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Abstract. Accurate maps of irrigation extent and dynamicsiragrtant-to-studgrucial forstudying food security and its far

reaching impacts on Earth systems and the environiiénite several efforts have been made to map irrigatedareain

China, fewef-themhave providednuiti-yeamultivearmaps, incorporated national land surveys, addressed data discrepancies,
andconsidered théactiedractional coverage ofrrigatedcropland{i-e-the-mixed-pixeHssue)—-this-stwdihin coarse
resolution pixelsHere we addressed these important gaps and devel o]
2000 to 2020, named as ClrrMap280 h i n a 6 s mapwithia@58nh resolutior). We harmonizedrigated-arerrigation

statistics andand surveys and reconciled them with remote sensing data. The refined estimatiggte] area were then

integrated with multiple remote sensing data (i.e., vegetation indices, hybrid cropland product, and paddy fielddraaps) an
irrigation suitability map through a serautomatic training approaclWe-then evaluated our ClrrMap250 maps using
independently-interpretee?0,000referencdecationsampleshighresolution irrigation water withdrawal data, and existing
local to ndionwide mapsOurevaluationresulis-showed-iDatr ClrrMap250agreed-wellwith-thereference-points;wildps
demonstrate@n overall accuracy of 0.78.88for the years 2000, 2010, and 2Q2@spectivelyand outperformedurrently
availablemaps The ClrrMap250@estimatedsrigatedrrigation areacan-explaiexplaired 50-60% of the variance in irrigation
waterwithdrawalsvithdrawalacross ChinaQu—ChrMap250-product showed-superiorperformance-than-currentlyavailable
ones{keHiMap—CNHAAAaRdGESADC | r r Map 250 r e v erigdtedrdgatibnfared hagdrtreases bysabout
180,000 ki (or 25%) from 2000 to 2020, with the majority (61%@ingpccurring inthe waterunsustainablend-eceurring

irregions facingrigh-toseverdo extremeavat er stress. Moreover, our product un\

irrigatedrrigation area, attributed to substant@mtpansierxpansios in irrigated cropland across Northeastladsorthwest
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China. The accurate representatadrirrigation areagxtentin ClrrMap250 will greatly support hydrologic, agricultural, and

climate studies in Chinr, aidingin improved water and land resources management

1 Introduction

Irrigation is increasingly important @& adaption strategy to climate chan@averi and B. Lobell, 2019; Bhattarai et al.,
2023)and plays a vital role in ensuring food secubyreducingbothwater and heat stresses of cr@@isu and Burney, 2022;
Zhu et al., 2022WithCoveling 20% ofspatial-coverage-iglobal croplandsnd-previdingirrigated agriculturecontributes
to 40% of global food productior{Unesco World Water Assessment Programme 204ated-agriculturas—a-critical

. However it uses60-70%

of total freshwater withdrawals and-80% of consumptive water us@g3in et al., 2022; Wu et al., 2Q). Large-velumed he
extensive useof irrigation water usentensifiintensiies water management angdkivedrives myriad Earth system and

environmental impact@Mcdermid et al., 2021; Mcdermid et al., 202Bhese impacts include changes in hydroclimatic and
biogeochemical cyclingkang and Eltahir, 2018; Mishra et al., 2020; Thiery et al., 2020; Guo and Zhou, 2022; Yang et al.,
2023) depletion of aquifers and surface water bodiebeng et al., 2014; Noori et al.,, 202T)eshwater salinization
(Thorslund et al., 2021 pndiandsideandsides(Lacroix et al.,2020) Given the vital importance of irrigatio#;is-essential
to-know-the-exa&howing its preciselocation andi—t-dyriamics-which—hewever—arés essential However,this proves
challenging due to the hidden nature of irrigation signals andfthguent confusion between irrigated and rainfed fields
(Ozdogan and Gutman, 2008; Zhang et al., 2022d; Chen et al., 2023)

Remote sensing provides significant opportunities for-effsttive and spatially explicit mapping of land surfaces
(Potapov et al., 2021While-r i
they-oftenltack-information-endirrigation-statu®ver the past decade, there has Eegnowing interest in usingatehiteEarth
observations to map irrigatioextentextent (Massari et al.,, 2021)currentlyThe existingremote sensingnethods for

irrigation mapping irrigated—arezmre generallybased onsatellite—data—cafdpe—broadly—categorized—ittuee indicators

vegetatiorbasedgreennesssoil moisturebased and integratedvegetatiorsoil moistureintegrated—approachestarious
vegetationVegetatiorindices derived from optical sensors, such as the normalized difference vegetation index((RdDge)

et al., 1974)green index (Gl{Gitelson, 2005)and normalized difference water index (NDW®ao, 1996; Mcfeeters, 1996)
have beemwidely employed to detect irrigatl areasusingbased on the underlying fact that irrigated fields typically exhibit

hepublic,

higher productivity and greenness compared to adjae@rfed ones, especially under drought conditidrechniques used
includethreshold splittingOzdogan et al., 2010; Zhu et al., 2014; Esmaeili et al., 2023; Wang et al #2028)s, spectral
matchingteechniguegOzdogan and Gutman, 2008; ket al., 2021) decision tree¢Ozdogan and Gutman, 2008; Shahriar
Pervez et al., 2014; Ambika et al., 2016; Xiong et al., 204/7) supervised classificatigDeines et al., 2017; Deines et al.,
2019; Xie et al., 2019)gen%hms Theandeﬂs,qngpmwpleueﬁhe—wgetaﬂewll mmsturebasechpproachs—that—wnga%ed

especially
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underdroughteonditions-Mereoverutilizes remotely sensedoil moisturesignalsfrom microwave and optical sensdras
also-been-applébto-detected-rrigat®d detect irrigatd areas by usingimilar techniqueske threshold splittingnethodqYao
et al., 2022)andsupervised/unsupervised classificat{@wno et al., 2018; Dari et al., 202igerithms-and-remote-sensing
modeling-comparisen-approacheThe rationale behinthe-soil-moisturdased-methdtis approaclis that irrigation alters
soil moistureand-leadsleadingto distinct spatiotemporal dynamics compared to adjacent raangasAdditionalhytheThe

vegetatiorsoil moistureintegratethtegraton approachwhich combines vegetation indices with soil moisture ifeigated
arearrigation detection. This approachasalsegained attention and achieved success in recent (famset al., 2017; Elwan
et al., 2022; Longdviinnolo et al., 2022; Zuo et al., 2023)everaging the strengths of both vegetatiand soil moisture

based methods for melccurate irrigation mapping

Despite significant advancementsremote-sensintpehniquefor-irrigation, broadscalemapping-identifying of
irrigated areastlargespatialseale(e.g., national and global levels) remadngrandehallengehallendng due to substantial
variations in irrigation practicegeographicddndscapesand climatic characteristidgSalmon et al., 2015; Zhang et al.,

2022d) This challenge is further compounded by the lack of sufficiemtindreference datéXie et al., 2019; Xie and Lark,
2021) Consequently, higiprecision—irrigagd—areguality irrigation mapsare still lacking—gebally—andnissing in most
countriegChen et al., 2023; Mpakairi et al., 202B) recent years, researchers have sought to address the challenges of large
scale irrigation mapping by integrating remote sensing-déta agricultural statisticsexistingirrigation maps and other
relevant datasetsuch as irrigation suitabilitfMeier et al., 2018; Xie et al., 2021; Zhagitpl., 2022a; Zhang et al., 20224}
existing-irrigatdarea-maps They have successfully generated new irrigation maps at the glabalnationalscalecales,

featuring highespatiotemporalpatialresolution and mapping accuracy comparegrviougxistingproducts. These efforts
underscore the great potential of multisource-gatsion techniques for larggcale irrigation mapping.

China is a big agricultural country with the largasigatedarea in the worldinternational Commission on Irrigation
and Drainage, 2018)With only 8% of the worl@ arable-tandropland China feeds 20% of the global population and has a
tight connection with the food supply chain of other nations. Therefoeegevelopment-developng reliable maps of
irrigated cropland is particularly important feustainabldood production inChina. Despite this, less attention has been

devoted to mappingreas-oirrigated eroplandireasin Chinathan-rcompared tmther countries with extensive irrigation,
such as the United States and Inf#au et al., 2014; Zhang et al., 2022&)is only in recent years thatveralmags of
irrigated cropland specifically tailored for China have emerged, facilitated by the integration of multisouraechleatizg

remote sensinggeportedstatistics,and existing irrigation-maps,—and-irrigation-suitabilignd use/covemaps(Zhang-et-al.,
2022¢-Baietal—202Xiang et al., 2020Bai et al., 2022Zhang et al., 2022lZhang et al., 2022&hang et al., 2022d)

While-theseprevious studies have considerably improved our understanding of the spatial distribution of irrigated

cropland in China, limitations remaikirst, few studiesprevidehaveprovided annualirrigation mapsef-irrigated-eropland
hinderinga-spatiotemporal analysis 6 h i rirdgated areag-Chinra As a result, it remains uncleaherethe expansion-of
irrigatecthanges inrrigation areaisarewatersustainablei{e-irrigated-area-expandey., irrigation expansioin paceglaces
without experiencingvater stressjMehta et al., 2024)Secondirrigatedrrigation area data from official statistical bureaus,
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which-werecollected through fieldampling surveys-conjunction-witlandbottomup aggregation, have been extensively

utilized to constrain the overall extent of irrigated cropland in previous studies. Besides statistical data, the Natonal La

Surveys conductedylbthe State Council of Chinactuallyalso effer-aceurate-and-reliable-informatiomvide estimateon
100 irrigated croplandreascreageTheNational-lband-Survessurveysnvolve a-greatnumberofanyinvestigators anekliegely
on stateof-the-arthigh-resolutionsatellite remote sensing imagery and advanced survey techiiCues et al., 2022)Fhe
harmeonization-ofrrigatedareddarmonizng irrigation statistics withthe National Land Surveysightcould potentially help
to reduce biases and uncertaindesociated-with-irrigated-aiieaeach data sourd¥u et al., 2021) but this has rarely been
taken into account. Third, the majority of farms in China are small and fragmented, with the average farmland size being
105 lessmallerthan a hectaréleluguntla et al., 2018Yhis leads tohewidespread presence of mixed pixelsvhich-bothwhere
croplandand other land use/cover typese-presebexist However,in most previous studiesescribed-irrigatedbinary
croplandin-a—Boeeleanfashion—whemasks were used for irrigation mapping. These maskfgneach pixelis—entirely
oceupied-baseitherirrigatedcropland or nofrrigatedcropland, neglecting the fractional coverage of croplaritthin coarse
resolution pixelsThis may lead to overestation or underestimation @i i
110 cropland-within—the-grid—cellirrigation extent Finally, it is worth noting that, apart frodhang et al.(2022a}re-study
conducted-by, many etherstudies assessed théirigation maps with arelatively limited number of reference samples,
potentially compromising the reliability of their evaluation res(#fsu et al., 2014; Xiang et al., 2020; Bai et al., 2022; Zhang
et al., 2022d) Obtaining a-sufficient rumber—ofreferencepeintssamplesis crucial fora-robustevaluatiomvaluatios of
nationatscale irrigated cropland maps, a task that is, however, challenging due to the substantial cost and time involved.
115 Building on our previous workZhang et al., 2022d; Zhang et al., 2Q24)s study aims to bridgee-importarthese
gapsmentioned—abesand create new annual maps of irrigated cropland in China {2080) by integratingremetely
sensertkmote sering data (i.e., vegetation indices, hybrid croplawaéductsnaps and paddy field maps)mgated—a;ea
reportedstatistics and surveys, aad irrigation suitabilityte
2020)map The newly developeqtnga%ed—emplandnaps (\amed—agllrrMapZSO)havéeaturea spatial resolution of 250
Hiat anannuaffrequencyfrom 2000

120

to 2020.0ur maps show the percentage of each 250 m by 250 m pixel that is covered by irrigated croplpneiivalue =

irrigatedarea / pixel area x100therobjectivesof this studyare (i) te-assessssedng the accuracy of ClrrMap250 usirg
sufficient—humber—of—referencing—poin?),000 reference sampleand highresolution data—en-irrigation water
withdrawalsvithdrawal datg (ii) te—eompareompaing the performance of ClrrMap250 withhredour existing targe

125 sealdocal to nationwideirrigation mapsthat-cover-the-entire-Chinancluding IrriMap_CN(Zhang et al., 2022a)JAAA
(Siddiqui et al., 2016)ard GFSAD (Thenkabail et al., 2016ps-well-asafield-sale-map-+-e-and OPTRAM30(Yao et al.,
2022) and (iii) to-investigatmvestigaingt he spat i ot e mp or airigadranoplamilrigasion exfenta@ch i n a 6
guantihguantifying the water sustainability of changes in irtiggh area.




130 2 Data acquisition and processing
2.1 Remote sensing data

We collected the Terra Moderate Resolution Imaging Spectroradiometer (MODIBY3Q1vegetation indices, i.e., NDVI
and Enhanced Vegetation Index (EV(Huete et al, 1997)from the NASAs Earth Science Data Systems
(https://www.earthdata.nasa.ghvi heseindiceswereare generated every 16 days with2&0 m spatial resolutiorsf-250
135 meters. Meanwhile, theMODIS band 4(545565 nm)surfacespectralreflectancesf-MODIS-band-4from the MOD09A1
product wasused andresampled from the original 506etersn to 250 metersthroughm using the nearestneighbor
interpolationmethod(Debeurs and Townsend, 2008hesd he resampled datan-conjunctionwere thenusedtogetherwith
the 250metem and 8-day band 1(620-670 nm)surface reflectancef-band-1from the MODO09Q1 productwereusedto
derive the Greenness Index (GI) (Supplementaw TabIeASIMe extractedVMODIS datawerefor all cropland pixels in
140 Ching using only highquality dattson

cloud and snowllceha%meenngmymghequeah%y—emna—m%deemed—mhﬁbke pixels(Hilker et al., 2012)Fhelow-
quality MODISdataferunreliablepixelaverereconstructegixcluded based on the quality baardlwere interpolatedusinga

straightforwarthigh-quality data from th@earesheighbeorinterpolationmethatkighboring cropland pixels
We created a newigh-30 mresolution{36-m)-hybrid cropland product for China (CCropLand30) by fusstate
145 of-the-art remote sensing land usedland/cover products with the latest national lamdveysurveys (Zhang et al., 2024)
CCropLand30 was generatedeeh-year intervafrom 2000 to 2020 and-exhibited a higher accuracy compared to existing

products(Zhang et al., 2024)Building upon CCropLandSO we developed Qﬁﬁ)resolutloncroplandlayers for the years
2000, 2005, 2010, 2015, and 202Mhichdeseibe i
theshowthecroplandproportionef-eropland-within each 256meterm grid Fhese-layers-serve-asthefoundatiomiapping

150 irrigatederoplandAddi ti onal | vy, we extr act ast/copen dhihset (ELUE) fodtlse ydans 2060, C h |
2005, 2010, 2015 and 20%0u et al., 2014; Xu et al., 2018paddy fieldswhichinclude cultivated land where rice and lotus
roots are grown and supported by water and irrigation facildes they-could-bheereconsidered as part of irrigated cropland
with high confidencéZhang et al., 2022c)

155 -2.2krigated-area-Irrigat ion statistics and surveys
2.2.1 Harmonization ofirrigated—areairrigat ion statistics and surveys

We collected annuairigation areadataen-irrigated-are$20002020) fromeiversevariousstatistical yearbooks provided by
the National Bureau of Statistics of China and local stegisbureaus. These yearboakscompagacludethe Provincial
Statistical Yearbook, the Rural Statistical Yearbook, the China Statistical Yearbook for Regional Economy, and the China
160 Water Statistical Yearbook. Theimarydatasourceforthese-datasédwere sourced frorthe China Economic and Social
Big Data Research Platforrht{ps://data.cnki.nét/ We compiledhigh-resolution-{ie-countylevel-irrigated-arearrigation
5
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data formere-thanver 80% of-provincesin-Chinaand prefecturdevel data for theemaining-provinces-for-each-yearfrom
2000-te-2020est(Zhang et al., 2022dwhich providesubstantialhymore detailedrrigation informationen-the-distribution-of
irrigatederoplandor Chinathan eaiker studiegZhu et al., 2014Xiang et al., 2020; Zhang at., 2022b-Zhu-et-al2014

In addition to statistical datae utilized land surveyalse-provdesaceuratdatato obtainmore detailedand reliable
information on irriga¢d areas for select yearsCurrently, China hascurrenthr-conducted three rounds of National Land
Surveys in 1980s, 2010 and 202@:=spectivelyTheNationatand-Surveysirveysengaged a significant number of surveyors
nationwideand utilized higkresolution satellite remote sensing imagery, along with advanced survey techmighetike

mobile internet, cloud computing, and drof€ken et al., 2022Fhe-re
public—until-recentlydueDue to the-national security concerndhe-, the land survey maps were naiblicly available

However,the Ministry of Natural Resourcef-the-Peoplés-Republic-of-China-hagcentlyreleasedhecountylevel survey
results{of the second and thirblational Land Surveysncluding data oncropland and itsubtypes,—-e.subcategories

(dryland, irrigated land, and paddy fieldj-the-second-and-thirdlational-Land-Surveyhttps://www.mnr.gov.cn/ Fhe
Within the dataset,he surveyedarea—ofirrigated land and paddy field reflects the extent eig@ted croplandand
covergoveringthe periods 2002016 and 201:2022.BuringFor theyearswith availablesurvey datairrigated-aremrigation
statistics were harmonized with therveyed-irrigated-argarveydataat the county scale using Eg-—Fhisprocess-operated
wnderthe-assumptiontliahe data harmonizatiomas based otwo assumptios: (1) the maximum value between statistical
and surveyedkrrigatedrrigation areashoud be more reliable, and (Z¥igatedrrigation area should b&essmallerthan the

total cropland arealhe first assumptiomvas—made-due-tmcounts fothe underestimationendency of both statistical and
surveyegurvey datadue to underestimate-irrigated-area,—ewingassibleinsufficient and representative field sampling
(zhang et al., 2022and the prevalence of fragmented and seralblandsropfields (Teluguntlaet al., 2018)We-also-tested
alternativé\lternative harmonization methodée-g-, such asmean and minimui-_values were also tested but they
demeonstrated-inferiorperformance—compargoetormed worse thathe maximum harmonization approadhFor years

faekingwithout survey datatheirrigation area wastimatedoy adjusting thdarmonizedrrigated-area-was-determirtaia
from adjacentsurvey yeas using Eg—2-assuming-that-threlative change information derived frothe irrigation statistics

(Eg. 2). This method preserve the interannuathangesobservedin statisticalirrigatedrrigation areaare—reliablavhile

enhancing data consistency across years
! G Qoo h o 6 (1)

¢

! & Qe ——Hh p B 6 (2)

where 0 , 0 and 6 representthe ecountylevel-areasef-harmonized, statistical and surveyedkrigated
croplandrrigation area respectivelyp 0is the surveyedarea of cropland; andl ianddg indicate theyear with and without

land surveys, respectively.
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2.2.2 Reconciliation between statisticabirveyedsurvey data and remote sensing data

Cropland area statistics and survey data d+&fendbefcfeecsrtelny
me as ur e me n tFhteechhonri-ngelld snheea ssutraetsi st inteaal stutreed netir ae waddtEa ¢ he
Latteent e semrpregeddatsat he ghdissiimcceasddobip noved wlpdmacd feat ur

field ridges, |linear {(ellagmeads, awadasg@dhar g de tf-e@dtnusreedsd @ 4
As a ,r esguwltti sti cal and surveyed cr opl acnodnpaarreecads teox htihboiste
remotsd nggd Mlaamg et al ., 20R4rIghtandsi @t d @Epabgyd RadfRt2cdr)apildand,

i srigated cropland is sdlagd st ¢ g car-tgeed a2 epet-theeamein
Conseguentty,—agap—exists—betweetnhdiahd sierdri ff g ammesdt tea r seean sfi
datbareectDiusamisothhe statsiustviegaldgatiegier eage t o cons-baséd r
i rrigat edtoeonalpid kheeldyds—to—underestinrad d ulmtd @ fnensdt i imiqe A e & o T r
(Schepaschenkofamltld aé¢hgrsmp 250crfe)pwea cgadj ust e d—whierahi agoanediandi @z e d
(Section ex.on.cli)l etlashire\astgatdidatyiac avMi t h r e mo e hsoeinns iFngy. Tchad tsa
adj ust memgl-emaesnp e df ebratseedt haesns u mp t t loler—+tihpaato p oanft i iomnr i gat ed
remains cohatshsattwinddrvaamrdddaya and t hederreinvoetde ensaspmssnilsefga n d e

t—hset atfiosstuircvady dad & QB fediréeataes o @grhepicwheepdearnodp | ghden s€oun
i rri,gatheed r e mdetrd vealnsdirmg gati onapreppprntdohSh&theoluy d al so b

! ! —_— (3)
-where! and! arethereconciled and harmonizedigatedrrigation area, respectively, for the yeta# ! is the
remote sensingerived cropland argaat-wasestimated from our hybrid cropland prod{€hang et al., 2024 ! isthe

surveyed cropland are&;! T# ! indicatalenotesthe bias ratio of remote sensidgrived cropland area relative to
surveys. This ratio was estimated for each county and constrained to the median value of all counties in its agri@sgtural zon
(zhang et al., 2022¢p exclude extreme bias ratios and to ensure a conservative adjustment. In years lacking survey data, the

bias ratio was estimated using a straightforward neasgghbor inérpolation method.

2.3 Auxiliary data

This study utilized various auxiliary datasetSupplementary Table S2jncluding meteorological and environmental

variables, irrigation water withdrawal, water scarcity index, and administrative boundariesnB&yrological observations
including such aprecipitation, relativéaumilityhumidity, air temperature and pressuaéwere collected fronapproximately
2400 meteorological statiorgere-collected-fromcross China, provided likie NationaMeteorological Information Center
(NMIC, http://data.cma.c/ These datasets weesed-in-combinaticcombinedwith the MCD43A3 albedo produébthe

7


http://data.cma.cn/

225

230

235

240

245

250

255

computation-db compute dailypotential evapotranspiration (PEW3ing the PriestleyTaylor methodPriestley and Taylor,
1972)and The daily PET values weaggregatedo annual values for the period from 2000 to 2080ich were then used to
derive thearidity index{i-e-, defined asthe ratiorratio of precipitation to PEJ}-Environmentaldataconsists—af The
environmentalvariablesincludedelevation, slopesrepcroming intensity, soil type, and distance to water bodies. Elevation
dataeriginatedvassourcedrom the Shuttle Radar Topography Mission digital elevation model (SRTM DEM), and the slope
map wasderivedyeneratedrom the SRTM DEM dataising the slope function in ArcGiSftware-based-on-SRTM-DEM
data-DistanceThe distancéo water bodies wadetermined-using-the-Euclidean-distance tooHn-ArcGlS;-emplogloglated
based orthe spatial distributiondata-of water bodiesincluding-_(rivers, lakes, reservoirs, canals, and pendsing the
Euclidean distance tool in ArcGIShe above auxiliary dat@erthis-studywere sedreedpartly obtainedfrom the National
Tibetan Plateaghttps://data.tpdc.ac.créndpartlythe remainindrom the Resource and Environment Science and Data Center

(https//www.resdc.cn/Default.aspx

Mereover—datan-Additionally, the prefecturelevel irrigation waterwithdrawab-at-medivmsized—administrative
whits known-as—prefecturegere compiledwithdrawal datafor twe-distinet-timeframes—{speeificaliz0032011and 2018
2020- were compiledrom Water-Resources-Departments-of-the-31 provinmoaancial water resources departmeansithe
local statistical bureaus. The prefectiaeel data onMater-Scarcity-trdexater scarcity index (WSI) spanning-the-period
frem-for 2010te--2020 were extracted from oaarliepreviousstudy(Zhang et al., 2023bJFhe WSIwas-computed defined
as the ratio of total watersage(se to water availability, as shown in Supplementary TaBI& otal water use encompasses
both groundwater and surface water withdrawaldrfiyation, industry, domestierateruse—and-otherwaterusegarposes,

forestry, livestockandfishery—and-ecolog) Water availability referso wateravailability(ie-the total surface water and
groundwater generated by precipitadion

3 Methodology

In this study, wereate-ClrrMap25€reatel annual maps of irrigated cropland in Chbaintegrating multisource data through

a semiautomatic trainingapproach(Xie etal., 2019; Zhang et al., 2022djelowing-the—acquisitionAfter acquiringand
processingfthe data, our methodologyegaistartedwith the creation of training samplessdepicted in Figure 1. This step

involves three major processtst-includel. (i) generating intermediate irrigation maps through a threstaliiration
method; (ii) establishing a training po@le., potential training datajia overlay analysis of the intermediate maps; and (iii)
generating training samples through random sarggdtom the training pooBuilding-uperUsingthese training samples, we
classifyiclassifed irrigated and rainfed cropland in each couatyan-annual-bagianuallyusing the random forest algorithm
(Breiman, 200%) The mapping—outcomesgesulting countylevel mapswere thenthen-mosaicked and pogtrocessed to
ebtairproduce theannual maps of irrigated cropland in Chidanetedeferred toas ClrrMap250AfterwardsSubsequently

we evaluated the accuracy of ClrrMap280deenducted-performance-andvisualization-comparisumparedt with existing
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productskastiyFinally, we examined the spatiotemporal changes in irrigated croplands and quantified the water sustainability

of irrigation areaexpansion bgemparing-telatingthemwith water stress areas.
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Figure 1. Workflow of this study
260

3.1 Generation of training samples

AWe applied ahresholdcalibration methodvas-appliedo automatically generate the training pémtirrigated-and-rainfed
eropland following theprevious studieby Xie et al.(2019; 2021 andZhang et al. (2022d)Ae. With this method cropland

pixels with annual peakegetationgreennessxceeding an optimized threshold wetassifiedasfirrigated. The threshold

265 was individually calibrated for each county and year using aMeilarigaion statisticsandsurveys.Based orthe calculated

optimized thresholds, intermediate irrigation maps were generated at the county level.c&isidsentlyclassified as

9
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considered potential neirigated samples

In this study, we first calculated the peakegetation-indexalues ofvegetation indices (NDVI, EVI, and Gfpr
cropland gridsn each yeaand adjuste@themby irrigation suitability The-growthperiod-peak-values-of NDVL-EViand Gl
were-determined-forcropland-grids-in-each-yAastatic irrigation suitability maprere-constructagascreatechased orthe
elevation, slope, and aridity index of croplanés-demeonstrated-bythesehesefactorsare-pivetaplay a crucial roldn
influeneingshapingthe spatial distribution of irrigated cropland in Chiana demonstrated thyu et al. (2022) Croplandwith
areas characterized lgwer elevation, gentleslopeslopes,andhigher aridityindex-waidices werenypothesizedo have

higheexhibit greateiirrigation suitability and potentiain line with previous studie@Norglul et al., 2015; Worglul et al.,
2017; Li and Chen, 2020; Zhang et al., 20228pecifically, thesreplandirrigation suitability map was derived by combining

theirrigation suitabilityvalues of elevation, slope, and aridity index, as inZ&q.

Yer -0 FTYOQRQU-0 5TYYYO § N RO 5TYO 1 FQQ (34
whe$ g sc the irrigation iswi tcptuinltiyt gwif ocelte oweéiaghlt cefl [t he
whi ch was bdetreaumtiameanilr or p3BIcEMyopBAdarde the irrigation s
el evation, slope, and ariditys3B)mMdhex ,hp eraeks pwe e gvats a tisiyobr(s iqp g
adjusted by irr idgat-bydvi ¢shuei taasbsiulnpttyi o(nE g-fhdatrnd tr b@mlayg eedr ca «
mor e prdoguacissioremor e sui t-Bhddmp d vad ntte d.gat ophand

Yo Y 8 0owp @

whereSVIdenotes the irrigation suitabiligdjusted peak vegetation indé4;denotesghe value-efvegetation indexvalue g
andt representhegrowth period and year, respectively.

We then generated three intermediate irrigation napsach-yreaannuallyfrom 2000 to 2020 utilizing th8VI(i.e.,
irrigation suitabilityadjusted peak NDVI, EVI, and Gl) and the paddy field maps. Thisseasmplishedchievedhrough a
threshold splitting methofPervez and Brown, 2010; Zhu et al., 2014; Meier et al., 2@ cifically, theSVIvalues for all
croplandscroplandpixels within each countywere rankd in a descending ordewithin-each-countyand the cumulative
irrigated area was sequentialbstimated-—Subsequently—thalculated The accumulated area walsen compared with the
reconciledrrigatedrrigation area.The SVI valuecerrespending-to-the-grid-whatawvhichthe cumulative irrigagdarea closely
matched the reconciled irrigatarea wasleterminedentified as theoptimal thresholdvalue Notably, for paddy fields, the
SVlvalue was set to the maximuBYIef-theamongcroplandsinwithin a-given county, prioritizingit-as-irrigatetheseareas
asfirrigated. Theeroplandsropland gridswver e final ly cl assified into fsbrrigate
Q10RO WP 6 X aQ
I OQ¢ERAQYEP 6 & 6;Q

O & h&Q (56)
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Fhesdhe intermediate irrigation maps wef@ally overlaid and-intersectedando identify pixels consistently
identified-by-these-maphkssifiedas irrigated or rainfed croplartross these mapehese pixelsvere designated as potential
training samplesgenstitutingorming the training pool fol-givereach county angiearand-countyWe. From the training
pool, werandomly selected 200 rainfedopland-gridpixelsand 200 irrigatedropland-grids-from-the-training-pofilreach
county—and-—each—year—whigiiels to train the random forest moderhis selectionensures a balance between the
reguirementeedfor sufficienfain adequate number sdmples anthe computational efficiency ahe classification algorithm
(Xie et al., 2019; Zhang et al., 2022d)

3.2 Classification of irrigated cropland using random forest

We employed the random forest algoritfBreiman, 2001jo classify irrigated angkin-fedrainfedcroplandusingthe random
samples extracted from the training podhe— i
MATLAB TreeBaggerfunctionThe hyperparameters gferandomtoresbur model were optimized through a trahd-error
processFhese-parameters-inclydacludingthe number of trees, the minimum number of observations per node, and the
number of variables randomly sampled at each decision split (Supplementarg3jalleschoserpredictors-encompass).

Theinput features of oumodelencompassdboth timevarying variables (i.e., vegetation indices, precipitation, temperature,

PET, and aridity index) andme-invarianstableenvironmental variables (i.e., latitude, longitudegpcroping intensity,
elevation, distance to water bodies, slope, and soil type). The classifichtivigated-and-rainfed-croplantlas conducted
independentlynr-each-ceuntjor eachcountyperyear from 2000 to 202@fter elassificatiothat, we merged the anabiand
countylevel mapping results to generdkespreliminary binary irrigation mapsef-in China(i.e., 1 forfirrigatedb and O for

finorrirrigated

We then employed apatial filtering toremoveisolated irrigation pixels&ind identifypotentially omittedirrigated

croplandsSpecifically, wefirst calculated thé@rigation proportionwithin a 7x7-pixel window for eachpreliminaryirrigation

pixel. Then, allcropland pixels within the moving window wesssigned a8 n @ m r i ¢f thé acaldufated ratio fell below

5%. Conversely, if the ratio exceeded 95%, we assumed all cropibesid within the moving window to be irrigated. The

spatial filtering operatiopreserved the original spatial resolution of the maps (250 m)

Finally, we multipliedthe binary, spatially filtered irrigation maps bachcorresponding cropland mask layers to

generateinnualirrigation mapsfor China The final product, ClrrMap250@epresentshe percentage of a 250 pixel covered

by irrigated croplands (i.epixel value =irrigated area / pixel are€l00). Unlike simple binary maps, our produminsides

the fractional coverage of croplands witleimarseresolutionMODIS pixels, thereby enhancing the accuracy of irimaarea

estimatesn China where farms are typically small and fragmented
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3.3 Accuracy assessment and intesomparison

3.3.1 Assessment with reference points

We assessed the accuracy of ClrrMap8ihg three independedttasetsetsof validation samplegFigure—2-. The first
validationsampledataset wafor the year 2000«ergFigure 2),obtained fronZhu et al. (2014)which-wereprimarily derived
from the crop growth and soil moisture dataset provided by the China Meteorological Data Sharing Service System
(https://data.cma.ch/The secondvalidationsampledatasetfor the year 202@vere-acquirfigure Z), wasacquiredfrom

Chenetal. (2023Whemappematshowedheqlobal location otenter pivot |rr|gat|on systems (C%g#eb&haﬂd—pegms
ern on the

the CP5 polygonsacross Chindmainly distributedtk
centerof-each-CRIS pelygenyhicharemainly-locatedinin theNorthern Ching andcompared with our produdh addition,

we retrievedhe validation samples for the year circa 2(HiQure D) from the provincial landise maps aheC h i rsecdnd

National Land Surveyin—China-(https://www.mnr.gov.cr)/ Bue—to—thelack—of georeferencing—information-We
georeferenced these land use maps using the georeferencing tool in-#reGignction-with. A total of 234 control points

were selectedrom hightresolution imagesFhe-Frigated and provincial administrativeboundariedor the georeferencing

procesgSupplementary Figure SIThe irrigaton samples weréakerrandomly extractefrom thepatches-efrrigated lands

and paddy fleldeéhegeewtefereneed—lan;eteumap,swhlle nonirrigated samples were taken from dryland patchiese-that
aleAs shown in Figure 2d,

we totally obtaineda-rere-thar20 0007 20reference samplesnablingarebustassessment-dliie-irrigationmaps
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Figure 2. Spatial distribution of validation samples.a, Spatial distribution othe third-party samples in 200®, Spatial
distribution ofthesamplesn 2010retrieved from provincial landse maps o€ h i n a 6 SNat®maldamdBukrvey. c, Spatial

distribution ofthethird-party samples in ZD. d, Numbers of irrigated and nearrigated samples for different years.

3.3.2 Assessment with irrigationwater withdrawal data

We further assessed the performance of ClrrMap250 by comparinggitsedrrigation areaestimatesvith high-reselution
{prefecturelevel}-data-onirrigation waterwithdrawalsvithdrawalfor theyearscirca 2010 and 202@rigateeSince irigated
area is amajerdominatedriver toof irrigation water withdrawa{Lamb et al., 2021; Puy et al., 202Therefore, irrigation
water withdrawal carindirectly validateevaluatethe accuracy of irrigation magZhang et al., 2022a)A-—mere—acedrate
irrigated—cropland—majsHigh-accuracy irrigation maps amxpected toexhibit-a—more—robust-correlation—betwels
irrigatedbetter explain the variations in irrigation water withdrawal compardoweaccuracy mapsrhe explanatory power
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of the irrigationarea estimat
of thiscorrelationwas gauged-usinassessed bthe coefficient of determinatiorRf)-iaRE from a linear regression model

which-gquantifies fitted to the extent-to-whichthe-varianedn-irrigation waterwithdrawals-can-bexplainedby-changes-in
irigated-areavithdrawal data using the least squares method

3.3.3 Comparison with existingproducts

We comparedvaluatedClrrMap250withusingthree existingargescaleirrigation mapscovering the entire Chinincluding
IrriMap_CN (Zhang et al., 2022a)AAA (Siddiqui et al., 2016)and GFSAD (Thenkabail et al., 2016)rriMap_CN
argorovidesannualirrigated-croplantlrigation maps across (ia at-a-500meterresolution-spanniigr the yeardrom 2000
to 2019 at a 500m resolution whichwasrecentlydevelopedising MODIS data and machine learnimgthedbased-on-the
sinina-samples-genetrated ghe—existinag-irrigation-mapdown aled om-the atistica @angetahzozzame
IAAA areirrigated-aremrigation mapsata-500m-reselutiorover Asiaand Africafor the years 2008nd2020-covering-Asia
and-Africa2010at a 500 nresolution.These maps were creategleveraginased orseasaalvegetatiorvariationscaptured
in multi-seasonal-satellite-imadd®DIS data(Siddiqui et al., 2016 cFSAB-isaThe 2010globalirrigated-croplanilrigation
mapata-1006m-, GFSAD, has the spatiedsolutionferthe-year20104bf 1000 m andvas generated by overlayitge-five
dominant cropsfthe-worldwith-theremote sensingerived irrigated and rainfedaplandareamap(Thenkabail et al., 2016)
In-additiorAdditionally, we ebtainedevaluated our maper the Hexi Corridorusinga field-scaleremete-sensing
irrigation ereplandmap-deneted
al., 2022) Hexi-CorridorinNe
FhismapThe mapOPTRAM3Q has ahkigh30 mresolutionef-30-meteraand demonstratesaccuracyappreachinglose to

100% when validated against in situ datagetgen-the-high-accuracy-and-spatial-resolution-of OPTRAM3GNserve-as a

to assessin@IrrMap25Q we also evaluatettriMap_CN, IAAA, and GFSADwithusingOPTRAM30in-theHexi-Corridor

3.4 Changesinirrigatedrrigation areachangeand eemparisedts correlation with water stress areas

We examined thérigation trends inirrigated-areasn-a spatially explicit manner usirgft—years-of-dataur new irrigation
maps from 2000 to 202The trends were quantifiddrcaleulatingsthe slope of the regression lineditt to the timeseries

irrigation dataef-irrigated-areast the pixel scale using the least squares method. Furthermoeslopted the concept of
Afcenter of gravityo to tr ac(KendandkRes, p02AThe gravitykcgntemoniirigated aced |

(X, Y) is represented as:

H @ — (67)
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where’Oi i 0 idéRdades the irrigated area in giidg andy; are the longitude and latitude of giidrespectivelyn is the
number of irrigated cropland gridandt is year.
In addition, wequantifiedthewater sustainability ofhanges-Hirrigation ares-Thechangescross Chinalo do so,
415 we first identified he expansion and decline in irrigated areas between 2000 andaZ08Girstidentified-at-the-pixel-secale

o-better-visualize-theesuls, we-aggregated-changes-in-irrigated-ared db- km resolution, following previous studies

(Deines et al., 2019; Xie and Lark, 20285ubsequetly, we comparedhese¢he changes with a prefectutevel water stress
map derived from the mean values of WSI over the period-2020. Fhe-WSI denotes the fraction of available water
resources appropriated by humans and is employed to categorizetnetsrcrossifferent prefecturemto four levels: low
420 (WSIO00.2), moderate (02< WSI O 0 . Righsevere(0.4 < WSD 0 1.0), andseverextreme(WSl= > 1) (Zhang et al.,
2023b)-Expansions—of-irrigated—arealsrigation expansiorunder severe to extreme water stressavas designated as
funsust ai rheibhkpmténtiakaiesacarbate-thd exacerbang depletion of surface water and groundwdiehta

et al., 2024 eseurces Converselytheexpansion ofrrigated-aeragrigation under low to moderate water stresisreductions
in-irrigated-areabe shrinkage ofrrigation under severe to exdme stresgrerevasd e e med fAsust ainabl eo.

425 4 Results

4.1 Accuracy assessmemtt-irrigated-cropland-maps

4.1.1 Pixelscale assessment

As depicteghownin Figure 3 and Supplementary Tald&S6, ClrrMap250 attains an OA and fstore of 0.79 and 0.78,

respectively, for the year 2000, surpassing the performance of IrriMap_CN and IAAA. In the year 2010, ClrrMap250 achieves
430 a high OA of 0.79 and a Fdcore of 0.71, whereas the existing maps att#rnv@lues below 0.66 and F1 scores under 0.63.

For the year 2020, ClrrMap250 detects 88%heffields-withcenter pivotrrigation-systemsrigatedfields, while IrriMap_CN

identifies only 20% (Figure 3c and Supplementary FigadS2). Note that both ChiMap250 and IrriMap_CN achieves a

perfect usire2020mainlyliecause all thg reference points are irrigated sar(fpéesion 3.31 and Supplementary

Table S7). Forirrigated samples Cl rr Map 250 has si gaccufatyc2000t2019, ard 20@Gpraparecd r o d L
435 to the existing products. ClrrMap250 and lirrigateddamplesCthe per

producer6s accur i ltitly I@verthantatpAr6Map ICN, btith e user 6 s accur acy
hi gher than that of Il rracieagya CdN. us @r Gerasc wif agpy,odhuactelr 661
oebvieuslyoutperform IAAA and GFSAD.
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4.1.2Nationwide and regional comparison with existing products

Figure 4compareshowsthe spatial distribution of irrigated croplamdChrMap250-with-the-existirfgom differentmaps. At

the national scale, ClrrMap@5and IrriMap_CN, specifically developed for Chiman-capture similar irrigation patterns.
HrigatienThey both show somerigation hotspots (e.g, North China Plain and Northwest China) and vkelbwn irrigation
districts like Hetao, Baojixia, Dujiangyan, Qingtongxia, and Femigecensistenthy-identified-by-these-maps—The-irrigated
croplands-depicted-byHowever,ClrrMap250areshowsmore widely-distributedwidespread irrigatiotthanthese-portrayed
by-IrriMap_CN acress-the-majority mostareasof China(Supplementary Figur82)-ChrMap250-yieldS3). IrriMap_CN
estimatesrrigation ratiegproportion(i.e., the ratio of irrigatedroplandarea tahetotal cropland areafto be0.5847, 07037,

and 096,+espectivell for China, Northern China, and Xinjiang Uygur Autonomous Regidrese-values respectively
(Supplementary Figure S4). In comparison, the values derived from ClrrMap250 are 0.58, 0.70, and 0.96, respectively, whick
allgn more closely witlthereality-and-thefficial Feperteports(https /[gtdc.mnr.gov.dip-in-comparison-to-those-derived-from

. NeverthelessClrrMap250
tends to yield lower estimates of irrigation area in Northeast China (NEC) when comparelap I€2N, possibly due to

inaccuratestatisti@l and surveydata in this regiorn contrast to ClrrMap250 and IrriMap_CN, IAAA notably underestimates
irrigated croplands itlNorthwestChina(NWC) andNorth China (NC) but overestimateigemin NEC and Southwest China
(SWO). This could be explained by the fact that IAAA was developéthussupervised classificati¢8iddiqui et al., 2016)

limiting its ability to characterize thespatial heterogeneity of irrigation in Chir(@ian et al., 2024) GFSAD shows

overestimations of irrigated area in the Dujiangyan district and the North ChinaliRia@xhibits evident omission errors in
sparsely distrib@d irrigation regions likeNWC and the-seuthern-part-dbouth China (SC)The large bias of GFSAs
understandableas it is not an irrigatiospecific product and onlgoversfive irrigated crops(Thenkabail et al., 2016; Xie et
al., 2021)
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Figure 4. Spatial distribution of irrigated cropland irfrom different irrigatieh—maps for the year 2010NEC, NC, NWC,
SWC, SC and CSeére-the-abbreviationsrapresenNortheast China, North China, Northwest China, Southwest China, South

China, and Central South ChidePetre
respectively

id cell.

We further compared ClrrMap250 withe existing maps in four heavily irrigated zones[QAlocations are shown

in Figure 4a). Zones A and B are situated in arid regions where crop gtepghds-greath-@mnot possible witholitrigation,
while ZeregonesC and D ardecatedin humid regims where paddy rice isxtensively—eultivatedidespreadand relies
heavily on supplemental irrigation. Akepicteghownin Figure 5, ClrrMap250 accurately portrays the actual distribution of

irrigated cropland in these zonés.contrast, IrriMap_CN underestimates irrigation extent in zones A and B and lacks detailed

informationen-rrigated-croplanih zones C and D. IAAA significantly underestimaties-irrigatedrrigation area in zone A,
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incorrectly identifiesrrigated-erefandin zone B, and overestimates irrigated cropland in region C. The Gp8#AIDct with
a relatively coarse resolution of kilemeter—hakm, showsthe lowest agreement withe-distribution-of-actualirrigated

480 cropland-among-the-foathermaps.
D
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Figure 5.-Visual comparison of ClrrMap250 with the-existing maps.The five rows from top to bottom correspond to the
Google map, ClrrMap250, IrriMap_CN, IAAAnd GFSAD, respectively.ocations of the four selected zones are presented

485 in Figure 4a.
and-GESAD; respectively. When examini

gure 4a.
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490

remote-sensing-irrigation-map(OPTRAM3N) the Hexi Corridoref-NerthwestChina(Figure 6),ClrrMap250 exhibits a

rebushigh agreemenwith OPTRAM30inr-mapping-irigated-croplandWhile IrriMap_CN captures the genegsdttern—of

inzones

t

terrs, it tends to underestimatiee overallirrigation extentef-irrigated-cropland-in-thisas demonstrated
aegidn-tn-contrdst(Figlree6d). TheAAA productstruggles to identify irrigated cropland in this area

displaying significant omission and commission errors. [aifyi GFSAD has a limited ability to accurately depict irrigated
areas in the Hexi Corridor
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Figure 6. Comparison of largescale irrigation maps e — : with the field-scale

remote sensing irrigation map (OPTRAM3O0) in the Hexi Corridor of Northwest China. Panelsa, b, ¢, e, andf depict the

distribution of

41 3-Coempariseirrigatedareacropland inOPTRAM30,ClrrMap250, IAAA, IrriMap CN, and GFSAD, respectively. Panel
d showsthe comparisons of ClrrMap250 and IrriMap _@iith OPTRAMS30 in two local zones

4.1.3 Comparisonhigh-reselutienwith irrigation water use data

As illustrated in Figure “here-is-sgoodeorrelation-between-thihe ClrrMap250estimatedrrigated-areand-theirrigation
waterwithdrawalChangesin-irrigated-area-determinegimas exhibit a notable correlation with irrigation water withdrawals

Irrigation area changeterived fromClrrMap250account for approximately 50% and 60% of the variance in irrigation water
withdrawalsfer-the—yearscirca 2010 and 2020, respectively. In contrasgngesariationsin irrigated areasderivedirea
obtainedrom IrriMap_CNcanonly explain 40% and 48% of the variance in irrigation water withdrafealsie same-periods,
Aamely2010 and 2020Fhe, respectivelyAs shown in Figures 7c and f, the irrigated sssimatesf-irrigated-arearom

the other two mapsiamely(i.e., IAAA and GFSAD-are-able-to-explajdemonstrate limited explanatory power, explaining
only a-small-propertioh2% and 20%f thevarianeesgariationin irrigation waterwithdrawals{i-e-0-12-ard-20)-suggesting
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515

a—relativelylowperformance-of-these-maps-in-Clunshe year 2010These results indirectly implghe-betten superior
performance of ClrrMap250 ovéreexistingirrigationmaps.

Trrigation water withdrawal (km?)

Irrigation water withdrawal (km?)

oY

107!

B E 1 2] %
E -7 b. CIrrMaP250 5 B
2 g g
S 2 T e o El
& i 5]
= = =
= = @ |
Z o E o o _ Z o
5 2 5 ® OWE g B ]
=3
2 g 8 » g
g 1 £ cbo e £y
@ T o= ]
50 2. _bﬁ a
* oo Re=0.57 2 © R2=0.49 £ . “R2=p.12
- ; 2020 = 2010 = ! 2010
10° 10! 10* 102 104 10° 10! 102 103 101 10° 10! 10¢ 10° 104
Irrigated Area (kha) Irrigated Area (kha)
E ~ T E %
. d. IrriMap_CN = 7 "
Z £ 2
£ ] g e
Z e e 2 =
g 2 o i T o E o
; E o (%] n:) S E cje
: ®° Cle : :
g - g < g .l
] £ 2 i 8] @
£ 2 E ]
30 & o &
‘g R2=0.48 E R2=0.40 £ R2=0.20
= 2020 = © 2010 = 2010
Too To! 10° 10 104 00 10! 108 103 104 10° 10! 102 108 101
Irrigated Area (kha) Irrigated Area (kha) Trrigated Area (kha)
u a
=] o)
N - [ -
2 ]
i &
=] =
5 =
= =
3 g é
— ™ T
z ) i = i
| E¢ Lo ° ; £ i
o] ! = ;
: . ER b o : d E3 o L @n.,
o R2=0.57 = Re=0.49 = ! . Re=0.2
: 2020 = 2010 — ! - 2010
10" 10! 10* 10% 104 10° 10° 107 107 101 10" 10! 10* 103 104
Irrigated Area (kha) Trrigated Area (kha) Irrigated Area (kha)
) &
d. IrriMap_CN =" ="
e = é
= (<]
=]
- - (R 33 e
o £ &
a
0 k= =
o a J E g EREN
o) Q)QQ E = E -
o © g E:
&) = =t
R _ d S I = S . SO S
£ 3 =
: cn J :
R2=0.48 B = i R2=0.20
2020 = 19 2010 . i 2010
1o 10! 10° 107 104 100 10! 102 103 104 100 10' 10° 108 101
Irrigated Area (kha) Trrigated Area (kha) Irrigated Area (kha)

26



Figure 7. Scatterplots ofirrigated-area-estimates-againsirrigation water withdrawals against irrigated area estimates

from different products for the years circa 2010 and 2020The data are presented in logarithmic units to reflect both small

and large values.

520 4.2 Spatiotemmral changes of irrigated croplands

As depicted in Figure 8trigatedour ClrrMap250 reveed thatirrigation areaexpandgxpandedsignificantly in NEC and
NWC from 2000 to 2020. Converselreduced-notablyotable decreases in irrigated arease identifiedin the northern
parts of SC and CSC, the northeastern part of SWC, and the southern parts of CSC and NC. The decline in irrigated ares
tendd¢endedto be concentrated in populous areakjch-can-beattributed to the rapid urban expansion lerge-areas—of

525 cropland(Zhang et al., 2024 hegravity centerof gravity-ferirrigated-area-igigation wassituated on the border dfC and
CSC, andexhibitsexhibiteda noticeable northward shifitem-2000-t6-202@uring the study periodrhis northwardspatial
trendin-rrigated-areds likely to exacerbate the water crisisNiorthern ChingLietal.,2023) whi ch has only 2
water resources but supports more than half of its populatf@gravitycentershowed clear trends in NWC, NEC, and NC

but was insignificant in the remamy subregions (Supplementary Fig@®. In NWC, irrigation significantly shifted to the

530 northwest, while in NEC, it significantly shifted to the northeast. Meanwhile, there was a northward spatial trendiam irrigat
in NC.
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Figure 8. Spatiotemporal t©ianges inirrigated area from 2000 to 2020Pixels withexhibiting significantinereasing-or

decreasing-trendterannual trendép< < 0.05) markedn irrigated area weriabelleda s

thosewith insignificant changeare denoted s

map trserted heinsetpanel on the top of the

areared at the national scale

fexpansiond or

st abl e<fessth@b¥xirdgated croplands weexcludedrom the
figure depicts the cenfegravity movemet(spatial trendpf C h i riragéated

As shown in Figure Qur annual irrigation maps indicaltéhatall subregiongxhibitexhibitedan increasing trend in

irrigated area from 2000 to 2020, with NEC expanding significantly faster than the other subrégeoirsigated-area-of

Ghinaincreasédore specifically, Cmad s

rate ofabeut10,000 kndiear(or 1.29%/year)N

irori |qcaeasednom%ﬁabothGQOOOtogééBMOOOkmzauhean annual

ioDespite

the eonsistertverall upward trendn—wngated—a%eathe—rela&we changes in the proportlon of wngatadea%m—utelaﬁen—to

in-&dE&varied

by subregion upward trend in NEC and NWCandNWC-shows-ampward-trend—whereas-thigcreasingn SCS, SC, and

NC-displays-a-downward-trendSC hasaiccounted fothe largesiproportion of irrigated croplangh China(26%-3629%),

followed by CSC (22%24%), NC (16%17%),

NWC (12%14%), SWC (11%), and NEC (744.%).
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550 Figure 9. Changes inirrigated areafacrossthe six subregions of China during 2002020. a Relative changes in irrigated
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4.3. rrigated-eroplandlrrigation changes under different water stress levels

Figure 10 showtheirrigation changesn-irrigated-croplandinder differentevels-ofwater stresgevels We findfounda gross

irrigation expansion ofrrigated-area-by-abeou250,000 km in China from 2000 to 202®f which 64%iswasunsustainable

he

from the perspective of water resources aastbeewasin regions withhigh-tosevergo extremewater stress. The expansion

of irrigated areaswasmainly stuated in NWC, NEC, NC, and the northern parts of CSC and SC. The gross reduction

irrigated-area-imasabout 70,000 ki) of which 72%has-been-sustainable-and-locatasin regions withhigh-te-severeto
extremewater stressFheseand could be consided as sustainabl@his sustainable reduction-irrigated-areayasprimarily

located in NC, CSC and S@iitigates that partlymitigatedthe unstainablérigated-croplaneexpansionin the regionsThe
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net expansion of irrigated areavasabout 180,000 kA of which 61%iswaswater unsustainable. The subregions NEC and
NWC havéhada larger proportion of unsustainably expanded irrigated area compared to other subregions, accounting for abou
70% of Chinds net wunsust ai nalbdomrast, the subgegions @SE arel S\W@have ia greater proportion of

565 sustainabl-expandedrrigatedaresustainald exparsionthan in other subregions due to the abundance of water resources and
lower water stresthere
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Figure 10. Changes in irrigated area between 2000 and 2020 under different water stress levélanelsa and b
570 sheowpresentthe spatial distribution ofgross expansiegxpansionsand reduction—ofeductions in irrigated areas,
respectivelyareaunderlew-te-severdour categories ofvater stresgi.e., low, moderate, severe, and extreranelc andd

shewshowsthe gross and net changes in irrigated area by water stress category fexr@hiriale panel dpresentshe resul

for the six subregions.

575 5 Discussion
5.1 Improvement of ClrrMap250 over existing products

Our ClrrMap250 product provides annual nmeahibking bigher @deuracya 6 s
compared to existing products. The improved performance of ClrrMap250 can be attributed to several key factors. First,
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