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Submarine groundwater discharge (SGD) is a nutrient source to coastal waters.
However, most SGD estimates are restricted to a local scale and hardly dis-
tinguish contributions from fresh (FSGD) and recirculated (RSGD) SGD. Here,
we compiled data on radium/radon of groundwater (n ~2000) and seawater
(n~-10,000) samples along ~18,000 km of China’s coastal seas to resolve large
scale FSGD and RSGD and their associated nutrient loads. Nearshore-scale
FSGD (-3.56 x10® m® d™*) was only 2% of the total SGD but comparable to
RSGD in terms of nutrient loads. Despite large uncertainties quantified via
Monte Carlo simulations, SGD was a dominant contributor to China’s coastal
nutrient budgets, with dissolved inorganic nitrogen, phosphorus and silicate
fluxes of ~395, 2.9, and 581 Gmol a™, respectively. Total SGD accounted for
19-54% of nutrient inputs, exceeding inputs from atmospheric deposition and
rivers. Overall, SGD helps sustaining primary production along one of the most

human-impacted marginal seas on Earth.

Submarine groundwater discharge (SGD) pertains to all flow from the
seabed to the coastal waters along continental margins regardless of
salinity or driving force'. Fresh SGD (FSGD) represents terrestrial
groundwater flow driven primarily by hydraulic gradients*®, whereas
recirculated SGD (RSGD) represents brackish groundwater or seawater
circulating through sediments®’. Local-scale SGD has been widely
quantified through application of radium and radon isotopes, because
of their large enrichment in groundwater relative to seawater®'°. The
combination of multiple isotopes with different half-lives allows for
tracing different SGD pathways’. While most investigations have
resolved SGD at the local (several to tens of kilometers) and regional
(tens to hundreds of kilometers) scales, continental scale assessments
over hundreds of kilometers are essential for minimizing site-selection
biases and resolving the net contribution of SGD to coastal ocean
budgets®.

SGD transports large amounts of nutrients”, heavy metals”,
organic matter®, carbon dioxide', and other chemical compounds to
the ocean. Nutrients, including dissolved inorganic nitrogen (DIN),
dissolved inorganic phosphorus (DIP), and dissolved inorganic sili-
cate (DSi), fuel primary production and food webs. Rapidly increas-
ing excess nutrient inputs from land-based sources often lead to
severe eutrophication in coastal waters in China and elsewhere**",
While river fluxes have been widely monitored™ and long-term trends
are now available”, SGD is either neglected due to a lack of local
data'™" or dismissed due to uncertainties*** in large scale studies. A
comprehensive assessment of SGD impacts on nutrient budgets is
needed to resolve whether SGD is an important driver of coastal
eutrophication®.

The large global marginal seas usually have high productivity
and are exposed to great pressure from human activities*>**. Many
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local-scale studies have quantified SGD in China’s bays, estuaries,
continental shelves®, and marginal seas®. A literature compilation
suggested that median SGD fluxes are -6 cmd™ in China’s coastal
waters™. A bottom-up upscaling of these local-scale study cases led
to the conclusion that SGD may exceed river fluxes to China’s con-
tinental shelf. However, the many unique study cases may have tar-
geted areas of special interest and potentially high SGD. Large scale
observations and models covering the entire coastline are needed to
prevent spatial biases and potentially over- or under-estimate SGD
contributions.

Existing global and ocean basin SGD assessments have relied on
radium mass balances’ or hydrological models® without separating
FSGD from RSGD. FSGD typically represents a relatively small volume
of water and new nutrients to the ocean, while RSGD seems to be an
important nutrient recycling pathway**?. With highly polluted coastal
aquifers leading to high concentrations of nutrients®, the contribution
of FSGD to developed coastlines may be particularly important®.
Widespread nutrient-driven coastal eutrophication enhances phyto-
plankton biomass, providing organic matter that may eventually be
decomposed within sediments and returned to the ocean via RSGD.
Resolving the relative contribution of FSGD and RSGD is thus essential
for understanding the magnitude of SGD’s contribution to nutrient
budgets.

Here, we first build an extensive compilation of >10,000 radium
and radon data over ~18,000 km of China’s coastline extending to
more than 500 km offshore (Fig. 1). This allows us to zoom out from
local hotspots to provide unbiased large-scale estimates of FSGD and
RSGD and their associated nutrient fluxes. To put SGD fluxes in per-
spective, we construct comprehensive large-scale nutrient budgets
without biases towards areas of known SGD or river inputs. Our results
contribute to the protection and management of marginal seas under
high pressure from China’s burgeoning economy and a coastal popu-
lation exceeding 260 million.

Results and discussion

Radium and radon enrichments in nearshore waters

The distributions of surface water ?Rn, **Ra, ?*Ra, and ***Ra activities
generally decreased offshore (Fig. 2), revealing a dominant nearshore
source. Owing to different decay rates, the short-lived ?Rn and **Ra
isotopes decline from nearshore highs to values approaching zero at
~0-50km from the shoreline, while the long-lived **Ra and *®Ra
approach stable asymptotic values near the shelf break at
~100-500 km from the shoreline. The highest SGD tracer activities
were found in the enclosed Bohai Sea, followed by the Yellow Sea, East
China Sea, and South China Sea. Residence times in the Bohai Sea (3.4
years) and Yellow Sea (-3.8-11.8 years) are longer due to their semi-
enclosed shape”*, allowing for long-lived isotope accumulation. The
lower concentrations on shelves of the East and South China Seas are a
reflection of the much shorter residence times (<1 year) due to
effective mixing with open Pacific Ocean®*,

The high nearshore activity of radium and radon originates from
SGD, sediment diffusion and terrestrial runoff. The three large river
delta-front estuaries release solutes to the coastal ocean. Local scale
SGD fluxes may exceed river discharge in some cases, leading to high
activities of radium or radon, and driving algal blooms***. Abundant
animal burrows promoting porewater exchange in waters adjacent to
mangroves and saltmarshes®°, and large tidal ranges (-3-6 m in some
cases) enhance SGD and short-lived isotope concentrations in near-
shore waters”. The contribution of sediment diffusion to Raand Rn in
seawater is similar to or even surpasses SGD and river inputs in some
local areas, such as the Pearl River Estuary in the wet season and Bohai
Bay***® but it is expected to be smaller than SGD when considering
large scale budgets’. Both Ra and Rn exhibit slightly higher activities in
autumn (Supplementary Fig. 1) possibly from lagged inputs following
the rainy season*®.

Highly variable groundwater endmembers

There is substantial heterogeneity in groundwater endmember Ra and
Rn concentrations. Salinity best explained this large spatial variability
(Supplementary Fig. 2). The median radium activity in brackish
groundwater was 14 (short-lived ***Ra) and 3 to 4 (long-lived ?*®Ra and
2%Ra) times greater than that in fresh groundwater. In contrast, the
median 22Rn activity in fresh groundwater was 3 times greater than
that in brackish groundwater. The contrasting salinity gradients allow
for the use of isotope combinations to separate the relative con-
tributions of fresh and recirculated SGD (see Supplementary Note 1).
Fresh groundwater samples with salinities <1 were defined as
groundwater endmembers for FSGD. Radium in fresh water is strongly
adsorbed onto particles and thus highly insoluble®. Brackish condi-
tions (salinities>1) release radium from particles, dramatically
increasing radium concentrations in groundwater***. Hence, radium
isotopes primarily trace the dominant RSGD signal.

The contribution of salinity to the distribution of Ra and *Rn in
groundwater exceeded the contribution of other factors such as sea-
sons, sediment types and basins (Supplementary Fig. 3). There were no
detectable seasonal variations (Supplementary Fig. 3a-d). Our obser-
vations revealed comparable median values across sandy, muddy,
and mixed sediments, preventing the use of sediment types to dis-
tinguish groundwater endmembers (Supplementary Fig. 3e-h). The
~18,000 km China’s coastlines can be divided into four major basins
(Bohai, Yellow, East and South China) that had no clear spatial differ-
ences of Ra or ?2Rn (Supplementary Fig. 3i-1). The local scale isotope
production in coastal aquifers is also related to sediment composition
and residence time of groundwater, but these drivers are not apparent
from our large China coast scale*>*,

Small fresh and large recirculated SGD
Multi-scale FSGD and RSGD fluxes and uncertainties were estimated
using Monte Carlo simulations assuming all terms followed either a
normal or lognormal distribution*, as indicated by empirical data
distributions. The mean and standard deviations are reported if a
parameter or result is normally distributed; while the quartiles (25™,
50", and 75" quantiles) are presented when lognormally distributed.
The fluxes of nearshore-scale FSGD and RSGD were highly variable at
0.16 +7.06 and 7.95 (2.38-19.6) cm d™* (Supplementary Table 1, Fig. 3b)
due to the large sampling heterogeneity. These SGD fluxes upscaled to
volumes were (3.56 +161) x 10® and 182 (54-448) x 10® m* d™*, that were
~0.09 and 4.61 times the total freshwater river flux draining into Chi-
na’s coastal seas (3.95 x10° m® d”, Supplementary Table 2). The large
contribution of RSGD ( -~ 98% of the total SGD) on the China-coast scale
is consistent with other ?®Ra budgets calculated for large ocean basins
(-95% in the Mediterranean Sea) and local-scale investigations in
China (-93% and 95-98% in the Yellow Sea and the Bohai Sea,
respectively)*™*’. Our small FSGD fluxes are also consistent with earlier
suggestions that FSGD accounts for less than 10% of total SGD in global
coastal locations*®,

The shelf-scale RSGD was estimated utilizing **Ra and ***Ra to be
2.3 (0.9-5.2) cm d? or 21 (0.8-4.8)x10" m® d* (Supplementary
Table 1, Fig. 3b). The nearshore-scale RSGD rates were 3.5 times greater
than the total shelf-scale RSGD. Hence, ~-87% of the RSGD flux off China
occurs in nearshore shelf waters with short residence times (<20 d)
and/or shallow depths (<30 m). Our estimates of total SGD in the
China’s coastal seas are in line with that in the Eastern China Marginal
Seas (1.2 + 0.8 cm d™) and the estimates based on previous local-scale
SGD rates (1.1-2.2 cm d)*** (Supplementary Table 3). The total SGD
flux along China’s coastal seas is about 6% of the global total SGD
estimate ((3.3 = 0.8) x 10" m® d™) with similar rates, which was about 16
and 3 times greater than that of the Mediterranean Sea (0.2 (0.0-0.5)
cm d™) and the Atlantic Ocean (0.6-1.2 cm d™)71%%,

The occurrence of FSGD on continental shelves has been descri-
bed globally using salinity or other geochemical, geophysical, and
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Fig. 1| Locations of compiled groundwater and seawater samples along Chi-
na’s ~ 18,000 km coastline. a All sampling sites. Solid triangles and circles repre-
sent nutrients and isotopic measurements in groundwater, respectively. Open
circles represent Ra or Rn sample sites in seawaters. The sampling sites for dis-
solved inorganic nitrogen (DIN), dissolved inorganic phosphorus (DIP), dissolved
inorganic silicate (DSi), >?Rn, ***Ra, **Ra, and **®*Ra are denoted by red, orange,
yellow, green, cyan, blue, and purple colors, respectively. b The frequency of dif-
ferent types of samples with latitude. Source data are provided as a Source Data file
in Supplementary Data 1. The map of panel a is generated with Ocean Data View
(https://odv.awi.de).

modelling approaches®, yet no large-scale flux estimates are pre-
sently available. Typically, FSGD is only a minor proportion of total
SGD on local to global scales'®*®, FSGD mainly occurs in nearshore
areas unless there are karst or volcanic aquifers directly connecting
terrestrial aquifers to the continental shelf. Our mass balance
approach revealed that nearshore scale FSGD was only 2% of RSGD.
This minor contribution, the lack of detectable offshore freshening,
and the absence of large karst or volcanic aquifers off China implies
that FSGD is small or negligible on this shelf. Both ??Ra and **Ra were
highly enriched in brackish groundwater compared to fresh ground-
water. Hence, the radium signal would not be strong enough to detect
small fresh SGD inputs offshore.

SGD served as the primary source of Ra and ???Rn within the study
area, accounting for 80-90% of the total sources in the mass balances
(Supplementary Table 4). Uncertainties induced by various input
terms were obtained from Monte Carlo simulations (Supplementary
Note 1). The wide distributions highlight inherent uncertainties that
are poorly understood. As in most local scale SGD studies, ground-
water endmembers are the most significant source of uncertainties®.
Our wide spatial coverage and large sample size creates a wide range of
potential endmembers that leads to large uncertanties®. We assumed
a groundwater endmember from its lognormal distribution as advo-
cated by others to minimize the impact of outliers”*®. The lognormal
standard deviation exceeded lognormal mean values, especially for
short-lived isotopes. The Monte Carlo simulations imply that negative
FSGD are a possible outcome of our modelling exercise. However,
negative FSGD rates are physically impossible and represent an arte-
fact of large endmember uncertainties. Mixing between nearshore and
offshore waters contributed 90-100% of all sinks of **Ra and ?*Ra and
20-30% to that of *Ra and *”Rn, representing a large source of

uncertainty. Residence time uncertainties range from 50 to 100% in the
shelf region and 70 to 130% in the nearshore region due to the sea-
sonality of ocean currents (Supplementary Note 1).

Large impact of SGD on nutrient inputs

Our widespread groundwater nutrient sampling covers many coastal
ecosystems, climates, and geological feature. Relatively high con-
centrations of nutrients and DIN:DIP and DSi:DIP ratios in groundwater
were observed in the highly-developed regions near the Changjiang
River Estuary and the Pearl River Estuary (Supplementary Fig. 4), where
urbanization levels are extreme***, However, we note no simple cor-
relation between urbanization levels and groundwater nutrient con-
centrations. There was no seasonal variation observed in DIN and
DIP in groundwater, while the concentration of DSi was 2-4 times
higher in summer and autumn than in spring and winter (Supple-
mentary Fig. 5).

Nutrient concentrations decreased with increasing salinity (Sup-
plementary Fig. 6). The median concentrations of nutrients in fresh
groundwater (salinity <1) were 1.3-5.5 times greater than in ground-
water with salinity > 1. Median dissolved nutrients in all groundwater
samples were 0.5-1 times relative to that in river, but 1.1-3.4 times
more enriched than seawater, indicating a potential impact of SGD-
derived nutrients into coastal seawaters. For FSGD, nutrient fluxes
were calculated by multiplying fresh groundwater concentrations with
FSGD fluxes. The difference of nutrient concentrations between
brackish groundwater and seawater was used for the calculation of
RSGD-derived nutrient fluxes to remove the effect of nutrients ori-
ginally present in seawater infiltrating coastal aquifers.

The nutrient loads by total SGD were -395, 2.9, 581 Gmol a’,
exceeding river input by 2.7, 2.1 and 5.1 times respectively for DIN, DIP,
and DSi (Supplementary Table 5). Even though FSGD accounted for a
small part of the total SGD ( ~2%), its nutrient contributions made up
50%, 25% and 52% of the total SGD-derived DIN, DIP and DSi, respec-
tively. Dissolved nutrients in recirculated groundwater exchanged with
seawater, but still represent a significant net source. Our China-scale
total SGD-derived nutrients are comparable with that derived from
local estimates, and accounted for 7%, 2%, and 15% of the total input of
DIN, DIP, and DSi from global SGD (Supplementary Table 3)"**%,
China’s marginal seas, that cover only 4% of the global shoreline are
thus hotspots of SGD transporting nutrients to the oceans. Excess
nutrients derived by SGD will contribute to several major environ-
mental issues in China’s coastal waters, including eutrophication and
harmful algae blooms (HABs)***’. HABs often occur in large river
estuaries and semi-enclosed bays®. High-values of Ra and ?*Rn in
seawaters (Fig. 2) and nutrients in groundwater endmembers (Sup-
plementary Fig. 4) have similar distribution patterns as HABs*®,
implying a link between higher inputs of SGD-derived nutrients and
HABs. However, establishing a large-scale link between HABs and SGD
remains challenging due to the episodic nature of most algal blooms
and the spatially-integrated nature of our isotope mass balance
models.

To put SGD fluxes in perspective, we developed nutrient budgets
for the entire China shelf (Fig. 3a, c; Supplementary Table 6; Supple-
mentary Note 2). Out of all external sources, SGD accounted for 32%,
19%, and 54% of DIN, DIP, and DSi, respectively. SGD-derived nutrients
exceeded those from rivers and atmospheric deposition and were
comparable to benthic diffusion, contributing 2-25% to the regional
primary production. Our estimated total SGD contributions exceed
previous estimates in the Yellow and Bohai Sea at 1-7% for
nutrients®®*’; and 18% for DSi in the South China Sea®. Hence, our
estimates show that differences in multi-scale SGD should be con-
sidered in nutrient budgets.

The total shelf sinks of DIN, DIP and DSi were 1350 + 262, 47 +2
and 967 +196 Gmol a”, and the total sources were 1230193, 15+1,
1030 +79 Gmol a’. The DIN and DSi budgets are roughly in balance,
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Fig. 2| The spatial distribution of four submarine groundwater discharge (SGD) tracers in China’s coastal surface waters. The four tracers include ??Rn (a), **Ra (b),
2Ra (c), and ?*®Ra (d). Source data are provided as a Source Data file in Supplementary Data 1. The maps are generated with Ocean Data View (https://odv.awi.de).

whereas the DIP budget is unbalanced with a missing source of 32+2
Gmol a’. Particles are the major external P source at 23 Gmol a™ in the
Bohai and Yellow Sea®. Thus, unquantified adsorption/desorption
cycles and weathering may explain the P budget deficit®**. SGD-
derived dissolved organic nitrogen and phosphorus remain as
unquantified sources that warrant further investigation®’.

Ratios of nutrients in groundwater substantially differ from Red-
field ratios (N:P:Si=16:1:15). The N/P/Si ratios of FSGD (272/1/415)
deviates from benthic diffusion (117/1/54), river water (107/1/82) and

RSGD (92/1/130) (Fig. 3). A greater proportion (-62%) of groundwater
samples were enriched in DIN than river water (-43%) (Fig.4). Relatively
high N:P ratios in groundwater result from wastewater, fertilizer, and
preferential adsorption of PO, onto sediment grains". Most of China’s
coastal waters are P-limited or are trending towards P limitation due to
large N inputs®*“%, with smaller N:P (- 39 and 20 in the Bohai and Yellow
Seas) and similar N:Si (-0.6 and 1 in the Bohai and Yellow Seas) com-
pared with groundwater'**®. SGD inputs will lead to an even greater P
deficiency. High N:P ratios in groundwater increase the risk of harmful
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Fig. 3 | The contributions of submarine groundwater discharge (SGD) to
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(DSi) budgets in China’s continental shelf including SGD’s contribution excluding
the undersampled Southern South China Sea. All fluxes are in Gmol a™. SGD is
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nitrogen (N), phosphorus (P), and silica (Si) are in forms of organic nitrogen (ON),
organic phosphorus (OP), and biogenic silica (BSi). The white, black, and green
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arrows denote the inflow, outflow, and internal cycling of nutrients within the
system, respectively. Details can be found in Supplementary Note 2. b Synthetic
probability distribution functions (pdfs) of the multi-scale SGD water flux calcula-
tions conducted with the 10,000 input values (i.e., Monte Carlo simulations). The
data accompanying each histogram represent the SGD water flux (the mean and
standard deviation or 25", 50", and 75" quantiles) with the unit of cmd™. The Y axis
is normalized frequency. ¢ Percentages of external nutrient sources to China’s
coastal waters.

algal blooms (usually dinoflagellates)*’, and low N:Si ratios encourage
diatom growth®. Hence, SGD is not only an essential source of nutri-
ents, but also an important factor controlling nutrient ratios and
potentially phytoplankton community composition. Previous obser-
vations revealed increasing DIN:DIP ratios in China’s coastal seas as a
response to both SGD and river inputs?*. The large fluxes and
imbalanced nutrient stoichiometry make SGD important in manage-
ment plans designed to reduce eutrophication. Long-term observa-
tions of coastal groundwater and SGD should become routine for
monitoring programs.

We resolved combined isotope budgets to address large scale
FSGD and RSGD along China’s continental shelf. SGD transported large
amounts of nutrients and regulated the composition of seawater. The
contribution of total SGD to nutrients was the largest among all
external sources. Both FSGD and RSGD will exacerbate P-limitation due
to high N:P ratios and stimulate the growth of phytoplankton groups
adapted to high N conditions. FSGD constituted only 2% of the total
SGD fluxes, but it made up 25-52% of the total SGD-derived nutrients.
Monte Carlo simulations revealed persistent uncertainties mainly due
to large natural variability of the groundwater endmember.

Recognizing these large uncertainties is essential for interpreting
nutrient budgets and predicting the impact of SGD on coastal bio-
geochemistry. Our estimate of large-scale SGD builds on many earlier
local-scale studies suggesting a major impact of hidden SGD pathways
to coastal biogeochemistry and nutrient budgets. Our results improve
the understanding of water and nutrient cycles in one of the most
impacted marine regions on Earth receiving inputs from >1.4 billion
people.

Methods

Data sources

Radium, radon and nutrient observations acquired over several years
were first collated and synthesized from both published and unpub-
lished sources. We searched for data using Web of Science (Thomson
Reuters, New York, NY) and Baidu Scholar with key words such as
submarine groundwater discharge; and radium or radon with China
and sea/groundwater/river. To determine the nutrient endmember
concentration in SGD, we also compiled coastal groundwater nutrient
data from the literature and by contacting the community of SGD
researchers (Fig. 1). Detailed information about sample collection and
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Fig. 4 | DIN:DIP (the ratios of dissolved inorganic nitrogen to phosphorus) and
DIN:DSi (the ratios of dissolved inorganic nitrogen to silicate) in submarine
groundwater discharge (SGD) and river'**>*>’° constituents along the coast-
lines. Dots and texts in red or blue represent groundwater or river. Blue, yellow,
and green areas indicate water enriched in DIN, DIP, and DSi, respectively. Most
groundwater samples are enriched in DIN and DSi. Hence, SGD will further push
China’s shelf waters towards P limitation. Source data are provided as a Source Data
file in Supplementary Data 1.

analysis can be found in Supplementary Note 3. References with all
data are presented in Supplementary Data 1. Water depths were
retrieved from the ocean bathymetry database (https://www.ngdc.
noaa.gov/mgg/global/global.html). As one of the most studied coast-
lines on Earth, we compiled a comprehensive dataset with ~10,000
lines of radium and radon activities in surface seawater, and more than
2000 in coastal groundwater along the -18,000 km coastline of
China (Fig. 1).

Estimating multi-scale SGD

Multi-tracer mass balance models were constructed to estimate SGD
fluxes using ***Ra, **Ra, *®Ra and *?Rn observations in seawater. The
model was built under the assumption of steady state for two regions
(Supplementary Fig. 7). The nearshore region (inner shelf) extends
from the shoreline to where short-lived radium and radon isotopes
approach zero. The nearshore region is an SGD hotspot with short
water residence times (<20 days), and/or shallow water depth
(<30 m). The shelf region extends to where the concentration of long-
lived radium isotopes (**Ra and ?**Ra) stabilizes. The shelf region has
longer water residence times (years) and/or deeper water reaching the
shelf break (<200 m).

To estimate SGD, we first obtained fluxes from all radium and
radon sources and sinks except for SGD. The difference in all sources
and sinks was assumed to represent the radium or radon flux derived
from multiple SGD pathways**>*”%, The source terms of isotopes
included river input (both dissolved and desorbed from particles),
sediment diffusion, atmospheric deposition, and the ingrowth from
their parent isotopes. The sink terms were decay loss, mixing and
atmospheric loss. The combined mass balance models of ??Rn and
224Ra were used to distinguish the two unknowns: the nearshore-scale
FSGD and RSGD. Based on mass balances of *’Ra and **Ra, the shelf-
scale RSGD can be compared with nearshore-scale RSGD, providing
insights into groundwater-seawater exchange across the shelf. Addi-
tional details appear in Supplementary Note 1. A Monte Carlo simula-
tion was applied to resolve uncertainties and the most likely fluxes on a
MATLAB platform (version MATLAB R2018a). The results of Monte

Carlo simulations are inherently stochastic, even with the same model
and parameters. In order to verify the robustness of the results, we
performed ten simulations and statistically analyze the results. The
stochastic uncertainties were respectively -4% and 3-9% of the overall
uncertainties of the multi-scale estimates of FSGD and RSGD. The main
conclusions thus persist without a major impact of stochastic
uncertainties.

Data availability

Source data are provided with this paper in Supplementary Data 1. The
input data for Monte Carlo simulations and the mass balance models in
this study are provided in the Supplementary Information and Sup-
plementary Data 2.

Code availability
The code used in this study are available at: https://doi.org/10.5281/
zen0do.14891255.
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