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Abstract 19	
Climate change impacts fresh submarine groundwater discharge on the Korean 20	
Peninsula, increasing the vulnerability of coastal regions to environmental degradation 21	
and economic consequences. Here, we provide regional estimates of fresh submarine 22	
groundwater discharge along the entire coast using established water balance methods. 23	
Our findings reveal that the western and southern coasts of the southern Korean 24	
Peninsula exhibit higher fresh submarine groundwater discharge rates due to greater net 25	
precipitation compared to the northern Korean Peninsula. Differences in drainage 26	
length between the east and west coasts, along with substantial tidal flats, significantly 27	
influence submarine groundwater discharge rates. Climate change drives variations in 28	
fresh submarine groundwater discharge, with rising trends in the southern Korean 29	
Peninsula during spring and winter, while the northern coastal watersheds show 30	
consistent increases across all seasons. Coastal vulnerability to offshore contamination 31	
from land use development affects 15% of the coastline. Notably, between 1990 and 32	
2020, the risk in the southern Korean Peninsula’s coastal catchments increased by 38%. 33	
Our analysis also highlights heightened vulnerability to saltwater intrusion in the 34	
southwestern Korean Peninsula.  35	
  36	
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Introduction 37	
Submarine groundwater discharge (SGD) represents the subsurface flow of water 38	
entering the ocean1,2. SGD impacts the coastal environment in various ways, depending 39	
on factors such as discharge scale, groundwater quality, and human proximity to the 40	
discharge zone3. Instances of SGD can lead to saltwater intrusion into coastal aquifers, 41	
posing potential threats. The compromised water quality associated with SGD, 42	
characterized by pollutant loading or harmful algal blooms, can negatively affect both 43	
human health and the environment4,5. Additionally, tidal or wave setup can influence 44	
the replenishment of coastal aquifers with seawater during flood tides6. On the Korean 45	
Peninsula, groundwater extraction for agricultural, industrial, and domestic purposes is 46	
increasing, potentially impacting the SGD process in coastal aquifers7,8,9.  47	
 48	
Quantifying SGD estimates and examining their spatiotemporal variability are crucial. 49	
At a local scale, common field techniques for assessing of fresh SGD include seepage 50	
meters10,11,12, piezometers13, and the use of natural tracers such as radium and 51	
radon14,15,16. However, direct measurements are limited by spatial coverage constraints, 52	
posing significant challenges in quantifying fresh SGD due to its high heterogeneity. 53	
Computational methods provide a valuable tool for predicting fresh SGD at various 54	
spatial scales, from global (e.g., ref. 17,18,19) to regional perspectives (e.g., ref. 55	
20,21,22). The southern Korean Peninsula has been actively involved in calculating 56	
both local and regional SGD estimates, utilizing both direct seepage measurements and 57	
indirect isotopic methods9,16,23,24,25. However, there has been no attempt to estimate 58	
fresh SGD along the entire Korean Peninsula coast using the water balance approach in 59	
combination with advanced land surface models (LSMs). Previous studies have applied 60	
LSMs to estimate SGD using the Global Land Data Assimilation System (GLDAS) to 61	
calculate water budgets for coastal aquifers and approximate net recharge rates on a 62	
coarse resolution17,18,22. GLDAS provides products related to infiltrating runoff from 63	
various LSMs and meteorological forcing datasets in near real-time. GLDAS version 1 64	
offers a spatial resolution of 1 degree, while version 2 provides an improved resolution 65	
of 0.25 degree26. Despite the improvements, GLDAS still struggles to capture the 66	
complex topography of coastal regions due to spatial limitations when applied to the 67	
Korean Peninsula. Previous assessments of fresh SGD have primarily focused on long-68	
term averages, failing to provide insights into the temporal evolution of fresh SGD rates 69	
or assess the impact of climate change on SGD variations across coastal catchments17,18. 70	
Note that coastal catchments are the land areas directing water flow towards the coast, 71	
rather than to stream. Recently, the Korea Land Data Assimilation System (KLDAS) 72	
has been developed within the NASA Land Information System framework27, 73	
benefiting from the incorporation of local precipitation forcing datasets and soil texture 74	
maps28,29. The KLDAS supports an effective hydrological monitoring system by 75	
providing continuous high-resolution (i.e., 0.01 degree) water balance variables across 76	
the Korean Peninsula.  77	
 78	
This study focuses on fresh SGD originating onshore, which is distinct from saline 79	
groundwater circulating through the seabed. While the understanding of fresh SGD 80	
fluxes remains incomplete, these fluxes are influenced by geological factors, 81	
topography, climate, and land use30. Therefore, we undertake a comprehensive analysis 82	
focusing on four key aspects. Firstly, we quantify fresh SGD rates along the entire coast 83	
of the Korean Peninsula using a water balance approach through KLDAS for the period 84	
1980-2016. We investigate the spatial pattern of average fresh SGD rates, considering 85	
factors such as net precipitation and coastal drainage length across regions. Secondly, 86	
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we assess the influence of climate change on fresh SGD rate variations over a 37-year 87	
model period. We analyze annual and seasonal trends using the Mann-Kendall trend 88	
test. Thirdly, we examine the susceptibility of coastal areas in the southern Korean 89	
Peninsula to offshore contamination and saltwater intrusion, accounting for land use 90	
development over decades. Finally, we explore terrestrial water storage anomalies over 91	
coastal catchments using Gravity Recovery and Climate Experiment (GRACE) satellite 92	
products to evaluate the coastal vulnerability of the Korean Peninsula. 93	
 94	
Results and Discussion 95	
Regional analysis of fresh SGD rates  96	
The Korean Peninsula includes numerous small islands, primarily located to the west 97	
and south, which account for 43.6% of the total number of coastal catchments. Despite 98	
their substantial count, the SGD from these minor islands remains relatively small 99	
across all regions due to their limited drainage lengths (Supplementary Fig. 1). To 100	
prevent statistical biases, these minor islands are excluded from the analysis (Fig. 1). 101	
The topography of the Korean Peninsula significantly influences its annual rainfall 102	
patterns. The southwestern region, positioned on the windward side of high mountains, 103	
receives abundant rainfall, while the northeastern region, surrounded by mountains, 104	
experiences lower precipitation levels (Supplementary Fig. 1b). Drainage length, 105	
representing the average distance from any location in the coastal catchment to the 106	
shoreline, tends to be smaller in the southwestern region with small-sized islands 107	
(Supplementary Fig. 1c).  108	
 109	
Three LSMs-Noah v3.931,32, Noah-Multi Parameterization (Noah-MP) v4.0.133,34, and 110	
Joint UK Land Environment Simulator (JULES) v5.535,36-were employed to calculate 111	
water budgets for coastal aquifers and estimate fresh SGD along the Korean Peninsula. 112	
These models incorporate diverse parameterizations and physics, enhancing robustness 113	
by reducing biases and improving uncertainty assessment37. The ensemble average 114	
fresh SGD for the entire domain was determined to be 279 m2/year, with an uncertainty 115	
of 16.3 m2/year (Table 1). Uncertainty varies significantly across regions, with higher 116	
values in Gyeongnam, Pyongan, and Hamgyong, while Chungnam, Jeju, and 117	
Gyeongbuk exhibit more consistent predictions. Factors contributing to uncertainty 118	
include model structure and parameterization. Variations in soil moisture dynamics and 119	
groundwater flow among LSMs further propagate regional uncertainty. Assumptions 120	
about aquifer connectivity and subsurface properties also affect accuracy, underscoring 121	
the need for future refinements in regional-scale SGD assessments. 122	
 123	
We compared our estimated fresh SGD with previous studies7,18,19, employing different 124	
approaches. Ref. 18 reported ensemble average SGD rates of 264 m²/year for the 125	
Korean Peninsula using a similar water balance method, aligning well with our 126	
findings. This estimate was recalculated by isolating the Korean Peninsula domain and 127	
excluding coastal catchment areas smaller than 1 km². Ref. 19 applied a global 128	
numerical groundwater model, yielding an average SGD rate of 94 m²/year for the 129	
Korean Peninsula, with a range of 1–696 m²/year based on 130 sensitivity model runs. 130	
These estimates, recalculated for the Korean Peninsula domain, exhibit larger 131	
uncertainties due to factors such as topography, permeability, recharge, and 132	
contributing area size, encompassing the range of our estimates. Ref. 7 used 155 local 133	
field measurements combined with Darcy's law, reporting median SGD rates of 292 134	
m²/year for the Chungnam, 657 m²/year for Jeolla, 949 m²/year for the Gyeongnam and 135	
Gyeongbuk. Most of our estimated SGD values are lower, likely because field 136	
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measurements often overestimate fresh SGD by targeting areas with concentrated 137	
discharge, such as permeable sands or bay heads17. Additionally, local measurements 138	
may not represent regional-scale due to the high spatial heterogeneity of fresh SGD. 139	
 140	
The patterns of fresh SGD are influenced by a combination of drainage geometry and 141	
climate conditions (Fig. 2 and Table 1), consistent with Eq. (1). Note that, among the 142	
meteorological inputs driving the LSMs, precipitation is the most significant factor 143	
contributing to the recharge rate38,39. Net precipitation is used instead of total 144	
precipitation to better illustrate the relationship between fresh SGD and climate 145	
conditions. In the northern Korean Peninsula region, including areas like Pyongan, 146	
Hwangnam, and Hamgyong, both net precipitation and fresh SGD exhibit lower values. 147	
Conversely, the western and southern coasts of the southern Korean Peninsula 148	
experience higher levels of net precipitation and fresh SGD. The impact of drainage 149	
length becomes apparent when examining the east and west coasts. For instance, net 150	
precipitation levels are similar in the Chungman and Gangwon regions, but fresh SGD 151	
rates are approximately 47% greater in the Chungman region. This disparity can be 152	
attributed to the presence of extensive coastal drainage systems within complex terrains. 153	
Substantial tidal flats are present along the west coast, where tidal differences play a 154	
crucial role in influencing high SGD rates8. Additionally, the west coast is 155	
predominantly composed of sandy tidal flats, which can increase fresh SGD rates. The 156	
nutrient runoff via groundwater on large continental shelves affects potential ecological 157	
systems and needs continuous monitoring. Jeju Island exhibits notably high fresh SGD 158	
rate of 415 m2/year, exceeding the 157 m2/year observed along the coastal shorelines 159	
of Oahu Island, Hawaii, as estimated using the MODFLOW groundwater model under 160	
steady-state conditions40. While both islands share a volcanic origin, their geological 161	
histories differ significantly. Groundwater on Jeju Island originates from volcanic rock 162	
aquifers, primarily consisting of permeable basalts. The island's significant elevation 163	
changes, permeable volcanic bedrock, and limited river drainage infrastructure 164	
collectively contribute to its elevated SGD rates. This is particularly critical as 165	
groundwater contamination profoundly impacts coastal ecosystems and contributes to 166	
eutrophication. 167	
 168	
Impact of climate change on the fresh SGD rates  169	
SGD exhibits a rising trend across the entirety of the Korean Peninsula (Fig. 3a). This 170	
pattern aligns with the observed trend in net precipitation (Fig. 3b). Most regions in the 171	
southern Korean Peninsula do not display statistically significant trends, either 172	
increasing or decreasing. However, discernible statistically significant trends are 173	
evident in the Gyeonggi region and various areas within the northern Korean Peninsula. 174	
 175	
Seasonal variations in fresh SGD rates (Figs. 4a-4d) closely follow precipitation 176	
patterns, with most of the rainfall occurring during the summer months. Positioned 177	
within the temperate monsoon climate zone, the Korean Peninsula distinctly 178	
experiences the seasons of spring, summer, autumn, and winter. Spring and autumn are 179	
marked by clear and dry weather influenced by migratory high-pressure systems, while 180	
summer sees hot and humid conditions due to the impact of the North Pacific high-181	
pressure system. Conversely, winter is characterized by cold and dry conditions 182	
influenced by the continental high-pressure system. Notably, during the summer season, 183	
rainfall constitutes 54% of the annual precipitation. This discernible trend is most 184	
conspicuous in the watersheds along the western and southern coasts of the Korean 185	
Peninsula during the summer (Fig. 4b). Conversely, watersheds along the eastern coast 186	
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consistently exhibit low SGD rates throughout all seasons. The primary contributing 187	
factor to this phenomenon is the higher relative rainfall observed on the western and 188	
southern coasts compared to the eastern coast. Furthermore, the intricate coastline 189	
features in the western and southern seas, characterized by longer drainage lengths, 190	
make fresh SGD rates highly responsive to variations in precipitation. Examining the 191	
seasonal trends of fresh SGD rates (Figs. 4e-4h), notable distinctions between the 192	
southern and northern Korean Peninsula become apparent. Coastal watersheds in the 193	
northern Korean Peninsula show a consistent trend of increasing fresh SGD rates across 194	
all seasons. In contrast, regions of the southern Korean Peninsula, including the western 195	
and southern coasts and Jeju Island, distinctly exhibit rising trends in fresh SGD during 196	
both the spring (Fig. 4e) and winter (Fig. 4h), while trends observed during the summer 197	
(Fig. 4f) and fall (Fig. 4g) are subdued. The spring season is affected by climate change, 198	
resulting in increased rainfall in these areas. Moreover, reduced soil moisture freezing 199	
(i.e., increased infiltration) due to rising winter temperatures leads to increased aquifer 200	
recharge. 201	
 202	
While this study focuses on long-term trends, we acknowledge that short-term climate 203	
events, such as typhoons and extreme precipitation, also significantly influence fresh 204	
SGD. These events can increase salinity due to sea level rise and reduce fresh SGD 205	
through rapid runoff, particularly in regions with smaller drainage basins, and should 206	
be considered in future studies.  207	
 208	
Impact of decadal land use changes on coastal vulnerability 209	
Fresh SGD estimates also reveal potential contamination threats to the ocean and 210	
fisheries, upon which coastal populations heavily rely (Fig. 5a). Our definition of 211	
vulnerability generally holds true when increases in onshore aquifer contaminant 212	
concentrations coincide with a higher fraction of developed land and when the coastal 213	
supply rate correlates with elevated fresh SGD rates. Coastal areas with above-average 214	
fresh SGD and land development are particularly vulnerable to groundwater-borne 215	
contamination, accounting for 15% of the entire coastline (Fig 5a). Vulnerable regions 216	
include the western and southern parts of the Korean Peninsula. Notably, almost all of 217	
the coastal catchments in the Jeju Island area are susceptible to contamination. 218	
According to the Land Cover Change Map between 1980 and 2010 from the Ministry 219	
of Environment of South Korea (https://egis.me.go.kr), developed and agricultural 220	
lands increased by 2% and 24%, respectively, in the Jeju Island area, which is situated 221	
along the coastline. This developmental expansion contributes to elevated nutrient 222	
loads in the groundwater. Given that Jeju Island is a volcanic island and heavily relies 223	
on groundwater for its water resources, and considering that a majority of its population 224	
resides along the coast, addressing this issue is crucial. The reliance of drinking water, 225	
agriculture, and industrial activities on freshwater derived from underground sources 226	
and surface runoff underscores the need for continuous monitoring of nutrient inputs 227	
from fresh SGD25. 228	
 229	
Fig. 5a also illustrates the vulnerability of coastal aquifers to saltwater intrusion. 230	
Saltwater intrusion can occur in areas where groundwater is discharged into the ocean 231	
through underground conduits as part of SGD. Vulnerability to saltwater intrusion is 232	
particularly high in the southwest regions (i.e., Jeolla and Gyeongnam) (Fig. 5a). 233	
Coastal aquifers in these areas cannot be directly used for agriculture, such as 234	
cultivating salt-sensitive crops. These regions are especially susceptible to excessive 235	
groundwater extraction and salinity damage during droughts caused by climate change. 236	
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This vulnerability is further supported by the 2022 Marine Infiltration Survey Report 237	
from the Korea Rural Community Corporation (https://www.groundwater.or.kr), which 238	
analyzed data from 225 in-situ monitoring gauges across the southern Korean 239	
Peninsula. The report indicates that 31% of the gauges show a continuous decline in 240	
coastal aquifer levels, indicating excessive groundwater extraction, while 38% 241	
demonstrate a sustained increase in electrical conductivity, suggesting salinity 242	
intrusion. Furthermore, ongoing global warming trends contribute to a consistent rise 243	
in sea levels, which poses additional challenges to coastal lowland agricultural areas, 244	
such as an increasing risk of flooding and saltwater intrusion. The Korea Hydrographic 245	
and Oceanographic Agency (www.khoa.go.kr) conducted an analysis of sea level 246	
height data gathered from 21 coastal tide gauging stations. The findings also indicate 247	
that over the past 34 years (1989 to 2022), the sea level along the Korean coast has 248	
experienced a rise at a rate of 3.03 mm/year, culminating in a total average increase of 249	
approximately 10.3 cm. In Jeju Island, both the western and eastern regions are 250	
vulnerable to offshore contamination and saltwater intrusion. As mentioned earlier, 251	
these areas rely primarily on groundwater to meet their resource demands. If 252	
groundwater extraction reduces fresh SGD below a critical threshold, salinization can 253	
occur41. 254	
 255	
Fig. 5b illustrates the changes in developed and agricultural land in the southern Korean 256	
Peninsula’s coastal catchments since 1990 and their corresponding impact on 257	
vulnerability to offshore contamination. Note that the northern Korean Peninsula region 258	
was excluded from the study due to limited access to datasets. The overall proportion 259	
of developed and agricultural land has consistently increased from 1990 to 2020 due to 260	
economic growth, population expansion, and shifts in cultivated crops. Specifically, the 261	
developed area has expanded rapidly by 6.8%, while agricultural land has gradually 262	
declined by 4%. These changes have exacerbated the vulnerability of offshore 263	
contamination-prone regions by 38% since 1990 with the issue notably concentrated in 264	
the western and southern coastal regions. 265	
 266	
The analysis of GRACE total water storage (TWS) anomalies42 also reveals a 267	
decreasing pattern of groundwater across coastal catchments. Fig. 6 depicts the 268	
anomalies in TWS (mm) over coastal catchments from GRACE during 2002–2016, 269	
along with their piecewise linear trends. TWS represents an integrated measure of the 270	
terrestrial water budget, encompassing groundwater, soil moisture, surface water, ice, 271	
snow, and water in vegetation. While TWS does not directly measure groundwater 272	
storage, changes in groundwater storage trends can be identified through TWS 273	
fluctuations. Coastal catchments do not contain streams, and TWS is more similar to 274	
groundwater storage compared to non-coastal catchments. The figure indicates no 275	
significant change until 2011, but from 2011 to 2016, a notable depletion of TWS (-276	
0.79 mm/month) is evident. This issue primarily arises as domestic agriculture shifts 277	
towards high-value facility farming, leading to increased groundwater usage in these 278	
coastal areas. Note that groundwater levels decrease due to reduced recharge or 279	
increased extraction, which can lead to a reduction in SGD. Additionally, lower 280	
groundwater levels can heighten the risk of saltwater intrusion into coastal aquifers, 281	
leading to the contamination of freshwater resources with saline water. 282	
 283	
Conclusions 284	
This study addresses the susceptibility of the Korean coastal environment to 285	
vulnerability due to SGD. We present the first regional estimates of fresh SGD along 286	



	 7	

the entire coast of the Korean Peninsula from 1980 to 2016. The ensemble average for 287	
the entire domain was found to be 279 m²/year, with the uncertainty in fresh SGD 288	
estimated at 16.3 m²/year. In the northern Korean Peninsula region, fresh SGD exhibit 289	
lower values on average 203 m2/year with lower net precipitation than 500 mm/year, 290	
although overall its drainage lengths are longer than the southern Korean Peninsula. For 291	
the southern Korean Peninsula region, Chungnam shows the highest SGD rates (486 292	
m2/year) where it is located on the west sea, experiencing the world’s most significant 293	
tidal differences and featuring extensive tidal flats. Jeju and Gyeongnam also show 294	
higher SGD rates than 400 m2/year with combined high net precipitation and high 295	
drainage length. Additionally, regions of the southern Korean Peninsula exhibit distinct 296	
rising trends in fresh SGD during both the spring and winter seasons. Climate change 297	
has led to increased spring rainfall in these southern Korean Peninsula regions. Rising 298	
winter temperatures reduce soil moisture freezing, resulting in greater surface and 299	
subsurface water inflow. From 1990 to 2020, economic growth and population 300	
expansion in the southern Korean Peninsula’s coastal catchments have led to increased 301	
vulnerability to groundwater-borne contamination across coastal areas, affecting 15% 302	
of the entire coastline. During this period, developed areas have expanded by 6%, while 303	
agricultural land has decreased by 4%. These land use changes have heightened the 304	
susceptibility of regions prone to offshore contamination by 38% over the past 30 years, 305	
with the western and southern coastal regions being particularly affected. 306	
 307	
The outcomes of this research provide a fundamental foundation and support for a 308	
nationwide coastal vulnerability monitoring system. Our regional LSMs enable the 309	
continuous assessment of regional recharge rates and provide land-derived SGD rates 310	
along the coast of the Korean Peninsula. To enhance the accuracy of SGD rates using 311	
LSM approaches, it is essential to integrate local meteorological forcing datasets and 312	
land surface parameters into our regional LSM. This integration will help derive 313	
hydrologic variables relevant to SGD and allow for more precise topography for 314	
improved delineation of coastal catchments. Our water budget analysis does not 315	
account for hydraulic head gradients, which are typically necessary for local 316	
groundwater numerical modeling. Given that steeper hydraulic head gradients in 317	
coastal areas can drive higher rates of fresh SGD, hydraulic head is a critical factor 318	
influencing fresh SGD flow in these regions. For future studies, integrating our 319	
ensemble land surface models with numerical groundwater modeling would be 320	
beneficial for estimating fresh SGD rates at more localized scales. Additionally, the 321	
thermal infrared sensors of optical satellite missions can resolve the spatial variation of 322	
SGD rates and detect potential groundwater discharge areas along the coast of the 323	
Korean Peninsula43.  324	
 325	
Methods 326	
Estimation of fresh SGD 327	
Coastal catchments for fresh SGD were identified using the HydroSHED 15-arc second 328	
product (https://www.hydrosheds.org/). These catchments are intentionally designed to 329	
exclude streams and are instead located between established points where streams meet 330	
the coast. The coastlines were delineated through the extraction of polyline products 331	
utilizing feature type attributes. 332	
 333	
We derive the adjusted net recharge rate for each coastal catchment by averaging the 334	
infiltrating runoff, taking into account soil properties, land cover types, and 335	
evapotranspiration loss from three LSMs: Noah v3.9, Noah-MP v4.0.1, and JULES 336	
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v5.5. Model parameters, forcings, and the overall model setup were obtained from ref. 337	
28. Specifically, the LSMs were run using a 15-minute timestep over a 37-year period 338	
(1980 – 2016) at a spatial resolution of 0.01 degrees28,29. The initial conditions for the 339	
simulation were established by running the LSMs from 1980 to 2016 twice, followed 340	
by a reinitialization in 1980. KLDAS was used as a driving force for the LSMs. The 341	
KLDAS encompasses the entirety of the Korean Peninsula, spanning from 33 to 44 342	
degrees north and 124 to 132 degrees east. The KLDAS operates at a spatial resolution 343	
of 0.01 degrees, incorporating local precipitation forcing datasets and soil texture maps. 344	
The high-resolution elevation data from Multi-Error-Removed Improved-Terrain 345	
datasets at 3-arc second resolution (~ 90 m)44 is used to derive the topography dataset 346	
of elevation, slope, and aspect. All LSMs integrations use the modified International 347	
Geosphere Biosphere Programme Moderate Resolution Imaging Spectroradiometer 348	
(MODIS) 20-category landuse data45 and the soils data from the International Soil 349	
Reference and Information Centre46. The annual recharge volume for each coastal 350	
catchment (m3/year) was calculated by multiplying the catchment area (A; m2) by the 351	
annual recharge (r; m/year) closest to the catchment centroid. Finally, to derive the 352	
fresh SGD flux (m²/year), the annual recharge volume was divided by the 353	
corresponding coastline length (L; m), following ref. 17 and 18: 354	
 355	

SGD (m2/year) = r (m/year) ´ A (m2) / L (m)                            (1) 356	
 357	

where, A/L is referred to as the drainage length (m). 358	
 359	
We simplify our calculations by excluding groundwater contributions from upland 360	
catchments to coastal catchments, which may lead underestimation of fresh SGD. 361	
Additionally, human activities such as groundwater pumping (e.g., for irrigation and 362	
urban water supply) are neglected, which can lead to high estimates. For the correlation 363	
analysis, we also calculated net precipitation as rainfall minus evapotranspiration, 364	
which were estimated from LSMs. The uncertainty of SGD is calculated as the standard 365	
deviation of estimates from the three LSMs. Note that details of LSM performance 366	
based on parameters and meteorological forcings are not presented in this study but can 367	
be found in ref. 28. 368	
 369	
Mann-Kendal trend test 370	
The Mann-Kendall test, a non-parametric technique applied to evaluate monotonic 371	
trends in environmental datasets such as climate or hydrological data47, employs the S 372	
statistic to determine the existence and extent of upward or downward patterns observed 373	
over time: 374	
 375	
                                             𝑆 = ∑ ∑ 𝑠𝑖𝑔𝑛(𝑥! − 𝑥")#

!$"%&
#'&
"$&                                    (2) 376	

 377	
where x represents the time series variable, with subscripts j and k denoting observation 378	
times. The 𝑠𝑖𝑔𝑛(𝑥! − 𝑥") function yields values of +1, 0, or -1, indicating increasing, 379	
no, and decreasing trends, respectively. The S values are scaled to a range of [-1, 1] for 380	
improved interpretability. The null hypothesis posits that there is no statistically 381	
significant trend in the data, with significance set at a level of 5% (or 95% confidence 382	
level). 383	
 384	
Estimation of coastal vulnerability to offshore contamination 385	
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Following the ref. 17, we classified coastlines as susceptible to groundwater 386	
contamination when the proportion of developed and agricultural land surpassed the 387	
average (38.7%) and the fresh SGD flux exceeded the average (279 m2/year). Our 388	
vulnerability criteria generally apply if onshore aquifer contaminant concentrations 389	
increase alongside the fraction of developed land, and if coastal supply rates rise with 390	
fresh SGD rates, although multiple factors can influence contaminant flux to the coast. 391	
 392	
To determine the percentage of developed and agricultural land in the southern Korean 393	
Peninsula’s coastal catchments, we utilized the 2010 Land Cover Map from the 394	
Ministry of Environment of South Korea (https://egis.me.go.kr), which categorizes 395	
land into seven major types at a 30-meter resolution. For the northern Korean Peninsula, 396	
we extracted land fraction data using the MODIS Land Cover Type (MCD12Q1) V6.1 397	
2010 dataset48. The MODIS MCD12Q1 provides annual global land cover maps at a 398	
500-meter resolution from 2001 to the present. We converted the raster data to a 399	
polygon shapefile and calculated the total areas of developed and crop land within each 400	
catchment. 401	
 402	
Estimation of coastal vulnerability to saltwater intrusion 403	
To assess vulnerability to saltwater intrusion in the southern Korean Peninsula, with 404	
the exception of Jeju, we utilized data from the 2010 Marine Infiltration Survey Report, 405	
compiled by the Korea Rural Community Corporation 406	
(https://www.groundwater.or.kr). This report relied on data collected from 107 in-situ 407	
gauges and categorized vulnerability into four stages (interest, attention, caution, and 408	
serious) based on parameters such as electrical conductivity, its variations, and changes 409	
in reservoir levels. We identified and classified the coastal catchments as vulnerable to 410	
saltwater intrusion when the report categorized them as being in caution and serious 411	
stages. Similarly, for the Jeju Island region, we sourced information from the 2022 412	
Groundwater Monitoring Report, prepared by the Jeju Groundwater Research Center 413	
(https://water.jeju.go.kr). Note that we did not assess the vulnerability to saltwater 414	
intrusion in the northern Korean Peninsula due to limited available data, and the in-situ 415	
gauges do not cover all coastal catchments in the southern Korean Peninsula. 416	
 417	
Impact of decadal land use changes on coastal vulnerability to offshore 418	
contamination 419	
To evaluate the proportion of developed and agricultural land in the southern Korean 420	
Peninsula’s coastal catchments over time, we analyzed four sequential datasets (1990, 421	
2000, 2010, and 2020) from the Land Cover Map (Fig. 5b) provided by the Ministry of 422	
Environment of South Korea (https://egis.me.go.kr). This methodology is similar to the 423	
approach used for assessing offshore contamination vulnerability, as detailed in ref. 17. 424	
We established specific thresholds for averaged fresh SGD flux corresponding to the 425	
year of SGD estimation. However, due to the study's timeframe, the 2020 data was 426	
beyond our scope. To address this, we utilized the 2012 SGD estimates as a proxy for 427	
the 2020 estimates, given the similarity in precipitation patterns and spatial distribution 428	
between 2012 and 2020. 429	
 430	
TWS anomalies over the coastal catchment 431	
We utilize three distinct GRACE products, which are provided monthly on 1-degree 432	
horizontal resolution grids by the University of Texas Center for Space Research, Jet 433	
Propulsion Laboratory, and German Research Centre for Geosciences. These products 434	
are derived from the RL06v04 spherical harmonics fields49. To extract TWS anomalies 435	
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over the coastal catchments, we interpolated the GRACE datasets to fit the 1-km LSM 436	
grid and extracted the value closest to the catchment centroid. 437	
 438	
Data availability  439	
HydroSHED 15-arc second products were downloaded from the HydroSHED website 440	
(https://www.hydrosheds.org/). The land cover map for the southern Korean Peninsula 441	
was downloaded from the Ministry of Environment of South Korea 442	
(https://egis.me.go.kr). The MODIS MCD12Q1 V6.1 was obtained from the Land 443	
Processes Distributed Active Archive Center 444	
(https://lpdaac.usgs.gov/products/mcd12q1v061/). Gauge datasets for saltwater 445	
intrusion in the southern Korean Peninsula are available from the Korea Rural 446	
Community Corporation (https://www.groundwater.or.kr). Saltwater intrusion 447	
observations for Jeju can be found at the Jeju Groundwater Research Center 448	
(https://water.jeju.go.kr). GRACE datasets were downloaded from NASA JPL GRACE 449	
Tellus (https://grace.jpl.nasa.gov).  450	
 451	
Code availability 452	
The three LSMs (Noah v3.9, Noah-MP v4.0.1, and JULES v5.5) are available via the 453	
NASA Land Information System (https://github.com/NASA-LIS/LISF). 454	
 455	
  456	
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Table 611	
 612	
Table 1. Average fresh submarine groundwater discharge (SGD) rates and net 613	
precipitation over the entire domain and each sub-region. The locations of the sub-614	
regions are shown in Fig. 1. Ensemble averages from three land surface models are used 615	
for the regional analysis of fresh SGD rates along the Korean Peninsula. 616	
 617	

 SGD (m2/year) Net 
Precipitation 

(kg2/m) Region Noah 
v3.9 

Noah-
MP 

v4.0.1 

JULES 
v5.5 

Standard 
deviation 

Ensemble 
average 

Entire domain 297 273 266 16.3 279 682 
Pyongan 151 306 201 79.1 220 556 

Hwangnam 199 331 253 66.4 261 513 
Gyeonggi 490 264 275 127.4 343 856 
Chungnam 506 483 468 19.1 486 658 

Jeolla 330 288 254 38.1 291 834 
Jeju 423 421 400 12.7 415 857 

Gyeongnam 631 196 381 218.3 403 1105 
Gyeongbuk 152 166 163 7.4 161 487 
Gangwon 251 276 246 16.1 258 664 

Hamgyong 56 189 141 67.4 128 285 
  618	
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Figures 619	
 620	
Fig. 1. Map of fresh submarine groundwater discharge (SGD) rates along the 621	
coastline of the Korean Peninsula. 622	
 623	

 624	
 625	

The average fresh SGD rate (m2/year) is calculated by multiplying the average annual 626	
net recharge (m/year), obtained from three LSMs, by the drainage length (m) that is the 627	
coastal catchment area (km2) divided by coastal length (km). Note that minor islands, 628	
mainly located in the west and south of Korean Peninsula, were excluded to prevent 629	
potential statistical biases. Information on all coastal catchments is provided in 630	
Supplementary Fig. 1. The sub-regions with the shaded relief map are shown as the 631	
background. As an example, three expanded views display coastal recharge zones 632	
colored according to the rate of fresh SGD.   633	
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Fig. 2. Spatial analysis of average fresh submarine groundwater discharge (SGD) 634	
rates, annual net precipitation, and coastal drainage length across regions. 635	
 636	

 637	
 638	

The color gradient corresponds to fresh SGD values. Net precipitation is represented 639	
by bar height, using a radial axis from 0 to 1200 kg/m2. Dot height indicates coastal 640	
drainage length, with a radial axis ranging from 0 to 1.2 km. The box in upper left 641	
displays sub-region information, with colors corresponding to fresh SGD values.  642	
  643	
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Fig. 3. Trend analyses of fresh submarine groundwater discharge (SGD) and net 644	
precipitation rates using the Mann-Kendall trend test. 645	
 646	

 647	
 648	

Maps illustrating the Mann-Kendall S-statistics for (a) SGD and (b) net precipitation 649	
(Net P) were generated across coastal catchments. (c) Time series analyses were 650	
performed to calculate the domain-averaged mean annual SGD and Net P for the years 651	
1980-2016. 652	
  653	

SGD  : +1.06 m2/y      Net P: +2.13 kg/m2/y

(a) (b)

(c)
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Fig. 4. Seasonal analyses of fresh SGD rates for the years 1980-2016. 654	
 655	

 656	
 657	
Maps for fresh SGD rates in (a) spring, (b) summer, (c) fall, and (d) winter. 658	
Concurrently, Mann-Kendall S-statistic estimates for (e) spring, (f) summer, (g) fall, 659	
and (h) winter were calculated to assess trends in the seasonal variations of fresh SGD 660	
rates. 661	

  662	
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Fig. 5. Assessment of coastal vulnerability of the Korean Peninsula. 663	
 664	

 665	
 666	

(a) Map of coastal vulnerability to offshore contamination and saltwater intrusion. 667	
Areas vulnerable to offshore contamination (indicated in dark blue) are identified where 668	
the rate of fresh SGD surpasses the average (297 m2/year) and the usage of developed 669	
or agricultural land exceeds the average (38.7%). Vulnerability to saltwater intrusion 670	
(highlighted in orange) is identified in regions where low fresh SGD or high 671	
groundwater extraction may lead to complete saltwater invasion. Vulnerability to 672	
saltwater intrusion in the northern Korean Peninsula was not assessed due to limited 673	
available data. Coastal areas indicated in green are susceptible to both offshore 674	
contamination and saltwater intrusion. (b) The impact of decadal land use changes in 675	
the southern Korean Peninsula’s coastal catchments on vulnerability to offshore 676	
contamination is explored. This assessment focuses exclusively on coastal catchment 677	
areas rather than on the entire country.   678	
  679	

(a) (b)
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Fig. 6. Time series of anomalies (mm) in total water storage (TWS) over coastal 680	
catchments derived from the Gravity Recovery and Climate Experiment 681	
(GRACE) products during 2002–2016. 682	

 683	
The cyan shading illustrates the variation in TWS anomalies among GRACE products. 684	
The black line represents the mean of TWS anomalies. The blue and red lines show the 685	
linear trends from 2002-2011 and 2011-2016, respectively. 686	
 687	


