared to the Yangtze or Mississippi systems®. Furthermore, in contrast
to the anti-seasonal regulation mode of the Three Gorges Reservoir (TGR)
on the Yangtze River, the episodic Water and Sediment Regulation Scheme
(WSRS) delivers concentrated pulses of floodwater before the flood season
that transport coarse-grained channel sands seaward in short period, which
has rendered the Yellow River a fully human-controlled system that has
effectively lost its natural hydrological regime®”. This combination of
extreme sediment-to-water ratio and fully engineered hydrological control
places the Yellow River sink system at the leading edge of anthropogenic
source-to-sink restructuring among the world’s major river systems.
Building on this analog perspective, the proximal-depletion and distal-
enrichment asymmetry documented here provides a predictive template for
anticipating how other heavily engineered river-shelf systems may reorga-
nize as fluvial supply continues to decline and storm forcing continues to
intensify. In this sense, the Yellow River functions as an early-stage obser-
vational analog for changes that may emerge more gradually in less
impacted systems.

Beyond sediment dynamics, this divergent decadal regime carries
direct consequences for organic carbon (OC) burial in marginal seas. The
riverine organic carbon of the Yellow River was concentrated in the fine-
grained fractions of the suspended sediments”, which are the principal
carriers stabilizing OC during cross-shelf transport”, thus the same physical
processes governing the SSC divergence documented above also reshape the
fate of sedimentary OC. The loss of fine-grained substrates in the proximal
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sinks weakens mineral-bound OC stabilization, while the intensified storm-
driven resuspension in the distal sinks repeatedly re-exposes previously
buried OC to aerobic remineralization™””. The cross-shelf reorganization of
fine-sediment delivery thus likely drives a system-scale reduction in
marginal-sea OC sequestration.

Our findings highlight a critical regime shift within the Anthropocene:
the transition from a natural, fluvial-dominated system to one governed by
the asymmetric interaction of human engineering and climatic forcing. The
differential responses observed across the river-shelf-sea continuum reflect
the complexity of Earth surface processes with anthropogenic activities,
where the interaction of multiple Earth system spheres creates a new, spa-
tiotemporally inconsistent sedimentary regime. Therefore, recognizing and
characterizing the coupling of anthropogenic and climatic forcing becomes
essential to understanding how the river-to-sea continuum will operate as a
fundamental Earth-surface process under mounting Anthropocene pres-
sures and climate change.

Methodology

Satellite observations and SSC retrieval

Daily surface SSC data in the Bohai and North Yellow Seas (36-41°N,
117-123.5°E) were derived using the SatelliteFixer model based on MODIS
Aqua Level-1 data (July 2002-December 2019, 0.05%solution). Prior to
training, standard instrument calibrations and atmospheric corrections
were applied to generate Level-2 products, with strict quality flags imple-
mented to discard low-quality pixels of images impacted by conditions such
as atmospheric correction failure, stray light, sun glint, radiance saturation,
probable clouds, or ice contamination, etc. The original MODIS Aqua
observations provide at most one overpass per day, and this quality
screening leaves substantial data gaps: over the 18-year period (2002-2019,
6588 days in total), the number of valid retrievals per pixel ranges from ~300
to over 1,300, with a regional mean of approximately 800, and pixels with
fewer than 300 valid observations were excluded from the analysis™. Valid-
data density is lowest in the turbid nearshore and estuarine zones, consistent
with the known limitations of ocean-color retrievals in optically complex

coastal waters. The SatelliteFixer model utilizes a custom random forest
architecture to reconstruct consecutive spatiotemporal data (Fig. 10a). The
model takes four independent input features, including geographic location,
time (encoded as continuous numerical variables of year and day-of-year),
the raw R, value at the target pixel, and spatially neighboring reconstructed
values from a first-pass prediction, which have no assumption of underlying
periodicity or seasonal structure’'.

To validate the satellite-derived retrievals, continuous in situ SSC
observations were conducted during six multidisciplinary cruises aboard the
R/V DONGFANGHONG 2 spanning different seasons: April 2010 (Spring,
6 days), May 2012 (Spring, 8 days), November 2014 (Autumn, 7 days),
August 2015 (Summer, 8 days), January 2016 (Winter, 6 days), and July
2016 (Summer, 11 days). The locations of stations are shown in Fig. 10b.
Equipped with Niskin bottles, CTD (SeaBird 911 plus) casts were deployed
to collect water samples. 1000-mL water samples were filtered onboard
using a GAST model pump through double-layer dry membranes for sus-
pended sediment samples. After the cruises, filtered sediment samples were
dried at 60 °C for 24 hrs and weighed with electronic balance (1/100,000 in
resolution). SSC was calculated as the ratio of sediment mass to water
volume.

Previous research has demonstrated a robust relationship between
satellite data and SSC, typically modeled through exponential
regression'””*’%. Fig, 10c demonstrates a robust exponential relationship
with the modeled remote sensing reflectance at 555 nm (Ryss55), yielding an
R?=0.72. It should be noted that the R 555 values used in this validation are
drawn from the SatelliteFixer-reconstructed dataset, as the in situ cruises
were conducted across all seasons including periods of low satellite data
availability. The reconstruction accuracy of SatelliteFixer was independently
assessed against ~70,000 withheld satellite observations never used in model
training, yielding PCC=0.98 for MODIS R;sss, with quantile-quantile
analysis confirming that the reconstructed data preserves the full statistical
distribution of observed values®. This two-step validation, against inde-
pendent in situ SSC measurements for the reconstructed product and
against withheld satellite observations for the reconstruction itself, confirms
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that the reconstructed dataset faithfully represents in situ sediment condi-
tions across the full observed SSC range. Consequently, the quantitative
inversion was performed using the following Eq.( 1),

SSC = 0.48 x exp(R,, x 174.6) (1)

while SSC represented suspended sediment concentration of sea surface
(mg/L), and R, represented the MODIS Aqua R, 555 data.

Boundary conditions and environmental forcing

Sediment cores, fluvial discharge records and meteorological data were
collected to investigate the distribution trends and controlling factors of
Yellow River-derived materials within the shelf sea. The sediment flux
monitored at Lijin Station, which is the terminal hydrological station located
approximately ~100 km upstream of the river mouth in the Bohai Sea, can
be considered as the record of the Yellow River from 1980 to 2019. Four
sediment cores were retrieved from prodelta regions of the Yellow River
(Bohai Bay and Laizhou Bay) to measure the mean grain size (Mz), with core
locations documented in Fig. 10b.

The *'°Pb-derived chronological framework places the core records on
an absolute timescale from the 1970s to the collection year ( ~ 2015), with
sedimentation rates of 0.43-0.72 cm/yr”’. The exponential decrease of >'°Pb
excess activity with depth (R* = 0.52-0.81) confirms stratigraphic continuity
and minimal influence of vertical mixing. The grain size trend shown in
Fig. 7c was fitted to the interval of systematic coarsening identified in the
dated records ( ~ 1990s), corresponding to the documented reorganization
of regional sediment supply following the 1976 channel diversion and the
1996 Qing-8 diversion, rather than to the full stratigraphic record which
includes a pre-disturbance stable phase.

The winter storm surge, acting as an extreme weather event, is the key
driver of sediment resuspension (via wind-waves) and transportation (via
wind-driven currents). In this paper, a storm event is defined as a process
with sustained wind velocities exceeding Beaufort Force 6 (10.8 m/s, ‘Strong
Breeze’) for 26 h; meanwhile, the event separation criterion is specified as an
interval of 224 h between two storm events. The frequency and gap duration
were calculated based on wind data produced by the European Center for
Medium-Range Weather Forecasts (ECMWF) dataset, which maintains
four values reported daily, recording the u (eastward) component and v
component at 0:00, 6:00, 12:00 and 18:00 hrs, during winter months (i.e.,
October to March). Given the shallow depth of the study area, storms
exceeding Beaufort Force 6 generally induce full-water-column mixing;
storm forcing was therefore characterized by event frequency and inter-
event duration rather than by per-event intensity.

Statistical and time-series analyses
The Mann-Kendall test, a robust non-parametric statistical method for
detecting monotonic trends in long-term time series™ was utilized to
quantitatively detect decadal trends in SSC variability across the study area
(evaluated via the pyMannKendall package’s).

Given an observation X = x;,x,, ..., x,,, the statistic S can be calcu-
lated using Eq. 2,

n—1 n
=) sgn(X; - X)) )

i=1 j=it+1

where X; and X; are sequential data in the series and

1<Xj—X,-> >0
sgn(Xj —XZ-> - o(xj —Xi) -0 3)
—I(Xj—Xi> <0

As an indicator to measure the size of the trend, slope () calculated by
Theil-Sen estimator can be expressed as Eq. 4

. X] Xi ..
ﬁ:medzan( = )V1<1<]<1‘1 4)

when a positive value of 8 indicates an “uptrend” and a negative value of 8
indicates a “downtrend”.

Served as complementary and independent corroboration of Mann-
Kendall test, the robust locally estimated scatterplot smoothing (rLOESS)
method was applied with a span of 35%*, corresponding to a smoothing
window of approximately 2300 days (~ 6 years) for the 6588-day time
series. This window length is intentionally set to exceed the typical range of
interannual climate variability (2-7 years) in the East Asian marginal seas,
ensuring that the extracted trends reflect decadal-scale changes rather than
interannual fluctuations. Furthermore, Evolutionary Spectral Analysis
(ESA), a robust time-frequency analysis method for detecting shifts in
dominant periodicities”’, was employed using the Acycle software® to trace
the dynamic shifts of dominant periodicities (sliding window length
equivalent to 35% of the data sequence, step size of 10). To isolate the
periodic signatures of the various driving factors (e.g., wind speed and
riverine load), Gaussian band-pass filtering was applied to the targeted
frequency bands identified in the power spectrum®'.

Data availability

The satellite data used in this work were obtained from NASA’s OceanColor
Web (https://doi.org/10.5067/MODIS/MOD021KM.NRT.061). The wind
data were obtained from the ECMWF ERAS5 reanalysis, available through
the Copernicus Climate Data Store (https://cds.climate.copernicus.eu/
datasets/reanalysis-era5-single-levels). The river discharge data were pro-
vided by the Yellow River Conservancy Commission, Ministry of Water
Resources of China (http://www.yrcc.gov.cn/gzfw/szygb). The gap-filled
satellite suspended sediment concentration (SSC) data generated in this
study, together with the Mann-Kendall test results and evolutionary spectral
analysis results, is available at Zenodo (https://doi.org/10.5281/zenodo.
21439725).

Code availability
The gap-filling algorithm used to process the satellite data is described in Li,
Bi’'. No custom code was developed for this study.
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