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Water shortages are intensifying globally due to climate change and human activities. Northeast Asia,
with diverse ecosystems and transboundary water systems, is particularly sensitive to these
pressures. Yet, the region’s water resource changes and drivers remain largely unknown. Here, we
integrate Landsat and Sentinel-2 images, Gravity Recovery and Climate Experiment and its Follow-On
observations, climate and anthropogenic data, finding a net surface water area loss of 16 x 10°km?in
Far East Russia over 2000—2023, primarily driven by rising temperature and evaporative demand, and
a net surface water area gain of 3 x 10°km? in Northeast China, primarily driven by increasing
precipitation and irrigation infrastructure. Approximately 1004 0.5° gridcells (1.4 x 10°km?) have
concurrent losses of surface water area and total water storage. Approximately 185 million people
reside in watersheds with surface water area or total water storage loss, underscoring the need for
sustainable water management under intensifying climate change and human activities.

Water resources are important for food security, energy production, eco-
nomics, biodiversity, and human and animal health'~. Both surface water
(lakes, rivers, and reservoirs, etc.) and total water storage (TWS) are two of
the major metrics for water resources. Surface water is a major component
of the TWS*. Surface water area (SWA) and TWS are strongly inter-
connected and influenced by many processes, including precipitation,
runoff, evapotranspiration, and seepage. Many studies reported that some
regions in the world had losses of SWA and/or TWS, for example, the
Western United States®’, North China®’, and the Middle East'’. Extreme
climatic events (floods, droughts) have considerable impacts on SWA and
TWS'"", Continued global warming has increased the frequency and
severity of extreme climatic events", causing devastating impacts on water
resources, natural ecosystems, and socio-economics'.

More than half (52%) of global surface water is found above 44°N latitude
of the Northern Hemisphere”, which includes Northeast Asia (NEA),
encompassing Far East Russia, Mongolia, Northeast China, Japan, South
Korea, and North Korea. NEA has abundant surface water and large trans-
boundary water systems, which are highly sensitive to human activities and

climate change, especially to extreme climatic events'’. In addition, surface
water bodies and nearby wetlands in NEA serve as vital stopover and breeding
sites for migratory waterbirds along the East Asia-Australasia Flyway"’, and
migratory waterbirds are victims and vectors of highly pathogenic avian
influenza (e.g., H5N1)". Moreover, NEA remains relatively understudied in
terms of its contribution to the global water cycle”. Several local-scale studies
reported spatial-temporal dynamics of SWA in the NEA (< 60°N) and
explored their drivers™'. A few regional-scale studies reported the spatial-
temporal dynamics of SWA and TWS, for example, China® and Mongoliazz.
To date, the inter-annual trends and drivers of SWA and TWS in NEA remain
poorly quantified, which prevents the community from fully understanding
the water resources and implementing effective measures for sustainable water
use and management. As NEA is projected to have higher climate warming
and more extreme climate events”, which can amplify the changes of SWA
and TWS™, analyses of SWA and TWS dynamics in NEA are thus critical for
understanding the water-climate interaction and feedback.

Most analyses on the spatial-temporal dynamics of surface water used
the regional and global surface water datasets that were generated by
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analyzing satellite images, for example, MODIS”, Landsat™, and Sentinel-
2% However, the use of these data products in NEA often faces several
problems associated with the datasets, including moderate spatial
resolution”, infrequent update'>*, short temporal duration”, large and
irregular gaps in time series data™, and inaccuracies and uncertainties
caused by the datasets used in algorithm training’. To date, most of the
previous studies on water resources in NEA have been conducted at local or
regional scales™, and some of them reported on specific water types,
especially on lakes™”. The limited spatial coverage and surface water types
could not reflect the overall information on the spatial-temporal dynamics
of water resources in NEA.

In this study, we aim to study the spatial-temporal dynamics of SWA
and TWS in NEA and investigate how climate change and human activities
affect the decadal-scale variability and trends in SWA and TWS. We first use
all available Sentinel-2A/B and Landsat 5/7/8/9 imagery and a simple and
robust surface water mapping algorithm®** to identify surface water in
individual images and then calculate annual surface water frequency (SWF)
and generate annual yearlong surface water maps (SWF > 0.75). We report
SWA calculated from annual yearlong surface water maps in NEA over the
period 2000-2023, as Landsat imagery in 1984-1999 could not fully cover
NEA (Supplementary Figs. 1, 2). Second, we quantify temporal SWA var-
iations and changes at multiple scales during 2000—2023 and estimate the
relative roles of climatic and anthropogenic drivers in determining these
variations and trends. Third, we explore the relationship between TWS and
SWA, where TWS was derived from the Gravity Recovery and Climate
Experiment and its Follow-On (GRACE/GRACE-FO) satellites’'. We also
investigate the impact of extreme climate events (drought, flood) on SWA
and TWS by using the Standardized Precipitation Evapotranspiration Index
(SPEI) data, which takes into account both precipitation and potential
evapotranspiration”. Finally, we quantify the number of human popula-
tions and their growth living in those areas with SWA and TWS losses at
multiple scales.

Results

Annual maps of yearlong surface water at 10 m/30 m spatial
resolution during 2000-2023

We generated annual maps of surface water in NEA during 2000—2023
(Supplementary Fig. 3, Supplementary Note 1). Our annual maps of year-
long surface water for 2015-2023 at 10 m spatial resolution and 2000—2014
at 30 m spatial resolution have high accuracies with producer’s and user’s
accuracies of 97% and 98%, respectively, based on validation samples col-
lected in this study, and 91% and 98% using the GLanCE land cover sample
dataset (Supplementary Figs. 4, 5).

We cross-compared the annual yearlong surface water layers from
our datasets with the 250 m MODIS land/water product (MOD44W) in
2000-2015, the 30 m global surface water datasets released by the Joint
Research Center (JRC) in 2000-2021", the 90 m global OSM Water Layer
in 2017%, and the 10 m ESRI global land cover dataset in 2017-2023"
(Fig. 1, Supplementary Note 2). At the NEA scale, the SWA from
MOD44W dataset was slightly smaller (4% * 2%) than that from this study
(Fig. 1a), which can be attributed to the coarse spatial resolution (250 m)
that may fail to identify small surface water bodies covering a limited
portion of the pixel (Supplementary Fig. 6a). The SWA from the JRC
dataset was 9% + 2% more than that from this study, particularly for those
years after 2013. The SWA from the OSM Water Layer (40%) and the ESRI
dataset (30% * 3%) were much higher than that from our dataset, which
can be mainly attributed to the misclassification of seasonal or ephemeral
surface water (SWF <0.75) to yearlong surface water (Supplementary
Fig. 6a—c). At the watershed level, the MOD44W and JRC were highly
consistent with our dataset with small deviation (slope =0.96 x 10’ and
1.08 x 10°km” year™, R* = 0.98 and 0.99, standard error (SE) = 0.004 x 10°
and 0.003 x 10°km?, respectively) (Fig. 1b). The SWA from the OSM
Water Layer was in moderate agreement with those in our dataset with a R*
0f 0.56. The SWA from the ESRI dataset was substantially higher than that
from our dataset with a slope of 1.20.

Inter-annual variations and changes of SWA across multiple
spatial scales

At the NEA scale, the inter-annual trend of SWA in NEA was large,
declining from ~204 x 10’km” in 2000 to ~188 x 10’km” in 2023, a net loss
of 16 x 10’km” or ~8% of SWA in 2000 (Fig. 2a). Specifically, the inter-
annual trends of SWA can be divided into two phases: an insignificant
slightly increasing phase between 2000—2010 and a significantly decreasing
phase between 2011—2023 (slope = -0.96 x 10°km’ year™). At the country/
sub-country scale, the inter-annual trends of SWA vary substantially. SWA
in Far East Russia accounts for 80% =+ 0.3% of the total SWA in NEA and
experienced the largest loss, with a ~ 10% decline from 2000—2023 or a net
loss of 16 x 10’ km’. SWA in Far East Russia dominated the overall net SWA
loss in NEA (Supplementary Fig. 7a), primarily due to its large land area
(Supplementary Fig. 7a,b). Mongolia and Japan had significantly decreasing
trends of SWA since 2000 with small trends of < 0.1 x 10°km” year™.
Northeast China had a significantly moderate increasing SWA trend
(0.16 x 10°km” year™), and North Korea had a slightly increasing SWA
trend. SWA in South Korea varied a lot over the years with no trend.

At the watershed scale, 37 watersheds (47% of the total of 79 water-
sheds) had significant SWA loss during 2000—2023, 14 watersheds (18%)
had significant SWA gain, and the remaining 28 watersheds (35%) showed
no trends (Fig. 2b, ¢). The SWA gain was mainly found in watersheds along
Amur (Heilongjiang), Songhuajiang, and Herlen Rivers, and SWA loss was
primarily distributed in most of Far East Russia, west and north Mongolia,
and Japan.

At the 0.5° gridcell scale, 2509 gridcells (34% of the total 7321 gridcells)
had significantly decreasing SWA trends, whereas 786 gridcells (11%) had
significant increasing SWA trends. The remaining 4026 gridcells (55%)
showed no trends (Fig. 2d, e). Overall, the high latitudes in NEA had a SWA
loss, whereas the polar region (north of 66°33° N) and the mid-latitude
region (between 35° N and 55° N) gained SWA during 2000—2023.

Driving factors for inter-annual variations and changes of SWA at
0.5° resolution

Air temperature and PET dominated 64% (33% plus 31%) of the gridcells
with SWA loss, whereas precipitation changes contributed 34% (Fig. 3a).
Agricultural water infrastructure™ and increased precipitation mainly
contributed to SWA gain in Northeast China (Fig. 3b). Air temperature and
PET changes dominated the SWA gain in regions excluding North-
east China.

Overall, the SWA in NEA declined at a net annual rate of -342.6 km’
year”, of which air temperature and PET contributed 83% to the decline
(Fig. 3c). Within the total rate of -658.5 km” year™ in grids with SWA loss,
70% (-461.3 km’ year") is attributable to increasing air temperature and
PET (Fig. 3d). Gridcells with SWA loss had lower precipitation trends than
the overall average trend, but higher air temperature and PET trends than
the overall average trend (Fig. 3f, g). In contrast, a much higher precipitation
trend than the overall and SWA loss regions resulted in 40% of the total
SWA increasing trend, while alower warming trend together with a negative
PET trend led to 56% of the total increasing trend (Fig. 3e, h). The reservoir
construction explained 4% of the total increasing trend (Fig. 3e). In sum-
mary, increased air temperature and PET were major reasons for SWA loss,
while increased precipitation and agricultural water infrastructure devel-
opment dominated SWA gain.

Relationships between spatial-temporal changes of SWA and
TWS during 2002-2023 across multiple scales

We investigated the spatial-temporal changes of SWA and TWS and their
relationship during 2002-2023 in NEA. At the 0.5° grid scale, TWS
decreased significantly (P < 0.05) in 2629 gridcells (40% of 6555 gridcells)
with decline rates from -0.1 cm year " to -4.1 cm year . 896 gridcells (14%)
had significantly increasing TWS trends ranging from 0.1 cm year” to
1.1 cm year' (Fig. 4a, €). SWA trends during 2002-2023 (Fig. 4b, f) showed
similar spatial patterns with those during 2000-2023 (Fig. 2d, e) at 0.5°
gridcell scale, with 2006 gridcells (31%) showing a significant decrease with
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Fig. 1| Inter-annual dynamics of yearlong surface water area (SWA) in Northeast
Asia during 2000—2023. a SWA comparison with other surface water datasets at
the Northeast Asia level. b SWA comparison with other surface water datasets at the
watershed level. SE indicates standard error. Linear regressions used data from the
years available for each dataset, i.e., MOD44W (2000—2015), JRC (2000—2021),
OSM Water Layer (2017), and ESRI (2017—2023).

rates from -17.2km* year” to -10.3m* year”, and 731 gridcells (11%)
showing a significant increase with rates from 3.7 m” year™ to 12.2 km’ year™"
(Fig. 4b). 1625 gridcells (25%) were experiencing TWS loss (SWA gain or no
trend), while 1004 gridcells (15%) experienced both TWS and SWA losses
(Fig. 4g). The linear regression models between TWS and SWA showed
significant positive correlations in 1245 gridcells (19%) with r-values > 0.4
(Fig. 4¢, d, h).

At the watershed scale (a total of 74 watersheds), hotspots of TWS
depletion (shown by large declining TWS trends, P < 0.05) were found in 32
watersheds in north Far East Russia and south Mongolia with declines
ranging from -2.0 to -0.1 cm year™', and TWS gain was found in 10 water-
sheds along Amur (Heilongjiang) River and Songhuajiang River and in
central Mongolia with rates from 0.2 to 0.7 cm year " (Fig. 4i, Supplementary
Fig. 9a). Significant SWA losses were found in 36 watersheds, which mostly
overlap with, but extend beyond, the TWS losses, covering additional areas
in watersheds in northeast Far East Russia, west and north Mongolia, and
Japan with rates from -163 km® year” to -636 m” year" (Fig. 4j, Supple-
mentary Fig. 9b). SWA gain was mainly found in 12 watersheds along the
Amur River and Songhuajiang River with rates from 0.007 km® year™ to
157 km® year™. 15 watersheds were experiencing TWS loss (SWA gain or no
trend), which raised the concern for excessive groundwater withdrawal due
to agricultural irrigation or mining (Supplementary Fig. 9c). 17 watersheds
experienced both TWS and SWA losses, posing more serious challenges to
the environment and communities. The linear regression models between

TWS and SWA showed significant positive correlations (P <0.05) in 20
watersheds (27%) with r-values > 0.5 (Fig. 4k, 1, Supplementary Fig. 9d).

We selected three representative watersheds with different SWA trends
to study SWA and TWS variations (Fig. 5a). Northeast China is China’s
important grain production base, and the Songhuajiang River Basin, located
in this region, is one of China’s seven major river basins”. The inter-annual
variations of SWA anomalies in the Songhuajiang River Basin reveal distinct
cycles of dry and pluvial periods (Fig. 5b), which aligned with documented
droughts (2001, 2007, 2011, 2014, 2017) and floods (2005, 2010, 2013,
2020). The first three droughts caused SWA to reach its lowest in 2002,
2008, and 2011, and then recovered to close to the 24 year average in 2006,
2010, and 2012 as SWA gradually increased. The 2014 drought caused SWA
to drop largely from 2013, leading to an extended drop in the following years
with negative SPEI values. This prolonged impact was further compounded
by another drought in 2017, resulting in a continued SWA decline. In contrast
to droughts, floods brought large and rapid SWA increases, and aided the
recovery of SWA to the average level in 2005 and 2010 with higher pre-
cipitation (Supplementary Fig. 10a). The 2013 and 2021 floods, in particular,
caused SWA to rise sharply, making it well above the average. TWS followed a
similar pattern to SWA, more aligned in later years. This relationship high-
lights the sensitivity of regional water storage to climatic conditions.

SWA in the Great Lakes Depression in Mongolia declined during
2000—2002 due to La Nifa-induced drought, and then recovered in 2003
because of flooding in that year with high positive SPEI (Fig. 5¢). SWA in the
Great Lakes Depression started to decline substantially from 2003 onwards
with a rebound since 2016 and reached the lowest in 2023, suggesting a long-
term reduction in SWA in the past two decades. TWS showed a similar
decrease with SWA but with larger variations during 2006—2013. Sig-
nificant SWA and TWS depletions are mainly attributed to exacerbated
water loss due to climate change-related temperature warming, reduced
precipitation, and intensified drought’>” (Supplementary Fig. 10b). In
addition, the retreat of snowpack and glaciers in the Altai Mountains caused
by rising temperatures has diminished the water inflow to rivers and lakes".

SWA in a watershed in the arctic of Far East Russia experienced a slight
increase with fluctuation during 2000—2009 as SPEI increased (Fig. 5d).
Significantly warmer temperatures led to thermokarst (ground collapse and
subsidence) in ice-rich permafrost environments that subsequently filled
with water, leading to lake expansion and SWA increase in this phase'"*’.
SWA experienced a significant decrease from 2009 through 2017 as lake
water rapidly drained into the subsurface due to thinning and eventual
breaching of permafrost near lakes™ . The 2018 extreme flood aided SWA
to rapidly recover to average levels. TWS showed a similar pattern with
SWA but with larger variations.

Human populations affected by the spatial-temporal changes of
SWA and TWS

Water resources are important for human society. In 2020, about 109
million people (32% of the total population in NEA, 338 million) resided in
0.5° gridcells with SWA loss, whereas 63 million (19%) people resided in 0.5°
gridcells with TWS loss (Fig. 6a, Supplementary Fig. 11a—c). Given the
spatial complexity of water allocation systems and the fact that human water
use behavior often extends beyond local water sources near settlements and
relies on wider networks of water resources, we further analyzed the rela-
tionship between changes in water resources and population at the water-
shed scale (Supplementary Fig. 11d-f). 140 million (42%) people were living
in watersheds with SWA loss. In comparison, 56 million (17%) people were
living in watersheds with TWS loss (Fig. 6b). During 2000—2020, the
population in NEA had grown by 17 million with a rate of 0.84 million
year'. Among this, it was estimated that there were over half (51%) of the
population growth was in gridcells with SWA loss and over one-quarter
(26%) in gridcells experiencing both significant SWA and TWS losses
(Fig. 6¢, Supplementary Fig. 12a—c). 15% of the population growth was
found in watersheds with SWA loss, and roughly one-third (31%) in
watersheds with TWS loss (Fig. 6d, Supplementary Fig. 12d-f).
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level, ** indicates significant at P =0.001 level. b Inter-annual trends of SWA at the
watershed scale (slope values). ¢ Inter-annual trends of SWA at the watershed scale.
d Inter-annual trends of SWA at the 0.5° gridcell scale (slope values). e Inter-annual
trends of SWA at the 0.5° gridcell scale.

In 2020, densely populated countries/sub-countries, including Japan,
Northeast China, and South Korea, had large numbers of people affected by
SWA loss and/or TWS loss (Fig. 6e, f). In contrast, sparsely populated
countries/sub-countries, including Far East Russia and Mongolia, experi-
enced relatively fewer people impacted by water resource losses. Although
North Korea had a large population density, the number of people affected
by SWA or TWS loss was comparatively low, as most 0.5° gridcells and
watersheds within the country did not show significant water loss. During
2000-2020, Japan, Northeast China, and South Korea experienced sub-
stantial population growth in both 0.5° gridcells and watersheds undergoing
SWA and/or TWS decline (Fig. 6g, h). This was followed by moderate
population increases in Mongolia and North Korea. In contrast, Far East
Russia exhibited population decline in regions affected by water resource
loss. All estimates involving TWS are conservative because pixels at the sea-
land boundary are removed due to leakage errors across coastlines.

Discussion

We used 24-year satellite observations to investigate long-term SWA and
TWS dynamics, revealing widespread declines in SWA and TWS in NEA.
Prior to this study, SWA and TWS changes in Far East Russia, Japan, and
North and South Korea remained poorly understood, as previous studies
have mainly focused on water quality rather than water resource
availability**”’. Our study could provide a basis and insights for water
resource changes in these regions.

The resultant yearlong surface water maps of 10 m resolution post-
2015 and 30 m resolution pre-2015 in this study provide a robust foundation
for capturing fine-scale SWA changes. In regions with complex and frag-
mented water bodies, finer spatial resolution (10 m) Sentinel-2 data may
show slightly more information on the edge of surface water bodies or small-
sized surface water bodies (< 30 m) than does 30 m Landsat data. However,
for the large spatial scales and annual aggregation used in our analysis, the
impact of spatial resolution differences on long-term trend consistency is
minimal. Therefore, while some local discrepancies are possible, the overall
SWA change trends presented are robust (Supplementary Note 3, Supple-
mentary Fig. 13).

Our findings extend previous knowledge on TWS dynamics*. First, we
update the assessment period to 2023 by integrating GRACE and GRACE-
FO data, thereby extending the work™ on TWS up to 2016. Extending the
observational record is critical for capturing more recent trends, especially
under intensifying climate change. Second, in addition to TWS, our study

simultaneously analyzes SW A dynamics, a key component of the water cycle
that directly influences ecosystem health and biodiversity. Third, our results
are complementary to the previous work®, collectively demonstrating a
continuous decline in water resources across high-latitude regions from 2002
to 2023. Together, these contributions provide a more comprehensive and
up-to-date understanding of long-term water resource changes in NEA.

Our results reveal consistent losses of SWA and/or TWS across several
countries/sub-countries. While Far East Russia exhibited an overall
decreasing trend in SWA during 2000-2023, the polar region experienced a
SWA increase, aligning with previous studies that reported rising lake water
levels” and increasing water storage™. These findings provide multi-
dimensional evidence of water gain in the polar region. SWA in Mongolia
has been decreasing since 2000, which was also observed in a study focusing
on the SWA in the Mongolian Plateau from 1987 to 2010, despite different
water identification methods being applied”. Reduced precipitation and
drier and warmer climates have been recognized as the major drivers for the
SWA decline in Mongolia™*’, which is consistent with the attribution
analysis in our study (Fig. 3a). We found that warmer temperatures and
increased PET accounted for 70% of SWA losses, which, together with
projected drier and warmer climate’** and resulting increased drought,
empbhasizes the importance of considering climate change impacts in the
management of future surface water resources.

Our results also reveal that climate change and human activities have
increased SWA in certain countries/sub-countries. For example, in North-
east China, increased precipitation and agricultural water infrastructure
construction dominated the SWA gain® (Fig. 3b). This finding is consistent
with the previous study which investigated SWA trends across China from
1989 to 2016°. When combined with our results extending to 2023, the
evidence suggests a continuous increase in SWA in Northeast China since
the 1980s. However, some previous studies have reported varying decreases
in SWA or TWS in certain lakes and reservoirs™*. As China’s largest
granary, agricultural development in Northeast China plays an important
role in China’s social economy, and thus extensive agricultural water
infrastructure (irrigation) has been developed. The water resources in
Northeast China could be further enriched due to positive SPEI (Fig. 5b) and
agricultural structure adjustment in recent years, which has gradually
reduced the cultivation area of paddy rice, the most water-consuming crop””.

While climate-driven factors were identified as the primary drivers of
SWA changes across NEA, the influence of human activities may be
underestimated, particularly in densely populated countries/sub-countries
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Fig. 3 | Attribution of net change, gross loss, and gross gain of yearlong surface
water area (SWA) in Northeast Asia at 0.5° gridcells. a Dominant drivers for SWA
loss. b Dominant drivers for SWA gain. The insert pie charts in (a and b) show the
proportion of each driver. ¢ Trends in SWA net change induced by each driver in

Northeast Asia. d Trends in SWA loss induced by each driver. e Trends in SWA gain
induced by each driver. f Trends of annual total precipitation (mm year"), annual

total potential evapotranspiration (mm year '), annual average air temperature (°C

year), and reservoir area (km’ year™') in Northeast Asia. g Trends of each predictor
in gridcells with SWA loss. h Trends of each predictor in gridcells with SWA gain.
Error bars represent the trend uncertainties at a 95% confidence interval. Precip,
Temp, and PET denote precipitation, air temperature, and potential evapo-
transpiration, respectively. Note that temperature and PET are highly correlated
(Supplementary Fig. 8), but they were plotted separately.

such as Northeast China, Japan, and South Korea. Limited long-term
datasets on groundwater use, agricultural practices, and food production
across NEA over the full study period (2000-2023)*"* constrained our
ability to fully quantify anthropogenic impacts. Future studies should
incorporate emerging datasets on irrigation, groundwater depletion, and
land use change to better separate human and climate influences on water
dynamics.

The water system can become vulnerable due to an imbalance in
supply and demand, caused by a changing climate and increasing popu-
lation. The water demand increases with the increasing population growth
and concentration, rising temperature”, and extreme events”, but the
water supply may decrease as a result of climate change (Figs. 3, 5). Regions
with large population densities but TWS and/or SWA losses should pay
more attention to water source conservation and management. One
obvious example is Japan. Even though Japan has constructed many dams
and associated reservoirs (Supplementary Fig. 14), SWA still faces sig-
nificantly decreasing trends (Fig. 2a), which may indicate that the reliability
of water supply from reservoirs is decreasing in Japan, presenting chal-
lenges to water managers. In addition, climate change has increased the
frequency of extreme events”, posing additional water management
challenges™**. Given the changing climatic conditions, risk analysis and

sustainable water management practices are required to better match
available supplies and future demand®.

Water resource shortage has been becoming more severe worldwide,
and land-water systems in NEA are more sensitive to global change and
human activities. Our surface water dataset at 30 m/10 m spatial resolution
for NEA during 2000—2023 is a reasonably accurate, updated, reliable, and
spatially detailed dataset. Temporal SWA dynamics in NEA had a stagnant
but varying phase between 2000—2010 and a significantly large decreasing
phase between 2011 and 2023, attributed mostly to the large loss in Far East
Russia. Increased air temperature and PET are responsible for the SWA loss.
Increased precipitation and agricultural water infrastructure dominate
SW A gain, as shown by the moderate gain in Northeast China. TWS shows a
similar temporal dynamic with SWA but differs in significance. As a large
number of people (e.g., 185 million in 2020) reside in those watersheds with
SWA or TWS loss, our surface water dataset and the research findings on
SWA and TWS dynamics can be used to support data-driven sustainable
water management in NEA. The observed SWA/TWS declines, especially in
densely populated countries/sub-countries like Japan, Northeast China, and
South Korea, highlight growing water stress under climate change and
human pressure, emphasizing the need for integrated management strate-
gies that consider both environmental and demographic changes.
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Methods

Study area

NEA includes 6 countries and sub-country regions: Far East Russia, Mon-
golia, Northeast China, Japan, South Korea, and North Korea (Supple-
mentary Fig. 15a). NEA covers > 10 million km” of land and comprises 338
million (about one-twentieth) of the world population in 2020. Its topo-
graphy varies substantially, ranging from the mountainous regions (Mon-
golian Plateau, Stanovoy Range, Verkhoyansk Mountains, Kolyma
Mountains, Greater Khingan Mountains) to the immense plains (Northeast
China Plain, Kanto Plain) and the coastal regions (Supplementary Fig. 15b).
Its climate also varies extensively from the arctic climate in Far East Russia to
the temperate climate in Japan. Air temperature varies from extremely cold
in the north to warm in the south, and precipitation is relatively low in Far
East Russia and Mongolia, moderate in Northeast China and the Korean
Peninsula, and high in Japan (Supplementary Fig. 15¢, d).

Landsat and Sentinel-2 image data
We acquired all available Landsat 5/7/8/9 surface reflectance (SR) images
from January 1, 1984, to December 31, 2023, in NEA (~ 592,000 images)

in the Google Earth Engine (GEE) platform. Observations with cirrus,
clouds, and cloud shadows were identified as bad-quality observations by
using the observation quality attributes (QA_PIXEL band) generated
from the CFMASK algorithm. Observations with snow/ice were also
identified by using the criteria that SRyeqr-infrared >0.11 and normalized
difference snow index (NDSI) > 0.4. The Copernicus 30 m Digital Ele-
vation Model data (GLO-30), along with the solar azimuth and zenith
angles of each Landsat image, were used to identify those pixels with
terrain shadows®®. The resultant bad-quality, snow-affected, and terrain-
shadow observations were then excluded from data analyses for identi-
fying surface water.

Wealso acquired Sentinel-2A/B SR data for 2019-2023 (~ 1,506,000
images) and top of atmosphere (TOA) data for 2015-2018 (~ 558,000
images) in NEA (note that no SR data were available prior to 2019 in NEA
at the time we did image data analyses). Bands of QA60 bitmask band,
Sentinel-2 associated Cloud Probability Collection (S2_CLOUD_-
PROBABILITY), blue band (SR > 0.2), and Scene Classification (SLC)
band were integrated to identify clouds, cloud shadows, and cirrus in the
SR images. QA60 bitmask band, Cloud Probability Collection, and blue
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band were used to identify clouds and cirrus in the TOA images,
as the SLC band is not available in Sentinel-2 TOA images.
Observations affected by snow/ice and terrain shadows in Sentinel-2
images were identified by the same algorithms applied in Landsat
images. The bad-quality, snow-affected, and terrain-shadow
observations were then excluded from data analyses for identifying
surface water.

The availability of Landsat and Sentinel-2 images varies in space and
time (Supplementary Figs. 1, 2). We analyzed all the images for 1984—2023.
As large proportions of NEA were not covered fully with Landsat images
during 1984—1999, in this study we only reported the results for the entire
NEA over 2000—2023.

Normalized difference vegetation index (NDVI), enhanced vegetation
index (EVI), and modified normalized difference water index (mNDWTI)
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were calculated for individual good-quality observations using Egs. (1)-(3).

NIR — Red

NDVl = ——— 1

NIR + Red @
NIR — Red
EVI = 2.5% (2
NIR + 6Red — 7.5Blue + 1
Green — SWIR

NDW[ = ———— 3

m Green + SWIR )

where Blue, Green, Red, NIR, and SWIR are values of blue, green, red, near-
infrared, and shortwave-infrared bands for Landsat and Sentinel-2 images.

Total water storage (TWS) data
The Gravity Recovery and Climate Experiment (GRACE) and its follow-on
(GRACE-FO) GRCTellus JPL Mascon products (RL06.1Mv03)’' were used
to measure and monitor total water storage (TWS) during 2002-2023.
GRACE/GRACE-FO missions provide monthly liquid water equivalent
thickness (LWET) anomalies relative to the 2004.0-2009.999 time-mean
baseline, which represents the deviations of mass in terms of the vertical
extent of water in centimeters. The datasets have a spatial resolution of 0.5°
by 0.5° (latitude and longitude). Missing epochs in GRACE/GRACE-FO
were filled using the Singular Spectrum Analysis (SSA) gap-filling method™,
which handles time series data with missing samples by exploiting the
temporal correlation of the available ones. LAND_MASK.CRI file was
applied to mask out the ocean pixels to avoid leakage errors across coast-
lines. The gap-filled monthly LWET data during 2002-2023 were then used
to calculate annual average TWS, which were used to explore trends and
their relationship with SWA over the same period.

We also calculated the annual average TWS without gap-filling and
compared TWS trends with and without gap-filled data to quantify the
impacts of gap-filling (Supplementary Note 4, Supplementary Fig. 16).

Climate data
The Standardized Precipitation Evapotranspiration Index (SPEI) was
designed to consider both precipitation and potential evapotranspiration
and can capture the major impacts of increased temperatures on water
demand. The 12 month accumulative SPEI (the sum of the SPEI for
December and the previous 11 months) during 2000—2022 was acquired
from the global 0.5° SPEI database (SPEIbase) v2.9* to investigate the effect
of climate change on SWA and TWS in NEA at the watershed scale.

0.1° daily accumulated precipitation (liquid and frozen water, includ-
ing rain and snow) and 2m air temperature were derived from
fifth-generation reanalysis (ERA5-Land) daily aggregated data from the
European Center for Medium-Range Weather Forecasts (ECMWE) to
calculate the annual total precipitation and annual average temperature
during 2000-2023, which were used as predictor variables in the ridge
regression models for inter-annual variations of SWA in NEA.

Monthly potential evapotranspiration (PET) data were acquired from
the TerraClimate datasets”. We calculated the annual total PET during
2000—-2023.

Reservoir data

Reservoir data were acquired from the Global Dam Watch (GDW) database
v1.0°. There were 1225 reservoirs in NEA, and 869 of them had the
information on construction year (Supplementary Fig. 14). We calculated
the reservoir area for each year to explore its contribution to the changes of
SWA at the 0.5° gridcell scale during 2001—2022.

Human population data

We acquired 30 arc-second ( ~ 1 km) human population data for the years
2000, 2005, 2010, 2015, and 2020 from the Gridded Population of World
Version 4 Revision 11 (GPWv4.11)”". This dataset contains estimates of the

number of persons per square kilometer consistent with national censuses
and population registers.

Surface water body identification algorithm

In this study we used the mNDWI/VIs-based surface water detection
algorithm, defined as [water = (mMNDWI > NDVI or mNDWI > EVI) and
(EVI<0.1)]*%, to detect and map surface water bodies in NEA, which has
already been implemented to study surface water changes in the state of
Oklahoma, US”, the contiguous United States’, and China® with high
accuracy. The surface water body was first identified using the mNDWI/VIs
algorithm in individual pixels of each image in a single year, and then we
calculated the annual surface water frequency (SWF) for each pixel for
2000—2023, respectively. SWF, ranging from 0 to 1, is the ratio of the
number of surface water body observations to the number of good-quality
observations in a year. For each year, water pixels with SWF > 0.75 were
defined as yearlong surface water bodies**. Landsat images were used to
generate surface water maps for 2000-2014 with a spatial resolution of 30 m,
and Landsat and Sentinel-2 images were integrated to generate surface water
maps for 2015—2023 with a spatial resolution of 10 m as Sentinel-2 imagery
has been available since 2015 onwards. The Landsat images since 2015 were
resampled to 10 m using the nearest neighbor method to be spatially con-
sistent with the Sentinel-2 images.

Accuracy assessment of surface water body maps

The stratified random sampling approach was used to collect validation
sample points for the accuracy assessment of our yearlong surface water
maps. Referring to the validation strategy of the Joint Research Center (JRC)
surface water dataset'” which considered the small spatial extent of inland
water surfaces and its intrinsic spatial-temporal variability, we collected one
reference dataset to estimate the producer’s accuracy (PA, the measure of
omission error) and one to estimate the user’s accuracy (UA, the measure of
commission error). To generate the sample collection for PA estimation, we
first divided NEA into 7321 gridcells (0.5° x 0.5°). Using the 2000 global
30 m inland water body dataset (GLCF)*’ as the reference surface water map
to indicate areas with a high probability of surface water occurrence, a
potential yearlong surface water point was randomly selected within the
GLCEF layer in each gridcell. We randomly assigned each point a year of
2000—2023 and then visually examined the time series of Landsat/Sentinel-
2 imagery in GEE and very high spatial resolution (VHSR) imagery in
Google Earth for that year, only points with confirmed year-round pre-
sences of water were used to estimate the PA of yearlong surface water.

To generate UA estimation samples, we first assigned a random year of
2000—2023 for each gridcell. For each gridcell, the yearlong surface water
map generated using our mNDWI/VIs algorithm for that year was used as
the reference map, and a point was randomly generated within the surface
water map. The year-round presence of surface water for each point in the
assigned year was visually checked by the time series of Landsat/Sentinel-2
and Google Earth VHSR imagery. Finally, 4424 samples were collected for
PA estimates and 6680 samples for UA estimates (Supplementary Fig. 4).

Cross-comparison with other surface water datasets

Surface water thematic datasets and surface water layers from the global land
cover products were used for cross-comparison with our yearlong surface
water dataset in terms of accuracy, area, and spatial distribution (Supple-
mentary Note 2, Supplementary Figs. 5, 6). We acquired the MODIS land/
water mask 250 m product (MOD44W V6)* which is derived using a
decision tree classifier trained with MODIS data and is available for 2000-
2015. We also acquired the permanent water layers from the 30 m global
surface water datasets released by the JRC from 2000 to 2021 15, which were
generated using Landsat 5/7/8 images. The global 90 m OSM Water Layer™
was generated by extracting surface water features from OpenStreetMap
(OSM) as of January 2018, so its area was compared with our 2017 water
map. Yearlong surface water layers from ESRI 10 m global land cover for
2017—2023" were collected, which were generated through 10 m Sentinel-2
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annual scene collections, billions of human-labeled pixels, and deep learning
models.

We conducted accuracy assessments for the yearlong surface water
maps from this study, MOD44W, JRC, OSM water layer, and ESRI land
cover maps, using both manually collected validation samples and the global
land cover sample dataset (GLanCE)” (Supplementary Note 2, Supple-
mentary Fig. 5).

Statistical analyses
Yearlong SWA was calculated based on the annual yearlong surface water
maps during 2000—2023 for each 0.5° gridcell, watershed, country/sub-
country, and entire NEA. The SWA trends during 2000—2023 and
2002—2023 and TWS trends during 2002—2023 were analyzed using the
Mann-Kendall test with a confidence level of 95%. The relationships between
TWS and SWA at 0.5° gridcell and watershed scales were calculated and
analyzed through linear regression with a ¢-test at the 5% significance level.
Ridge regression was conducted to quantify the contribution of the
potential climatic and anthropogenic predictors to SWA changes during
2001—2022. We constructed the ridge regression model between annual
SWA change and climatic (annual total precipitation, annual average
temperature, and annual total potential evapotranspiration) and anthro-
pogenic (reservoir area) predictors for 0.5° gridcells. The annual SWA
change was calculated as the difference between the SWA in the current year
and that in the previous year. The relative contribution of each driver was
calculated as the absolute value of the standard ridge regression coefficient
for each factor divided by the sum of the absolute values of all standardized
regression coefficients for all drivers. The dominant driver was defined as
the driver with the largest relative contribution, which explains the most
variation in SWA changes. The contribution of each driver to SWA changes
is calculated by multiplying the slope of the SWA trend by its relative
contribution. We summarized the contribution of each driver in gridcells
with significant SWA trends. Before performing ridge regression, all inde-
pendent variables were Z-score normalized to facilitate comparison between
independent variables of different units and magnitudes.

Data availability

The annual yearlong surface water maps™ can be accessed at Figshare.
Landsat images, including Landsat 5 Thematic Mapper, Landsat 7 Enhanced
Thematic Mapper-plus, Landsat 8 Operational Land Imager, and Landsat 9
Operational Land Imager 2, are available from the US Geological Survey at
http://earthexplorer.usgs.gov. Sentinel-2 images, including Sentinel-2A and
Sentinel-2B, are available from the Copernicus Data Space Ecosystem at
https://dataspace.copernicus.eu/. The GRACE and its follow-on (GRACE-
FO) GRCTellus JPL Mascon products (RL06.1Mv03) can be downloaded
from NASA Jet Propulsion Laboratory (JPL) at https://gracejpl.nasa.gov/.
The Standardized Precipitation Evapotranspiration Index (SPEI) dataset is
available from http://sac.csic.es/spei/. The ECMWF fifth-generation reana-
lysis (ERA5-Land) daily aggregated data are available at https://developers.
google.com/earth-engine/datasets/catalog/ECMWE_ERA5_LAND_
DAILY_AGGR. The TerraClimate dataset is available from Climatology Lab
at https://www.climatologylab.org/terraclimatehtml. The Global Dam
Watch (GDW) database v1.0 is available at https://www.globaldamwatch.
org. The Gridded Population of World Version 4 Revision 11 (GPWv4.11)
can be downloaded from https://sedac.ciesin.columbia.edu/data/collection/
gpw-v4. All the data except the GDW dataset are also available from the
Google Earth Engine platform at https://earthengine.google.com.
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