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Coastal ecological disasters triggered by
an extreme rainfall event thousands of

kilometers inland

M| Check for updates

Wenijian Li', Zhenyan Wang ® '**#[<, Quanchao Cui'*®, Xiaole Sun ®3® & Haijun Huang'®

The world is experiencing an increase in the frequency and intensity of extreme weather events, yet the
influences of remote inland extreme weather events on the coastal ecosystem thousands of kilometers
away remain poorly understood. Here we tracked the chain ecological effects of an extreme rainfall
event in North China from terrestrial rivers to coastal aquaculture area of the eastern Shandong
Peninsula. Our data suggest the autumn flood resulted from extreme rainfall event leads to abnormally
low turbidity in the North Shandong Coastal Currents and coastal red tide blooms by introducing
anomalous freshwater with an exceptionally high nitrogen-to-phosphorus ratio into the Bohai Sea.
Lower salinity, stronger light conditions caused by limpid coastal currents, and phosphorus limitation
resulting from red tide blooms account for huge kelp loss offshore of the eastern Shandong Peninsula.

This study underscores the importance of considering multidisciplinary observation for risk

management of unexpected extreme weather events.

Coastal zones, serving as vital interfaces between land and the ocean, have
become focal points for dynamic socio-economic development and have
exhibited increased sensitivity to the effects of climate change'’. Extreme
weather events, like storms, tsunamis, and coastal flooding, can rapidly alter
the structure and function of coastal ecosystems, resulting in severe ecolo-
gical damage and substantial economic losses when they arrive’. However,
the influence of extreme weather events in remote inland areas on the
ecological environment and aquaculture industry of coastal zones is still
rarely reported, and the underlying transference mechanisms remain poorly
understood.

Kelps serve as one of the most important aquaculture species and
function as foundation species in coastal ecosystems, providing habitat,
nursery ground, and food for thousands of organisms’. China boasts the
world’s largest kelp cultivation industry. The aquaculture area and yield of
fresh kelp in Rongcheng City on the eastern coast of the Shandong Peninsula
both rank first in China”® (Fig. 1). However, in November 2021, Rongcheng
City experienced the worst kelp mortality on record, accompanied by severe
red tide blooms’. Consequently, the kelp (Saccharina Japonica) yield in
Rongcheng City was almost extinct in 2022, resulting in an estimated direct
economic loss of nearly 200 million Chinese Yuan'’. The 2021-2022 kelp
mortality event has dealt a devastating blow to local aquaculture industry.

Investigations conducted in situ post-event have determined that this eco-
logical disaster was attributed to abnormally high water transparency and a
severe depletion of phosphate in seawater'’. Nevertheless, the reasons for the
increase in water transparency and nutrient deficiency remain unclear.
Event attribution and underlying mechanism elucidation of this kelp
mortality event on larger spatiotemporal scales remain to be further studied.

Previous studies revealed that, wind-driven waves caused bottom
sediment resuspension and the release of nutrients carried by sediment
particles during the winter half-year, which promoted the growth of
plankton along coast of the Shandong Peninsula'"'”. The weakening of the
wind speed was considered a primary factor in the reduction of suspended
sediment concentration (SSC) and thus higher water transparency in the
coastal area of Bohai and North Yellow Sea'*", and the proportion of
plankton in sediment particles was negligible''. However, no abnormalities
were observed in the wind field during the autumn of 2021. The underlying
cause of this anomalous environmental fluctuation remains elusive. It is
worth noting that two months before the kelp mortality event, continuous
extreme rainfall was strikingly recorded over North China in the autumn of
2021, causing an unexpected autumn flood in the Yellow River. Does the
autumn extreme rainfall event in North China have a causal relationship
with the kelp mortality event so far away, and what are the intrinsic
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Fig. 1 | Geographic and hydroclimate context of the study area. a Horizontal
distribution of the rainfall anomalies of each province in China in 2021. The magenta
lines indicate the large rivers. The black solid box indicates the study area in e. b The
location of Yellow River watershed and Hai River watershed. ¢ The location of
Huang-Huai-Hai plain. d Horizontal distribution of the population (million) of each
province in China. e Bathymetric map of the Bohai Sea and North Yellow Sea with
the locations of the survey stations (black solid triangles). The magenta circles

indicate the cities of Shandong Province. The green rhombus indicates the gauge
station of Lijin. The blue solid line indicates the Yellow River, Hai River, and Liao
River. The dashed box indicates the Rongcheng offshore area where the MODIS
imageries are averaged in Fig. 8. The arrows indicate the ocean current of North
Shandong Coastal Current (NSCC), Yellow Sea Warm Current (YSWC) and
Liaonan Coastal Current (LNCC). The Roman numerals indicate the location of I
Bohai Bay, II Laizhou Bay, and III Liaodong Bay.
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mechanisms involved? Here, we aim to combine field observations (Sup-
plementary Fig. S1) with contemporaneous satellite remote sensing data to
unveil the relationship and underlying transference mechanism between
remote inland extreme rainfall events and coastal kelp mortality events
thousands of kilometers away. This provides a unique opportunity to
examine the teleconnection of global climate change on regional marine
ecosystems through a comprehensive assessment of physical, chemical, and
biological cascading effects.

Results and discussion

Inland extreme rainfall events led to autumn flood of the Yellow
River and phosphorus limitation of the Bohai Sea

In summer, the East Asian climate is regulated by a high-pressure system,
called Western North Pacific Subtropical High (WNPSH)"“. The WNPSH
transports water vapor subtropical western North Pacific into East Asia
through southerly wind, and anchors the rain belt on its northwestern
periphery where a convergence of moist southerly winds and cold air masses
occurs”. Anomalous intrusion or deficiency of the WNPSH can lead to
extreme weather events such as floods, droughts, and heat waves in East
Asia'®. In 2021, North China experienced its wettest autumn since 1961,
accompanied by record-breaking rainfall that nearly doubled the average
rainfall in the same period of previous years (Fig. 2a, b). This extreme wet
condition of North China in autumn 2021 was also attributed to the
westward inland intrusion of the WNPSH, triggered by higher sea surface
temperature anomalies (SSTA) in the Indo-Pacific warm pool””. The annual
rainfall anomalies reached the highest historical values of 162.9 mm
(equivalent to 1314.5x10°m’) and 3003 mm (equivalent to
1105.4 x 10° m’) in the Yellow River and Hai River watersheds, respectively
(Fig. 2a, b). Consequently, the heavy floods that occurred in both the Yellow

River and Hai River basins broke historical records despite the Yellow River
having a much higher discharge compared to the Hai River (Fig. 2d and
Supplementary Fig. S2).

In 2021, the time series of Yellow River discharge exhibited an unusual
bimodal distribution, with peaks observed in the summer (June and July)
and the highest peak recorded in autumn (October and November)
(Fig. 2d). The sediment loads exhibited a double-peak distribution resem-
bling discharge, albeit with a more constricted peak width. Sediment load
increased rapidly with the onset of flooding, peaking in mid-October.
However, it subsequently dropped rapidly to less than 1 Mt at the end of
October, while the discharge gradually decreased until December, returning
to pre-flood levels. Therefore, the river input was characterized by high river
discharge but low sediment loads from late October to early November
during the cruise survey period (Fig. 2d), i.e., the water-sediment separation.
This pattern was confirmed by the lower turbidity around the Yellow River
estuary, i.e., the hyposaline water dominated Laizhou Bay and Bohai Bay,
while the turbidity was even lower than that in southern Bohai Strait
(Fig. 3b, d).

The impact of the 2021 autumn flood extended to the southwestern
Bohai Sea, lowering salinity to levels below 30, resulting in a pronounced
salinity front outside Bohai Bay and Laizhou Bay (Fig. 3b). High chl-a
concentrations were observed along this salinity front in surface layer,
indicating notable phytoplankton blooms (Fig. 3¢). Bohai Bay and Laizhou
Bay exhibited low salinity and high nutrient concentration of DIN and DSi,
coupled with an anomalous high DIN/DIP ratio (Fig. 3e-h). Submarine
Groundwater Discharge was recognized as a potentially critical factor
influencing the excessive nutrients present in the Bohai Sea'®". Never-
theless, an examination of the vertical distribution of nutrients revealed that
DIN and DSi originated from surface layers rather than the bottom layer
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Fig. 3 | Horizontal distribution of hydrological
parameters in surface layer over Bohai and North
Yellow Sea in autumn 2021 (October
27-November 04). a Water temperature (°C);

b Water salinity; ¢ Chl-a concentration (mgm™);
d Turbidity (NTU); e DIN (umol L™"); £ DSi (umol/L);
g DIP (umol L"), and h DIN/DIP.
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(Supplementary Fig. S3el, f1), suggesting a dominant influence from river
discharge™. As the Yellow River flows through the Huang-Huai-Hai agri-
cultural area, one of China’s largest agricultural production bases, the
increase in population and anthropogenic fertilizer application has con-
tributed to higher nutrient transport via rivers during the last decades™
(Fig.1c, d). It was reported that fertilizer loss in DIN (44-48%), sewage
effluents in DIP (85-88%), and natural runoff in DSi (35-65%) were the
largest contributors to total nutrient flux in the Yellow River discharge
respectively’>”’. During the autumn flood of 2021, there was a considerable
influx of nutrients from the Yellow River into the Bohai Sea (Fig. 2e).
Notably, the peak nutrient fluxes during this autumn season surpassed those
observed during the summer flood season, with the highest TDN/TDP ratio
recorded. The good negative correlation between nutrient concentrations of
DIN, DSi, and salinity further confirmed the contribution of river
discharge™ (Supplementary Fig. S4a, b). However, the DIP was mainly
derived from sediment resuspension since it positively correlated with
turbidity rather than salinity (Supplementary Fig. S4c, d). As phytoplankton
growth consumed large amounts of DIP, extremely high DIN:DIP ratio of
over 3000 occurred in the Bohai Sea (Fig. 3h), which considerably exceeded
that reported ratio in previous studies”*” (Fig. 4a). The strong linear cor-
relation between DIN:DIP ratio and DSi:DIP ratio (slope =1.13, r=0.99,
P <0.001) indicated that DIN and DSi had the same source of river input

related to the autumn flood as well”**® (Fig. 4a). The Redfield ratio’” analysis
confirmed that the Bohai Sea experienced severe phosphorus limitation in
surface layer, while the North Yellow Sea experienced silicon limitation
(Fig. 4). Nitrogen limitation was observed only at several stations along the
northern coast of the Shandong Peninsula. In summary, extreme rainfall-
induced autumn floods carried large amounts of nutrients into the Bohai
Sea, resulting in eutrophication and subsequent phytoplankton
blooms there.

Anomalous limpid coastal current caused by autumn flood of the
Yellow River
The North Shandong Coastal Current (NSCC) has traditionally been
known as the primary carrier of sediments from the Yellow River, trans-
porting them from the Bohai Sea to the Yellow Sea along the coast of the
Shandong Peninsula during winter season™ (Fig. 1e). Thus it was typically
characterized by low-salinity, cold and highly turbid water belt along the
coast of Shandong Peninsula””’. Then, temperature fronts usually formed
between the cold NSCC and the warm Yellow Sea Warm Current (YSWC)
during the winter season’.

Climatically, pronounced sea surface temperature gradients (SSTGs)
emerged in November and intensified by December (Supplementary
Fig. S5a-c). However, in November 2021, the notable SSTGs exceeded
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0.05°Ckm™" along the northern coast of the Shandong Peninsula (Sup-
plementary Fig. S5d-f). The SSTG anomalies surpassing 0.02 °C km ' when
compared to the climatological mean state along the northern coast of the
Shandong Peninsula (Fig. 5a, b), which indicated an early intrusion of cold
NSCC along this region. Intriguingly, the northern coast of the Shandong
Peninsula displayed serious negative SSC anomalies during November 2021
(Fig. 5¢). This was a notable deviation from the high turbidity typically
associated with NSCC. The spatial distribution of SSC anomalies suggested
their origin in the Yellow River Estuary area. As discussed before, the
autumn floods of 2021 resulted in the water-sediment separation in the
estuary area (Fig. 2d). Freshwater with low SSC was spread from the Bohai
Sea to the Yellow Sea driven by NSCC in November. Consequently, the
severe autumn flood of 2021, coupled with water-sediment separation, led to
anomalous limpid NSCC.

Shipboard acoustic Doppler current profiler (ADCP) observation
confirmed the early intrusion of NSCC along the northern coast of Shan-
dong Peninsula on 02 November 2021 (Fig. 6). It revealed a two-layer flow
structure, with the velocity vector rotating in the opposite direction to the
west of 122.5°E in November (Fig. 6a). The buoyant surface NSCC flowed
eastward at a velocity of over 1000 mm s7!, while the heavier bottom water
below 9 m flowed westward at a velocity of <300 mm s~". The water col-
umns exhibited a two-layer hydrological structure at station W1 accord-
ingly, with pycnocline occurred between fresher surface water and saltier
bottom water (Fig. 6¢). The pycnocline acted as a barrier, inhibiting the
upward diffusion of resuspended sediments from the bottom nepheloid
layers as indicated by the vertical distribution of backscattering strength of
suspended particles (S,) (Fig. 6b). As the current progressed from station
W1 to CD1, the influence of the advection diminished, and the resuspended
sediments gradually increased (Fig. 6b). The water column also switched
from stratified status to vertical mixing, which was manifested by the uni-
form vertical distribution of low buoyant frequency (N < 0) (Fig. 6¢).

Satellite imagery provided insights into the temporal evolution of
NSCC from a broader spatiotemporal perspective. In October 2021, the
SSTG had not yet manifested, whereas the turbid water belt was observed
along the coast of the Shandong Peninsula (Fig. 7a, b, i, j). However, as the
autumn flood of 2021 occurred and the water-sediment separation took
place, an anomalous limpid NSCC was formed by November 12 (Fig. 7c, d).
At the same time, the low-turbidity water belt appeared along the northern

coast of Shandong Peninsula (Fig. 7k, 1). The Landsat-8 OLI true color
images also revealed that the sediment-laden water has been replaced by
clear water along the north coast of Shandong Peninsula from October 29 to
November 14 (Supplementary Fig. S6). From November 14-27, NSCC
bypassed Cape Chengshan and reached the coastal area of Rongcheng city
(Fig. 7d-h). Concurrently, the low-turbidity water belt expanded alongside
the expansion of the NSCC (Fig. 71-p). The buoy observation of low salinity
also confirmed the intrusion of NSCC in November 2021 compared with
previous years (Supplementary Fig. S7c).

The red tide bloomed in the salinity frontal zone and migrated
with coastal currents

During the autumn of 2021, the Bohai Sea exhibited severe phosphorus
limitation (Figs. 3 and 4). The distribution of high chl-a concentration,
indicating phytoplankton blooms, was observed along the salinity front
where DIN and DSi-rich coastal water contacted with DIP-rich waters,
rather than in the estuary area (Fig. 3). The physical processes of cross-front
convergence and strong along-front advection created more favorable
nutrient conditions within the frontal zones that would enhance primary
productivity’. This pattern of bloom patches was also captured by MODIS
(Moderate-resolution Imaging Spectroradiometer) satellite images (Fig. 7r).
Furthermore, the NSCC transported DIN- and DSi-rich waters to the
Yellow Sea over time, constantly meeting DIP-rich local water along the
coast of the Shandong Peninsula (Supplementary Fig. S3gl-g4). This
continuous process of nutrient enrichment in the frontal zone was highly
favorable for the occurrence of phytoplankton blooms.

The Bulletin of China Marine Disaster in 2021 reported two large-scale
red tide blooms in Bohai and North Yellow Sea during the autumn season’.
The first red tide bloom occurred from October 27 to November 05 in the
coastal area of Dongying City, covering an area of 1052 km’. The average
abundances in Laizhou Bay on October 2021 were 4.2 x 10° cells L™, while
high abundances exceeding 1.0 x 10° cells L™ in the western and southern
coastal areas”. The dominant algae species during this bloom were the
dinoflagellates Akashiwo sanguinea and Gonyaulax polygramma. The sec-
ond red tide bloom, dominated by the dinoflagellate Gonyaulax poly-
gramma occurred in the coastal area of Yantai and Weihai Cities from
November 27 to December 16, covering an area of 921 km?. The distribution
of the red tide bloom patches aligned with the locations of high MODIS chl-
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Fig. 5 | Monthly anomalies of MODIS-derived sea surface parameters over the Bohai and North Yellow Sea in November 2021. a SST; b SSTG; ¢ SSC; and d chl-a
concentration. The yellow arrow in b indicates the front anomalies. The white areas are masked by clouds or bad results from the retrieve algorithm.

a concentration (>10 mg m ™) (Fig. 7q-x), particularly outside of Bohai Bay
and Laizhou Bay (Dongying nearshore waters) on October 27 (Fig. 7r). This
consistency proved the high chl-a concentration mainly resulted from the
red tide blooms in Bohai and North Yellow Sea during autumn of 2021.
They expanded along the coast of Shandong Peninsula with the migration of
limpid NSCC (Fig. 7). Consequently, the anomalies in the chl-a con-
centration observed in November 2021 reached levels exceeding 5 mg m™—
along the north coast of Shandong Peninsula (Fig. 5d).

As mentioned before, the limpid NSCC dominated the northern coast
of the Shandong Peninsula by November 14 (Fig. 7). The nutrient-rich
waters transported by the NSCC likely fertilized the red tide blooms in the
coastal area of Yantai city on November 14 (Fig. 7t). Over the second half of
November, the red tide blooms gradually expanded along the coast of the
Shandong Peninsula and bypassed Cape Chengshan to reach the Rong-
cheng coast (Fig. 7u-x), which were consistent with the movement of the
limpid NSCC (Fig. 7e-h). The underlying mechanism was likely the
movement of optimal nutrient conditions at the frontal zones created by the
interaction of DIN and DSi-rich NSCC and the DIP-rich coastal waters.
However, following red tide blooms, nutrient consumption from organic
matter decomposition resulted in the establishment of oligotrophic condi-
tions, particularly phosphorus limitation. This poses a conspicuous threat to
the survival of local kelp species'.

Attribution of kelp mortality event to extreme rainfall events

While the kelp farming area in Shandong Province has remained relatively
constant over the past decade, both kelp yield and unit yield (yield: area)
have more than doubled since 2014 (Fig. 2¢). This surge is likely attributed to
advancements in farming technology. Unexpectedly, following the extreme
rainfall event in the autumn of 2021, kelp yield in Shandong Province
experienced a precipitous decline in 2022, reaching levels seen before 2014.

Water quality testing conducted immediately after the kelp mortality event
in December 2021 found that the contents of agricultural herbicides, pes-
ticides, and heavy metals were all within acceptable aquaculture standards,
indicating that there was no presence of lethal chemical agents in the
seawater'’.

It was reported that various environmental factors, such as tem-
perature, salinity, nutrient enrichment, and irradiance conditions, could
positively affect kelp cultivation™*. However, the combined effects of
these factors on kelp growth remained complex and require further
research®. Kelps were known to be highly tolerant of low temperatures
but sensitive to high temperatures due to their adaptation to cold seas™.
Excessive photosynthetically available radiation (PAR) could inhibit
photosynthesis and lead to cellular damage in kelp”**. Nevertheless, the
autumn SST and PAR have shown minimal fluctuations over the last 20
years (2002-2021) (Fig. 8b, c and Supplementary Fig. S7b), suggesting
they were not the dominant factors causing this mass mortality event of
kelp. The lag-correlation analysis also showed that there was no sig-
nificant correlation between them and kelp unit yield from 2014 to 2021
(Fig. 8h, i). The impact of wind has also been excluded, as no abnormality
was observed (Fig. 8a, g and Supplementary Fig. S7a). Unexpectedly,
there were close negative relationships between SSC, chl-a concentration
and kelp unit yield (Fig. 8j, k). At the interannual scale, high SSC implies
a weakening of light conditions, while high chl-a indicates phytoplankton
nutrient consumption, both of which are unfavorable for algal photo-
synthesis and lead to decreased kelp yield. When extreme weather events
occurred, the anomalous high concentration of chl-a contributed to a
marked decrease in the unit yield of kelp due to severe nutrient con-
sumption. However, the relationship between SSC and unit yield of kelp
deviated from the expected development law, causing unpredictable
ecological processes.
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The seawater along the coast of Shandong Peninsula in November
2021 exhibited the lowest SSC (4.69 mgL™") and the highest chl-a con-
centration (7.03 mg m’) in the same period in history (Fig. 8d, €). On the one
hand, kelp seedlings were typically transferred from land-based hatchery to
the offshore facilities in the Rongcheng kelp farming area started from early
October to November, coinciding with the occurrence of anomalous NSCC’
(Fig. 7). Kelp juvenile sporophytes were more vulnerable to variable external
environments, including high light, compared to larger size class
sporophytes™. The lower SSC allowed solar radiation to penetrate the upper
water column, contributing to better light conditions. Strong ultraviolet
radiation could damage proteins and lead to radical oxygen formation of
kelp juvenile sporophytes*>*'. On the other hand, the chl-a concentration
displayed its highest value in November 2021 (Fig. 8e), indicating the
influence of red tide blooms (Fig. 7). After the red tide blooms, the nutrients
along the coast of the Shandong Peninsula were depleted, resulting in a
relative oligotrophic condition (Fig. 3). The phosphorus limitation condi-
tions were confirmed after anomalous kelp mortality events'’. Laboratory
cultivation also demonstrated that the growth rate of kelps from the farming
area would increase with the addition of nutrients'’. Thus, the oligotrophic
condition caused by red tide blooms might play an important role in kelp
mortality events. Typically, in a stratified water column, the decomposition
of organic matter following phytoplankton blooms tends to consume dis-
solved oxygen and result in hypoxia conditions at the bottom layer. This
condition is not favorable for the growth of other plankton species. How-
ever, the shallow water depth in the Rongcheng offshore area, combined
with wind-mixing, prevents the development of hypoxia environments
(Supplementary Fig. S7a, d). Therefore, dissolved oxygen is not the primary
factor contributing to kelp mortality. Additionally, sudden reductions in

salinity have been shown to damage local macroalgae species in nearshore
areas™. In the autumn of 2021, an extreme rainfall event occurred in coastal
eastern Australia, diluting salinity and leading to the death of kelp
sporophytes”. Flood-induced reduction in salinity was considered the pri-
mary cause of the mass mortality of kelp sporophytes”’. While a direct
correlation between Yellow River discharge and unit yield was not estab-
lished (Fig. 8f), it remained viable to transport fresher water to the aqua-
culture area via NSCC. The anomalous low salinity may also play an
important role in the kelp mortality event (Supplementary Fig. S7c).
Therefore, the lower salinity, stronger light conditions, and insufficient
nutrients (especially phosphorus limitation conditions) are the direct cause
of the extremely serious kelp mortality offshore of the eastern Shandong
Peninsula. The anomalous intrusion of NSCC and the migration of red tide
blooms with NSCC, driven by the extreme rainfall event in the inland of
North China in the autumn of 2021, were accountable for the changes in
marine environmental factors and the occurrence of kelp mortality events
mentioned above.

Summary and implications

Natural climate variability changes (e.g., extreme weather events) acceler-
ated the frequency of the impact of human activities on the natural ecolo-
gical ecosystem. During the past decades, chemical fertilizer application in
the Huang-Huai-Hai agricultural area led to an increase in soil nutrient
stocks™. As a result, excessive nutrient discharges were closely associated
with the frequent occurrence of phytoplankton blooms in the Bohai Sea™.
The extreme rainfall events broke the nutrient trade-off between land
agriculture (inland area) and marine (coastal area) aquaculture, accelerating
the migration of terrestrial nutrient materials and resulting in coastal
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Fig. 7 | Time series of MODIS-derived sea surface parameters over the Bohai and
North Yellow Sea in autumn 2021. a—h MODIS derived available daily SSTG
(°Ckm ™), i-p MODIS derived available daily SSC (mg L"), and g-x MODIS

derived available daily chl-a concentration (mg m ). The yellow star in a indicates
the Cape Chengshan (Northeast end of Shandong Peninsula). The white areas are
masked by clouds or bad results from the retrieve algorithm.

ecological deterioration. Here, joint multidisciplinary observations provided
a successive and full picture of the cascading effects within marine ecosys-
tems (Fig. 9). An extreme autumn rainfall event in remote North China
caused an unexpected flood in the Yellow River watershed, leading to
increased riverine transport of nutrients and resulting in an exceptionally
high DIN/DIP ratio (indicative of phosphorus limitation) in the Bohai Sea.
Meanwhile, the NSCC was diluted and characterized by anomalous low
turbidity. The phosphorus limitation condition of the NSCC was alleviated
when it extended to the North Yellow Sea along the coast of Shandong
Peninsula, as it encountered the DIP-rich coastal water. This led to the
occurrence and expansion of red tide blooms at the frontal zone of the
coastal currents. The red tide blooms in the frontal zone, consuming a large
amount of nutrients. At the same time, NSCC drove this frontal zone to
gradually migrate eastward along the north coast of the Shandong

Peninsula, continuously removing nutrients from the coastal seawater,
resulting in a sharp decrease in nutrient content in the coastal seawater that
the frontal zone passed through. Then, the lower salinity, stronger light
conditions caused by NSCC, and the nutritional competition caused by red
tide blooms led to unexpected devastating kelp mortality events offshore of
the eastern Shandong Peninsula.

Different from the regular summer flood patterns, extreme rainfall
derived pulsed floods and anomalous NSCC in the autumn season of 2021.
By coincidence, the vulnerable kelp seedlings were transferred from work-
shops to kelp farming areas during this season. The deterioration of the
marine environment precipitated a substantial mortality rate among kelp
juveniles, which in turn led to an almost extinction of kelp yield in the
subsequent year. It seemed like the ingenious cooperation of various con-
ditions resulted in such huge kelp mortality. Nonetheless, it was precisely the

Communications Earth & Environment| (2024)5:238



https://doi.org/10.1038/s43247-024-01418-3

Article

Fig. 8 | Monthly variation of hydrological char- © 6 5
acteristics and their relationship with unit yield 59
of kelp. a—f Monthly variation of wind speed (a), 40
SST (b), PAR (c), SSC (d), chl-a concentration 3 2
averaged over the Rongcheng offshore area =
(36.8-37.5°N, 122-123°E) and discharge of the (h) 16.5
Yellow River (f) in the last 21 years (2002-2022). 16
The solid diamonds in a-f indicate the corre- 165 0
sponding parameters in November. The dashed ¢ jli 5
lines indicate the climatic averaged values of ’
November, and the colorful bands indicate the range (i) 2
of mean value plus or minus 2 standard deviations of 90
the corresponding parameters. g-1 Lag-correlation 18 o
between the hydrological characteristics and unit 16
yield of kelp in next year for 2014-2021. The red -
solid lines depict the regression fitting. The solid 0 10
diamonds in g-1indicate corresponding parameters s 9
in November of 2021. 6 %
<
@7
?
5<
(8]
3
%0 f) Discharge IR ‘t' |R=0.21 () 450 2
g60f A} )p & ﬁ ﬂ el
N L ﬁo Iy / / B A«Q 20 2
e ) S *Od At \oc/ ¥ 2 % oot ‘@%}*«* RS N 95 i %% 100
‘ : : ' — : 0

02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 35 30 25 20 15

Time (year) Unit Yield (ton ha™")

Fig. 9 | Mechanism of teleconnection of extreme
rainfall events in North China to coastal ecological

Inland Area

disasters. An extreme rainfall event that occurs
inland results in flooding and soared river discharge,
large quantities of sediments, nutrients and fresh-
water being transported to the Bohai and North
Yellow Sea. The water-sediment separation
accounts for the low turbidity of estuarine fresher
water. The optimal nutrient conditions contribute to
the red tide bloom along the salinity fronts and
nutrient fronts formed between the coastal currents
(DIN, DSi-rich) and the offshore saline water (DIP-
rich). The transportation of coastal currents leads to

I Extreme Rainfall Event

CHINA

Estuarine Area

Water-sediment Separation

S

‘:}, Low Turbidity

Sediment Load

Coastal Area
P-Limitation

Low
Turbidity

the migration of the optimal nutrient conditions and
red tide blooms along the coast of the Shandong
Peninsula. The lower salinity, stronger ultraviolet
radiation caused by limpid coastal current, and
relative oligotrophic conditions caused by red tide
bloom contributed to extremely serious kelp dis-
asters on the eastern Shandong Peninsula.

5 5

N, Si-Rich
Xe.; ‘

P-Limitation
/_\‘ Tide Salin|ty Front
° .uiloom/ ' Nutrignt Front

DHED

Phytoplankton bloom

Stronger
Light Condition L

Low Salinity

unpredictability of extreme weather events that was prone to such unex-
pected ecological degradation. Observing, analyzing, and projecting such
events present considerable challenges to human beings’ adaptation stra-
tegies against climate change due to the uncertainty of their timing and
location, relatively short observation records, and data deficiencies. This
reminds us of the necessity and urgency of comprehensive observations
from multiple disciplines and methods to reveal the Earth system’s response
to unexpected extreme weather events. Cascading effects within the marine
ecosystem from extreme weather events should be fully considered in future
projections.

More importantly, this autumn extreme rainfall event was ascribed to
the combined effects of SSTAs in the tropical Indo-Pacific-Atlantic
Ocean'”*. The warm SSTAs in the Indo-Pacific warm pool and equator-
ial central-eastern Pacific contribute to or intensify the westward extension
of WNPSH and anomalous autumn rainfall, while the warm SSTAs in the
tropical Atlantic anchor the position of extreme rainfall event in North
China. It revealed the teleconnection of low-latitude tropical SSTAs to mid-
latitude coastal ecosystems through extreme rainfall events under climate
change®. As the frequency and severity of extreme weather events increased
under global warming, more and more unexpected marine environmental
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problems would arise in the future. Enhanced comprehension of cascading
feedback within ecosystems instigated by extreme events was critical for
addressing these unanticipated alterations. Therefore, a truly Integrated
Earth Observation System from multidisciplinary cooperation was more
needed to monitor unexpected changes and enhance human risk man-
agement capabilities for increasing extreme weather events.

Materials and methods

Field sampling and laboratory analysis

Cruise surveys were conducted across the Bohai and North Yellow Sea (55
stations) during the autumn season (October 27, 2021-November 04, 2021)
onboard the R/V Chuangxin I (Fig. 1). At each station, the SBE-911plus
CTD system (Sea-Bird Electronics Inc., U.S.) was deployed to obtain vertical
hydrographic profiles of temperature, salinity, chlorophyll-a fluorescence
(chl-a; WET Labs ECO-AFL/FL fluorometer sensor), and turbidity (WET
Labs ECO-NTU turbidity sensor). Four typical sections were selected to
present the vertical distribution of water column characteristics (Supple-
mentary Fig. S1). Section A was distributed along the Bohai Bay and Laizhou
Bay, while section B denoted the Bohai Strait. Section C represented the
Chengshantou-Dalian line, and section D crossed the central North
Yellow Sea.

Discrete water samples were collected from surface (0-3 m), middle
(half of water depth), and bottom (1-3 m above the seabed) layers using
Niskin sampling bottles attached to the CTD system. The water samples
(1 L) were filtered through 47 mm Whatman GF/F filters for chl-a analysis.
The filters were frozen at -20 °C in the dark and subsequently extracted in
90% acetone. Laboratory analysis of chl-a was conducted using a TD-700
fluorometer (Turner Designs)””**. There was a good consistency between
the chl-a fluorescence measured in situ by the CTD sensors (chl-a-S) and
chl-a concentration measured in the lab (chl-a-L) (R = 0.80; Supplementary
Fig. S8). Then we calibrated the chl-a-S with chl-a-L based on their linear
relationship. For nutrient measurement, water samples (1 L) at each layer
were filtered onboard through Whatman 0.45 pm cellulose acetate mem-
branes. Nutrient concentrations, including DIN, DIP, and DSi, were ana-
lyzed in the laboratory using flow injection analysis (AA3, Bran + Luebbe,
Germany). The DIN is the sum of NO, , NO; ™ and NH,*. DIP and DSi are
the concentration of total inorganic dissolved phosphorus (PO4-P) and
silicate (Si(OH)g). The limits of detection were 0.015 M L™ for NO;,
0.003 uM L™" for NO, ", 0.04 uM L™" for NH,", 0.02uM L' for DIP, and
0.03 uM L™" for DSi*.

Furthermore, a surface buoy observation system at station YS16 was
deployed Rongcheng offshore area to monitor environmental fluctuations
induced by the intrusion of NSCC (Supplementary Fig. S1). The hydro-
dynamic parameters (including temperature, salinity, and dissolved oxy-
gen) in surface layer (1 m depth) were recorded by ACTW-CAR or
AROW?2-CAR sensors (JFE Advantech) at buoy station YS16. The wind
speed at 3 m above the sea surface, was recorded by the Young wind monitor
MA-05106 (RM Young). Unfortunately, the dissolved oxygen concentra-
tion for 2020 was not accessible due to a sensor malfunction. All these data
were obtained from the Yellow Sea ocean observation and research station
of the Chinese Academy of Sciences, with a temporal resolution of 1 hour.

Data processing

In addition to the observations at discrete stations, the RDI 300 kHz ADCP
transducer was mounted on the research vessel (3 m below the water surface
in the measurements) in a downward-looking configuration, continuously
recording current velocity and acoustic backscatter data in bottom-tracking
mode. The 10-minute averaged ADCP data were the average of 165 con-
tinuous pings with a temporal interval of 4 s, using a bin size of 1 m, with the
first layer located 4.12 m away from the transducer. A slant angle of 20°
produced a strong echo, contaminating the signal across the seafloor layer.
Accordingly, 6% of the near-bottom data were excluded from further
analyses. Additionally, ADCP data with a correlation below 128 counts and
PG4 (percent good) values less than 75% were excluded from the analysis to
ensure data quality.

The tidal currents and amplitudes in the study area were obtained by
TPXO tide models established by Oregon State University”’. The model
included eight major harmonic constituents (M2, S2, N2, K2, K1, O1, P1,
Q1) on a 1/30° resolution grid. MATLAB package Tide Model Driver was
utilized to extract tidal currents. Tidal amplitudes at gauge stations Yantai
and Weihai were compared with tidal heights provided by the Tide Tables
2021 (Supplementary Fig. S9), edited by the National Marine Data and
Information Service’'. The quality and credibility of the two datasets were
confirmed by their good consistency. Field observations and model results
indicated that the tidal currents in the study area were dominated by bar-
otropic tidal currents, with the energy of baroclinic tidal currents accounting
for only 5% on the northern coast of the Shandong Peninsula™. To eliminate
the influence of tidal currents, the residual current was derived by sub-
tracting Tide Model Driver derived total barotropic tidal velocities from the
original shipboard ADCP measurements based on time and coordinate. The
water-mass volume backscattering strength (S,; dB) recorded by the ADCP
was used to represent the SSC****. On 2 November 2021, the current velocity
and S, recorded by the ADCP were presented to check the hydrodynamic
characteristics of the NSCC along the northern coast of the Shandong
Peninsula (Fig. 6).

Open-access data
Open-access reanalysis datasets were employed to identify the long-term
trends of sea surface properties and monitor red tide blooms over the study
area (Supplementary Table S1). The monthly average wind data were
derived from the NCEP/NCAR Reanalysis 1 dataset (https://www.esrl.noaa.
gov/psd/data/gridded/data.ncep.reanalysis.html) provided by the NOAA/
OAR/ESRL PSD, Boulder, Colorado, USA. High- resolution LANDSAT-8
images were downloaded from the US Geological Survey (USGS) database
through the Global Visualization Viewer (http://glovis.usgs.gov/) to track
variations in water properties.

The daily and monthly average SST, Remote Sensing Reflectance at
555 nm (Rrs555), PAR, and chl-a products (2002-2022) were derived from
the NASA MODIS level 3 products (https://oceancolor.gsfc.nasa.gov). The
Level 3 products featured a spatial resolution of 4.63 km. Then, the position
and strength of the temperature fronts were determined™:

aT\> [9T\?
SSTG = (a) + (5) (1)

SSTG represented sea surface temperature gradient (*Ckm™'). T
represents the SST, and x and y indicate the direction of east and north,
respectively. The Rrs555 was usually used as a substitute index of water
turbidity because their exponential relationship®*~**. Here, we converted the
Rrs555 to SSC based on the result of Liu et al® (SSC=Exp
(101.8 x Rrs555) x 1.301). In addition, the chl-a concentration was used to
track traces of red tides since there was a strong relationship between them™.
Satellite-derived chl-a concentrations were generally overestimated in tur-
bid coastal waters, due to the influence of dissolved organic matter on
remote sensing reflectance®*”'. However, it was found the overestimation
had an upper limit value (10 mg m™) in Chinese coastal seas”, which could
be used as a threshold to identify phytoplankton blooms to avoid false
blooms caused by turbid waters. Here, we took it as the standard for iden-
tifying phytoplankton blooms.

Statistical data from official releases helped us to clarify regional climate
change and hydrological variability characteristics. The aquaculture area
and vyield of kelp in Shandong province were mainly from the China
Fisheries Statistical Yearbook. The yearly rainfall data were derived from
China Water Resources Bulletin and China Climate Bulletin. The river
discharge and sediment flux recorded at gauging stations of Lijin and
Haihezha were supplied by the Yellow River Conservancy Commission
(http://www.yrcc.gov.cn/) and the Bulletin of Chinese River Sediment
compiled by the Ministry of Water Resources of the People’s Republic of
China. In addition, the monthly concentration of riverine TDN and TDP for
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2021 at gauging stations of Lijin were obtained from the China National
Environmental Monitoring Centre (http://www.cnemc.cn/en/). The TDN
and TDP were measured by the alkaline potassium sulfate method*’. The
monthly nutrient fluxes of 2021 were obtained by multiplying the con-
centrations of TDN and TDP by the river discharge. Although the riverine
nitrogen-to-phosphorus ratio (TDN/TDP) was different from the nitrogen-
to-phosphorus ratio from the cruise survey (DIN/DIP), it still reflected the
impact of extreme rainfall events on the nutrient status of rivers. The dis-
tribution and time of duration of red tide blooms during 2021 were supplied
by the Bulletin of China Marine Disaster (2021) compiled by the Ministry of
Natural Resources of the People’s Republic of China. Economic loss sta-
tistics resulted from extreme rainfall events were derived from Ministry of
Emergency Management of the People’s Republic of China. The distribu-
tion of agricultural regions and river basins were derived from Resource and
Environment Science and Data Center at the Institute of Geographical
Sciences and Natural Resources Research, Chinese Academy of Sciences
(https://www.resdc.cn). The population data of each province was from the
National Bureau of Statistics according to the Seventh National Population
Census (http://www.stats.gov.cn).

In this study, the climate mean state of each parameter was computed
by averaging the multi-year data (2002-2022). The anomalies indicated the
difference between the individual values and the climate mean state values.
In addition, the juvenile kelp was generally transformed from the hatchery
to the sea during the autumn season, and subsequently harvested in the
spring through to the summer of the subsequent year®’. Considering that the
rapid increase in kelp unit yield after 2014 may be related to the innovation
of farming technology, we conducted a lag-correlation analysis between
hydrological environmental parameters (including wind speed, SST, PAR,
SSC, chl-a and Yellow River discharge) and unit yield of kelp from 2014 to
2021, i.e., the relationship between environmental parameters in November
each year and unit yield of kelp in the next year (Fig. 8g-1).

Data availability
The data that support the findings of this study are available in figshare
Repository (https://doi.org/10.6084/m9.figshare.24418267)*.
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