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ical oxygen demand (COD), and am- 
monia nitrogen (NH4 -N)]. However, 
the poorest half of the world con- 
tributes less than 3% of nearly two mil- 
lion reported water quality observa- 
tions [1 ]. Although satellites can detect 
optically active water quality param- 
eters (OWQPs)—such as chlorophyll- 
a, suspended particulate matter, col- 
ored dissolved organic matter, and Sec- 
chi disk depth [4 ]—critical SDG metrics 
like DO, nutrients, pH, COD, and NH4 - 
N lack direct optical signatures [5 ]. This 
technical gap creates a vicious cycle as 
the regions most in need of monitoring 
are those least covered [6 ]. 

Two-stage random forest wa- 
ter quality assessment model. To 
overcome these dual limitations, we 
developed GlakeWQ ( Figs S1 and S2), 
an integrated satellite-machine learn- 
ing framework that harmonizes 1.39 
million Sentinel-2 MSI images (2019–
22) with China’s national water quality 
standard (GB3838-2002) and enables 
the analysis of 16 409 lakes ( ≥10 km²) 
across 145 countries ( Figs S3) [7 ]. Our 
two-stage data-driven approach first 
applied random-forest regression to 
convert spectral reflectance from six 
MSI bands (443, 492, 560, 665, 704, 740 
nm) and five band ratios into OWQPs, 
achieving a mean absolute percentage 
error (MAPE) of ≤31.34% ( Figs S4a–d
and S5). Subsequently, a random-forest 
classification model was developed 

to establish the first direct linkage 
between satellite-derived OWQPs and 
SDG-compliant water quality classes. 
At this stage, OWQPs were mapped to 
physicochemical-based classes (Levels 
I–III = ‘good’; IV-inferior V = ‘poor’) 
following China’s GB3838-2002 stan- 
dard ( Table S1), which aligns with 

the United States (US), the European 

Union, and other countries’ bench- 
marks for DO, nutrients, and organic 
pollutants ( Table S2). By adopting 
GB3838-2002 worldwide, we provide 
a unified, objective global benchmark. 
The water quality of centralized drink- 
ing water sources must fall into the 
good classes, ensuring they are suitable 
for consumption after conventional 
treatment. Model validation through 5- 
fold cross-validation demonstrated an 

overall classification accuracy of 75.4% 

across diverse global aquatic systems 
based on 10 957 in situ observations 
( Figs S4e, S6–S8, and Tables S3 and S4). 
Water bodies were classified as ‘good’ 
only when more than 80% of their 
surface area maintained stable good 
conditions for over 80% of the moni- 
toring period, following UN SDG 6.3.2 
reporting guidelines ( Fig. S2) [8 ]. 

Two fundamental scientific ad- 
vances emerge from our analysis: 

Global water quality dispari- 
ties. The satellite observations in this 
study indicated profound continental 
disparities, with only 63.3% of lakes 
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reshwater lakes serve as indispens- 
ble drinking water sources for bil- 
ions of people worldwide. However, 
he 2025 UN SDG report revealed 
hat existing UN monitoring systems 
ailed to assess lake water quality in 

ore than 60% of member states, 
ainly low- and middle-income coun- 

ries in Africa, Asia, and South Amer- 
ca (SDG indicator 6.3.2: “proportion of 
ater bodies with good ambient wa- 

er quality”) [1 ,2 ]. These monitoring 
aps pose three major governance chal- 
enges: policy paralysis, as the lack of 
vidence hampers effective responses 
o the water quality crisis; climate vul- 
erability, because the growing risks of 
ater scarcity driven by evaporation 

nd extreme weather remain unquan- 
ified; and equity failure, which dispro- 
ortionately affects regions least capa- 
le of conventional monitoring. This 
riad of issues exacerbates water inse- 
urity in vulnerable areas, undermin- 
ng global efforts toward sustainable de- 
elopment. Projections suggest that by 
030, the health and livelihoods of up to 
.8 billion people could be at risk if wa- 
er quality and monitoring do not im- 
rove [1 ,3 ]. 
Exacerbating these shortcomings, 

onventional SDG 6.3.2 assessments 
epend on expensive in situ measure- 
ents of five physicochemical param- 
ters [dissolved oxygen (DO), nutri- 
nts, pondus hydrogenii (pH), chem- 
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10 385 out of 16 409) globally meeting 
good’ water quality standards (levels 
–III under GB3838-2002) (Fig. 1 a). 

hile Europe (73.1%) and North 

merica (80.6%) showed relative water 
ecurity, developing regions exhibited 
ower security—Asia (41.7%), South 

merica (27.4%), Africa (20.3%), and 
ceania (16.1%). Notably, the 70 coun- 

ries unreported to the UN—mostly in 

frica, Asia, and South America—had 
n average SDG 6.3.2 score of 44.3% ±
3.9%, about 25 points lower than the 
eveloped-country average (69.3% ±
7.3%). This spatial deficiency formed 
istinct ‘risk belts’ across equatorial 
frica and South/Southeast Asia, 
here limited infrastructure hindered 
onventional monitoring. 

Population exposure crisis. To 
lign with human water supply re- 
uirements, we restricted this analysis 
o freshwater resources, excluding en- 
orheic lakes due to salinity concerns. 
f the 14 622 exorheic freshwater lakes 

dentified, their service areas, defined 
s 30-km buffer zones that represent 
easible water transfer distances, sup- 
orted approximately 2 billion people. 
otably, 57.4% of this population faced 
ater scarcity due to poor water qual- 

ty, reflecting an inequitable burden 

isproportionately borne by vulnera- 
le populations (Fig. 1 b). A total of 66 
ountries were at high risk, with more 
han 60% of their populations relying 
n freshwater lakes of poor water qual- 
ty for drinking water. Developing and 
east-developed countries (63.7%) had 
xposure rates 1.8 times higher than 

hose of developed economies (34.7%), 
s seen in high-risk hotspots such as 
ndia (79.8%), Indonesia (82.8%), Thai- 
and (75.2%), and the African Great 
akes region (Uganda 65.8%, Tanza- 
ia 80.5%, Kenya 76.5%). This cri- 
is forces either costly advanced treat- 
ent or dependence on contaminated 

lternatives, thereby exacerbating in- 
quities. By contrast, more than 80% 

f people in developed economies such 

s Japan, South Korea, and Germany 
ad access to good-quality lake water, 
emonstrating how effective manage- 
ent mitigates risks. This exposure dis- 
arity is driven by intersecting factors: 
igh population density in developing 
egions amplifies pollution, while cli- 
ate extremes exacerbate scarcity in 

rid zones [9 ]. 
The GlakeWQ framework 

available at https://github.com/
henMing93/RS2WQ) enables scien- 
ists and local governments to trans- 
orm these findings into actionable 
olicy tools. By providing open-access, 
igh-resolution (100 m) water quality 
aps, the framework enables three key 

pplications: 
Cost efficiency: revolutionizing 
onitoring economics. Traditional 

DG 6.3.2 assessments require substan- 
ial investment for in situ measurement 
f five physicochemical parameters, in- 
luding the cost of equipment, trained 
ersonnel, and technical expertise—
xpenses often unaffordable for low- 
nd middle-income countries. For 
nstance, in Malawi (GDP about USD 

2 billion), the 2023/24 water budget 
ccounts for less than 0.3% of GDP, 
eaving the country heavily dependent 
n external aid and severely limiting 
ts capacity for routine water quality 
onitoring. As a result, fewer than 

0% of UN member states can pro- 
ide comprehensive SDG 6.3.2 data. 
lakeWQ provides a globally scalable, 
ost-effective alternative by leveraging 
utomated Sentinel-2 satellite pro- 
essing. Compared with traditional in 
itu methods, GlakeWQ significantly 
educes costs related to equipment, 
ersonnel, and technical expertise, thus 
nabling low- and middle-income 
ountries to perform frequent water 
uality assessments. The savings can 

e reinvested in water protection, 
anagement, and governance, im- 
roving both the efficiency of water 
anagement and overall water quality. 
SDG reporting reform: closing 

he 70-nation data gap. Building 
n this cost-effective foundation, the 
lakeWQ framework can seamlessly 

ntegrate with UN-Water’s SDG 6 Data 
ortal by creating the first standard- 
zed global lake water quality database 
or 70 previously unreported nations. 
ost of these are low-income coun- 

ries in Africa (e.g. Tunisia, Djibouti) 
nd Asia (e.g. Cambodia, Bangladesh). 
Page 2 of 4
his addresses the major monitoring 
ap highlighted in the 2024 UN SDG 

eport, where these regions previously 
ubmitted no data for indicator 6.3.2 
n lake water quality. Our framework 
elivers globally consistent, quarterly 
00-m resolution water quality maps 
or 16 409 lakes, which directly feed 
nto UN reporting systems. Crucially, 
t resolves the long-standing ‘optical 
ignature gap’ for nonoptically ac- 
ive parameters such as DO, through 

achine learning linkages validated 
t 75.4% accuracy against China’s 
B3838-2002 standard ( Fig. S4). This 
apability enables SDG scoring for 
reviously unmonitored lakes such 

s Tonlé Sap (Cambodia) and Lake 
aumatre (Haiti), as well as trans- 
oundary lakes like Lake Turkana 
Kenya/Ethiopia) and Lake Peipsi 
Russia/Estonia), where joint gover- 
ance agencies are lacking or defunct. 
t thus transforms policy paralysis into 
ctionable water governance. 

High-impact interventions: tar- 
eted resource allocation enabled 

y GlakeWQ. Beyond monitoring and 
eporting, the GlakeWQ framework 
upports targeted interventions by pri- 
ritizing regions where severe water 
egradation overlaps with high popula- 
ion exposure. A key strength lies in its 
bility to distinguish between lakes that 
equire costly restoration and those still 
uitable for protection, which is central 
o cost-effective management. For 
nstance, despite ongoing restoration 

fforts since 1972, Lake Erie continues 
o experience harmful algal blooms 
nder the combined pressures of cli- 
ate change and human activities 

Fig. 1 c and d). Likewise, Lake Taihu 
xperienced rapid deterioration during 
hina’s post-reform economic expan- 
ion. Although substantial investments 
n recent years have partially improved 
ater quality, the lake remains highly 
utrophic with recurrent blooms 
Fig. 1 c and d). These examples high- 
ight that restoration is lengthy, costly, 
nd uncertain, whereas proactive pro- 
ection of relatively healthy systems is 
ar more efficient [10 ]. Lake Victoria 
llustrates this urgency (Fig. 1 c and d), 
s its overall water quality remains 

https://github.com/ShenMing93/RS2WQ
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag445#supplementary-data
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Figure 1. Global lake water quality, human exposure, and long-term trends. (a) Global status of lake water quality and national progress 
toward SDG 6.3.2. The panel includes global maps of lake water quality status. Box plots summarize water quality statistics categorized by 
country development level, and pie charts summarize the statistics by continent. Note that the unreported country indicated nations that 
did not provide official reports to the UN on lake water quality. (b) Population exposure to different lake water quality classes. The lake 
service radius is defined using a 30-km buffer, which accounts for feasible pipeline costs. Lakes located in endorheic basins, which may be 
naturally saline, were excluded from this analysis. (c) Examples of water quality patterns for representative lakes in countries of different 
development levels, including Lake Erie (western part, USA/Canada), Lake Taihu (China), and Lake Victoria (Uganda, Kenya, Tanzania). The 
base map shows population data sourced from the WorldPop project. (d) Long-term trends showing the relationship between lake health 
(measured by chlorophyll-a concentrations or algal bloom frequency) and per capita GDP for a selection of typical lakes. 
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elatively good, yet unregulated de- 
elopment and pollution over the past 
wo decades have triggered early-stage 
egradation, with some bays already 
xperiencing frequent algal blooms. 
y identifying such tipping points, 
lakeWQ empowers policy-makers 
nd resource managers to implement 
imely interventions that safeguard wa- 
er quality before irreversible damage 
ccurs. 
Our findings reveal that global 

reshwater systems reflect a funda- 
ental dimension of planetary in- 
quality. By integrating multi-source 
atellite observations, environmen- 
al standards, and machine learning, 
lakeWQ transforms fragmented lo- 
al monitoring into a unified global 
ramework—making freshwater quality 
 measurable and comparable indicator 
f development equity. The identifi- 
ation of dual degradation pathways, 
amely, climate forcing (e.g. temper- 
ture and precipitation changes) and 
uman activities (e.g. urbanization, 
ndustrial discharge, and land-use 
hanges), highlights their intertwined 
oles in shaping water security, provid- 
ng an empirical foundation for global 
ydrological justice. 
Importantly, our results demon- 

trate that restoration, while necessary, 
emains costly, slow, and uncertain, 
hereas proactive protection of rela- 

ively healthy systems yields far greater 
ong-term benefits. This insight sup- 
orts a paradigm shift in freshwater 
overnance—from reactive remedia- 
ion toward anticipatory protection 

uided by near-real-time Earth obser- 
ation. 
Looking forward, extending 

lakeWQ to include real-time cli- 
ate risk modeling (e.g. ENSO- and 
xtreme-weather–driven bloom pre- 
iction) and small-lake monitoring 
or rural communities will further 
ridge the gap between scientific dis- 
overy and equitable policy action. 
n doing so, freshwater management 
an move from localized projects to 
The Author(s) 2026. Published by Oxford University Press 
reative Commons Attribution License ( https://creativecomm
he original work is properly cited. 
lanetary governance, where environ- 
ental sustainability and social justice 

onverge. 

UPPLEMENTARY DATA 

upplementary data are available at NSR online. 

CKNOWLEDGMENTS 

ll authors thank the contributors and volun- 
eers from the Nanjing Institute of Geography 
nd Limnology, Chinese Academy of Sciences 
NIGLAS) for their support and assistance. 

UNDING 

his work was supported by the National Nat- 
ral Science Foundation of China (42425104), 
he Science and Technology Planning Project of 
tate Key Laboratory of Lake and Watershed 
cience for Water Security (SKL2026-TJ10), the 
pen Research Program of the International Re- 
earch Center of Big Data for Sustainable De- 
elopment Goals (CBAS) (CBASYX0906 and 
BAS2023ORP04), and the Scientific Research 
nnovation Capability Support Project for Young 
aculty (SRICSPYF-ZY2025153). 

UTHOR CONTRIBUTIONS 

.S. contributed to methodology development, 
ata analysis, and manuscript writing. H.D. was 
esponsible for conceptualization, methodology 
esign, funding acquisition, supervision, and 
anuscript revision. All authors contributed to 

he interpretation of results and refinement of the 
aper. 

onflict of interest statement. The authors declare 
hat they have no conflict of interest. 

ing Shen1 , 2 , Tianci Qi1 , Juhua Luo1 , 2 , 

higang Cao1 , Wei Zhi3 , Yunlin Zhang 1 , 2 , 
aniel A Maciel4 , Tiit Kutser5 , Anthony Gidudu6 , 
he Sun1 , 2 , Steven Loiselle7 and 

ongtao Duan 1 , 2 , ∗
 State Key Laboratory of Lake and Watershed 
cience for Water Security, Nanjing Institute of 
eography and Limnology, Chinese Academy of 
ciences, China ; 2 University of Chinese 
cademy of Sciences, China ; 3 State Key 
aboratory of Water Disaster Prevention, 
angtze Institute for Conservation and 
evelopment, Hohai University, China ; 
on behalf of China Science Publishing & Media Ltd. This is a
ons.org/licenses/by/4.0/), which permits unrestricted reuse,

Page 4 of 4
 Instrumentation Lab for Aquatic Systems 
LabISA), Earth Observation Coordination of 
ational Institute for Space Research (INPE), 
razil ; 5 Estonian Marine Institute, University of 
artu, Estonia ; 6 Department of Geomatics and 
and Management, Makerere University, 
ganda and 7 Dipartimento di Biotecnologie, 
himica e Farmacia, CSGI, University of Siena, 
taly 
Corresponding author . E-mail: 
tduan@niglas.ac.cn

EFERENCES 

1. United Nations. The Sustainable Development 
Goals Report 2025. https://unstats.un.org/
sdgs/report/2025/The-Sustainable-
Development-Goals-Report-2025.pdf (28 
July 2026, date last accessed). 

2. UN Environment Program. Progress on Water- 
related Ecosystems: Mid-term Status of SDG 
Indicator 6.6.1 and Acceleration Needs with 
a Special Focus on Biodiversity . https://www.
unwater.org/sites/default/files/2024-08/
SDG6_Indicator_Report_661_Progress-on-
Water-related-Ecosystems_2024_EN.pdf (28 
July 2026, date last accessed). 

3. Jones ER, Bierkens MFP, van Puijenbroek 
PJTM et al. Nat Water 2023; 1 : 602–13. 

4. Shen M, Duan H, Cao Z et al. Remote Sens En-
viron 2020; 247 : 111950. 

5. Greb S, Dekker A, Binding C. Earth Observa- 
tions in Support of Global Water Quality Mon- 
itoring . Dartmouth: IOCCG, 2018. 

6. GEO. Earth Observations in Support of the 2030 
Agenda for Sustainable Development . Kana- 
gawa: Japan Aerospace Exploration Agency 
2017 (JAXA) on behalf of GEO under the 
EO4SDG, 2017. 

7. Ministry of Ecology and Environment, The Peo- 
ple’s Republica of China. Environmental Qual- 
ity Standards for Surface Water (GB 3838- 
2002) . Beijing: Ministry of Ecology and Envi- 
ronment, 2002. 

8. UN-Water. Integrated Monitoring Guide For 
SDG 6–Targets and Global Indicators . New 

York: UN-Water, 2016. 
9. Jones ER, Bierkens MFP, van Vliet MTH. Nat

Clim Chang 2024; 14 : 629–35. 
0. Qin B, Paerl HW, Brookes JD et al. Sci Bull

2019; 64 : 354–6. 
n Open Access article distributed under the terms of the 
 distribution, and reproduction in any medium, provided 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag445#supplementary-data
https://orcid.org/0000-0002-3382-4570
https://orcid.org/0000-0002-1985-2292
mailto:htduan@niglas.ac.cn
https://unstats.un.org/sdgs/report/2025/The-Sustainable-Development-Goals-Report-2025.pdf
https://www.unwater.org/sites/default/files/2024-08/SDG6_Indicator_Report_661_Progress-on-Water-related-Ecosystems_2024_EN.pdf
http://dx.doi.org/10.1038/s44221-023-00105-5
http://dx.doi.org/10.1016/j.rse.2020.111950
http://dx.doi.org/10.1038/s41558-024-02007-0
http://dx.doi.org/10.1016/j.scib.2019.02.008
https://creativecommons.org/licenses/by/4.0/

	SUPPLEMENTARY DATA
	ACKNOWLEDGMENTS
	FUNDING
	AUTHOR CONTRIBUTIONS
	REFERENCES

