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Abstract. Groundwater plays a critical role in regulating the global hydrological cycle and serves as the most stable freshwater
resource for human daily water consumption. Howeremy global watermodels, including HO8a global water model
considering human water use activities, downplay the groundeatgronenti.e.,the underground aquifer étendescribed

as a simple lumped model where no lateral groundwater movemntbeteater table is representddere wepresent a global
HO8-MODFLOW groundwater mod€H08-GM), built ata five-arcmin spatial resolution, aiming éahancehe capability of

the originalH08 modelin simulatinggroundwater flowsWe describe théasic model setups amsimulatiors understeady
stateconditiors in this paperThe Local OneAt-A-Time (OAT) Sensitivity Testare first conducted to select thestrun
modelsimulationsagainst irsitu observationsAt the global scale,lbmodel runsdemonstrate overall good performarnde
groundwater hegdvhereas perforrmpoorly in simulating Water Table Depth (WTD, groundwater table below land syrface)
which isshown to be& common issue iotherglobal groundwater modeldowever,theno d el 6 s WTD behavi ou
well in densely populated and irrigated areas, demonstrating its validity for application relevant toAraierarse activities.

We furtheruse the model teevealthe mechanismsgontrolling groundwaterflow dynamicsandpresent the global ceto-cell

net groundwater lateral flow majVe found that the magnitude in some regionsnien-negligibleto annual groundwater
recharge. Thigighlights the important role of théteral groundwater flovin maintainingthe regional water budgef he
steadystate simulation from this study providesethecessarynitial condition for the transient simulations, which is
essentially important to analyze the global groundwater decline teamdiwill be presented iranotherpaper Although
developed in the or@ay coupled mannethe HO8GM modelcanprovide goowerfultool for largescale groundwater studies,

which enables direct comparison with ottgmoundwatemodelsjoined the InterSectoral Impact Model Intercomparison

Project (ISIMIP), ands essential to advance the developmenhehextgeneratiorglobalwatermodels

1 Introduction

Groundwater plays a critical role the global hydrological cycleThe water exchange between aquf@nd surface water

bodiesbuffers the sharpeasonal fluctuations in river channels and lakegintaining the resilience of aquatic landscapes and
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ecosystemgHuggins et al., 2023; Jasechko et al., 2021; Otoo et al., 2025; Rohde et al., 2024a, b; Sacco et &uck024
surfacegroundwater exchange can also contribute to a significant amount of rainfall and evapotranspiration variability in arid
and semdrid regiongBierkens and Van Den Hurk, 2007; Condon and Maxwell, 2019; Schaller and Fan, th@éSfpre
mitigating the severity ofdroughts and heatwaves through katchospherdnteractions(Keune et al., 2016; Kollet and
Maxwell, 2008; Maxwell et al., 2007; Mu et al., 2022)

Groundwater serves as a natural freshwater reservoir to supply human water use abtigtigsits large storage capacity
and slowflow rate, groundwatecontributes as the major and the most stable freshwater source to humanseater
household, agriculture, and indust(@leeson et al., 2012; Kuang et al., 20@édici et al., 2024; Mukate et al., 20&x,anlon
etal., 2023; Wada et al., 201@naglobal average, more th@0% offreshwater availabilitgxcluding glacierss contributed

by groundwater storag@largat and Gun, 2013 extremely arid regions where no surface water is availabkyring dry
seasons when no rainfall recharges surface water bgdies\dwater could be the only water source for the local communities
(Braune and Xu, 2010; Calow et al., 2010; Gee and Hillel, 198&¥eforeunderstanding thepatial and temporal distribution

of groundwater availabilitis key toaddreseg water scarcity at locategional, andjlobal scales.

Global Water Models (GWI8) (Reinecke et al., 202%pyovide useful tools to understand the role of groundwater in terrestrial
water cycleHowever, atheearly stage oilGWMs developmentthe groundwater processes are often downplayed due to the
computational resource limitation. For exampigny GWMs such as WaterGARDOIl et al., 2003) PCRGLOBWB (van

Beek et al., 2011H08 (Hanasaki et al., 2008a,,lgnd CLM(Dai et al., 2003)etc, chose to simplify the aquifer as a bucket
reservoir and only represent the vertical water excharigethe real world, the groundwater flows thidienensionally,
including both vertical flux exchanges with the upper unsaturated zones, and horizontal flows fioaf higla hydraulic

head to adjacent lodvead regionsThe groundwater lateral flows are proven to contribute a substantial amount to the total
natural water budget, especially in high spatial resolution st@didger et al., 2025; Krakauer et al., 2014; Migidacho

and Fan, 2025pnd in regions of groundwater convergence and arid clagageGraaf and Stahl, 202Fuch simplification
could introduce considerable bias to the model s6 emsti ma
of the groundwater table also undermines thelrological mode8 capabi |l ity for direct and
water withdrawal impact on groundwater depletion, particularly over intensively exploited regions such as Ogallala Aquifer
and North China PlaifCao et al., 2013; Scanlon et al., 2012; Yang et al., 2022)

With the advancemenis computational technologieshe representation of lateral groundwater flonGRIWMSs hasre-
invokedinterest from th&sWM communitiesn recenttwo decadegCondon et al., 2021; Gleeson et al., 202thong them,
benchmark efforthave been made by the P@ROBWB group(de Graaf et al., 2015, 2017; Sutanudjaja et al., 2011, 2018;
Verkaik et al., 2024)wherethe original bucket groundwater module has been replaceM®PFLOW, a physical
groundwater modelith 3-Dimensional flowing processésa s e d o n [OHarbaughd 205 Hanvaugh et al., 2000;
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Langevin et al., 2017; McDonald and Harbaugh, 1988}eworthy efforts to address the lateral groundwater flow isisues
GWNMs are also seen in WaterGAP ZNiller Schmied et al., 2021; Reinecke et al., 20,1@diere a gradierttased global
groundwater flow parameterization scheme has been developed and implefieatgelelopment of-Bimensionakaturate
flow module in MATSIRQ(Koirala et al., 2014)The coupling of ParFlow to CLNMaxwell et al., 2015; Maxwell and Miller,
2005) anda newly developetlydro-economiamodelCWatM (Burek et al., 2020; Guillaumot et al., 20ZZhe list of models
here is illustrative, not exhaustivélVith explicit lateral flow processes amgroundwater table represented, therent
generation of GWMss now able t@stimatedecadabroundwater storage changes and groundwater level decknsed by
human watepumping activitiesThis advancememnabésthedirect comparison with the observatiand estimations from

datadrivenapproacks(Kuang et al., 2024; Scanlon et al., 2023)

Here, we present a globdD8-MODFLOW model(HO8-GM hereafterfo better represent groundwater lateral flow, thereby
improving the realism of simulated groundwater availability and hugnaandwater interactions the original HO8We will

first describethe basic model setupgscluding the coupling framework, parameterization schemes, and the hydrogeological
dataand insitu validation data useid this paperThe global 41-year(19792019) steadystate simulatiori.e., time was
removed from the model formulatioather than using a transient simulattorreach an equilibriujrresuls under pristine
conditiors (i.e., without human groundwater pumpingjainly thespatial distribution of thelimatological groundwater depth
and aquiferriver channel water flux exchange regimi be includedin this study The steadystate simulations usefulfor
understaniohg the longterm balance betweerecharge and dischargand provides initial conditions to the transient
simulation, whichwill be discussed inreotherstudy The development othe HO8-GM modelwill allow direct assessments
on how lateral flow from adjacent areas can mitigate groundwater decline in highly exploited adhifsesding in the
evaluaton of global water scarcity aridformingwater management strategi€he explicit representation dhe groundwater
table in theHO8-GM modelwill also facilitate a more accurate comparison with outputs from GWévis thatjoined the

Inter-Sectoral Impact Model Intercomparison Proj@&iMIP).

2 Data and Methods
2.1General Description: The Coupling Framework

The HOBGM consists of two parts: the surface water processes simulated by HO8, and the groundwater processes simulate
by MODFLOW. In this section, we provide an overviewlww the two models can be connect®dtailed @scriptiors of

the individual mode will be given in Sectios2.2 and 2.3, respectively.

An illustration of thegroundwater hydrologgomponentgland surface elevation (Elv), groundwater head (Heagl)jfer
bottom elevation and thicknesseri aquifer interaction, and pumping zohe&sshown in Figure 1b to help better understand

the terminologies throughout the papdhe conceptual framework of theoupled modelis shown in Figure laThe two

3
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models are connected through the water flux exchanges, i.e., at each model grid HO8 provides total groundwater rechargs
river discharge, antbtal groundwater withdrawal rate as the hydrological fordimgAODFLOW (red arrows, Figure 1a);
Baseflow and groundwater level are tregmulated by MODFLOW andutputted back t&108 (grey arrow, Figure 1ajn

I/O interface that can store the put of HO8 and MODFLOW isssential to achieveelwo-way coupling goalwith functions

of: (i) Time keeping; (ii)Variablesand unitsconverting (e.g., from groundwater levels to storage) (iii) Exchange
prognostic/diagnostic variablegsrom HO8to MODFLOW, the spatially distributed recharge, river stage/flall be passed;
From MODFLOW!to HO08, the groundwater heads, simulated baseflow to rel@annelsand roozone capillaryrise fluxes
which feedback to HO8 evapotranspiration stress and to the dynamiealladation moduleHowever,as an initial stegn
this study we only presethe offline simulation results (i.e., no feedback from MODFLOW to Hid8)rderto testwhether
the forcing from HO8 can produce reasonable global groundwater simulation by driving MODRd@IWnodels are built
onab5 arcmingrid to ensure consistent spatial resolutiath the land surface variables in HO8 relevant to MODFLOW model
(e.g., recharge, runoff, et@ye simulatedt the flux density level (i.e., no grid cell area is involv8djerefore we did not

apply areal and volumetric fluxes adjustment here.

2.2 Surface Water Model HO8

The HO8 model is a global hydrological model considering human waterctisgies(Hanasaki et al., 2008a, b, 2018he
modelconsides natural hydrological processemintaininga closed energy and water balance at each model Gl il
columnis described as onelayerleaky bucketwith a fixed depth of 1m and water draining consecutively at the bottom
(subsurface runoff) Soil moisture is obtained througthe water balance equatiprconsidering rainfall, snowmelt,
evapotranspiration, surface and subsurface runoff, and groundwater baEsfgpoetranspiration is calculated linearly to the
potential evapotranspiration based on a stress factor considering soil m&stéaee runoff is described as the residual water
exceeding soil capacitywhile subsurface runoff is calculated as a power function of soil moisRirer discharge is
accumulated from surface runoff by the river routing module at eachAdrigrid cells within each Kppen climate zone
share uniform parameter settings (e.g., soil wilting paimt field capacity Althoughthere is no subgrid distinction between
vegetated or bare sdilactions, neither is the soil capillary rise characterizetiO08, the overall simulated hydrological
regimes correspond reasonably well to the Budyko aridity framework global averagei.e., soil moisture dominates
evapotranspiration in arid areashile net radiation dominates in humid are@$anasaki et al., 2008aHuman water
infrastructures, including reservoir operations, desalination plants, anthasierwater transfer through agueducts and canals,

areal so available options based on the usersod purposes
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Figure 1. (a) Schematidiagramfor HO8-GM framework The upper parbf the raster represents the natural hydrological processes
human water withdrawal for different sectors in H08. The lowergfdhie raster represents groundwater proce3s$esred arrow indicates
hydrological forcing input from surface water (HO8)acsinglelayer groundwateraquiferwith structured gridMODFLOW). The grey
arrow indicates groundwater feedbacks to surface water. In the current model setting, only the red arrow part is ena@jecoigpieng).
(b) Schematic diagram of groundwater hydrolagymponentsYellow triangles represerthe phreatic surface. The difference between

surface elevation and groundwater head is termed as Water Table Depth (WTD).

The groundwater aquifer is described as a sitayler reservoir, where the groundwater storagiedswith groundwater
rechargg0d , Eq.(1)) calculated proportionally to thetal runoff. There is no characterization on the aquifer geom&myy

the storage changese availableThegroundwater discharge (baseflow) is calculated pswer function of thgroundwater
storage Two types ofaquifersare introduced: renewable and r@mewableThe renewable aquifers can receive water from
groundwater recharg&hereasn thenonrenewable aquifewater can only be withdrawmut not r@lenishedHuman water
withdrawal isusedfor threesectors, i.e., household, industand agriculture. Thetotal extracted water for agriculture is
calculated dynamically based on irrigation water requirement during crop growth, while water withdrawal for the other three
sectors is calculated based on $itatic sectoral water requirement nsrovided by AQUASTAT(Food and Agriculture
Organization, 2007)The faction of groundwater use per sector per country fhotarnational Groundwater Resources
Assessment CentréGRAC) databas€lGRAC, 2004)is usedo determine how much water is abstracted from surface water
bodies and how much is from groundwater aqaiféfater abstraction from renewable aquifersdhmgher priority than the
nonrenewable oneskor brevity we only summarize the key elements relevant to this study heredetails are referretd
(Hanasaki et al., 2008apd(Hanasaki et al., 2018)

0 i ETO FQOQOQOQ I (1)
Where,0 is the maximum groundwater recharge (kb2sh ), fQis a reliefrelated factor (0 <Q< 1),HQis a soit
texturerelated factor (0 €Q< 1), iQis a hydrogeologyrelated factor (0" < 1),RQ is a permafrost/glacierrelated factor
(0<fpg<1),and is the total runoff (kg s 3. 0 h Oh"Ch"Qand’Q are determined by tHeok-up tables provided
in Tables A1 A4 of DAll and Fiedler et al. (2008).
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Figure 2. Long-termaveraged groundwater recharge and river discharge from H08-2098). (a)Global distribution of the Byear
averagel groundwaterecharggunit: mmd?). (b) 7 (d) forthe 4l-year mean river discharge (unit? st) in the southern Mississippi

River basin (b)thelndia Peninsula (c), arttie Yellow andthe Yangtze River basins in China (d), respectively.

We first run HO8 individually to obtain the groundwater rechaegel river dischargeto drive MODFLOW Global
meteorological forcinglata including 8 variables, i.e., rainfallpRair temperature, specific humidity, wind speed, surface air
pressure, longwave and shortwave radiation, and snovvéafi,the W5E5 dataseflLange et al., 20213re usedThe W5E5
dataset was compiled based on version 2.0 of WATCH Forcing Data methodology applied to ERA5 data)({&EBdth

et al., 2020; Weedon et al., 20LERAS reanalysis dat@lersbach et al., 2020and precipitation data from version 2.3 of the
Global Precipitation Climatology Project (GPJRdler et al., 2003)The WFDEI data is originally at 0degees and was
postprocessed ta 5 arcmin resolutiorusing the linear interpolation function embedded in HO8,the. values of the four
surrounding grid cells for a certain grid cell will be used to calculate a linear interpolated value by weighting eable using

distance ratioThe model was runonder the natural scenam@the montHy timestep fromJanuary 11979 toDecember 31,
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2019 For the steadgtate simulation described in this paper, only groundwater recharge and river discharge are used and
averaged over the simulation period to obtain thgedrclimatological meanslhe spatial distributions of these two variables

are shown in Figure 2.

Groundwater recharg@&igure 2a)s generally higher in humid regions (e.g., the eastern United SEatexpe, and southern
Ching and lower in arid regions (e.g., the western United St#@texbianPeninsulaand inand Eurasid, with maximum
values observed in tropical areas such as the Amazon Basin, the Sahel, and the Indonesian afeiipel2g)i 2(d) shows

the spatial distribution of river discharge across representative basindJnited Statesl¢wer Mississippi), India (Gangés
Brahmaputra), and China (Yangtze arellow Riverg. All three regions showa consistent patterin the high discharges
mainly concentrate@long major rivers anddownstream reacheand lower values imupstream or small tributarie3he
discharge values are also notably lowederdrier climates (Yellow River)compared to other basins under more humid hydro

climatological conditions.

2.3 Groundwater Model MODFLOW

MODFLOW is the USGS's modular hydrologic model for simulating and predicting groundwater conditingsvin et al.,

2017; McDonald and Harbaugh, 1988he model uses a generalized corttmume finitedifference approach to solve the
two-andthreed i mensi onal groundwat er fLatemMieys indgoumtiwatenheddaareexplicidy e q
simulated and provided as outputhe modular structure also allows users to customize the model flexibly by adding packages
of their researchargetssuch asaquiferpropertiesrecharge, rives; and wells, etcln this studywe use MODFLOW@&version

6.4.0, tobuild a global singldayer unconfined groundwater model asglace the original groundwater store in HBRPY

(Bakker et al., 2016)version 3.3.pis usedas theinterfaceto run the model

2.3.1Aquifer Properties

Two aquifer propertyparameters, i.e., aquifer thickness and hydraulic conducteity,required to build munconfined
groundwatesteadystatemodelatany spatial scaléquifer thickness refert® the verticalextentbetween théop and bottom
boundariesof the aquifer(Figure 1b) For a given area i t i ndi c apoeestial waterestoragg capatitgThi® s
parameter isisuallyobtained from field experimenis local scale studies, while the global map is often delineated based on
lithological categories. The GLobal HYdrogeology MaPS (GLHYNIESeeson et al., 2011, 2014; Huscroft et al., 2044.8)
one pioneering datasef such a type. However, the GLHYMPS aquifer thickness @miyounts forthe shallow layer
(thicknessup to 100m), thus cannot reasonably repretenteep aquiferin the world.A terrainbased approach was then
proposedby (de Graaf et al., 20139ndshownto beeffectivefor deep aquifer characterizatithased on thealibration of
transmissivity to observed headsie hypothesis of thiapproachs that there is similarity in Coefficient of Variations (CV)

of aquifer thickness all around the world. Therefordiyst generate a randon distributionof the averageaquifer thickness

based on the land surface dtabdplain elevationdifferences(Yd) at each gridThen, observed statistical values from 6

7
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regional scale studies are used to consttartorrespondintpg-normal transformationf Y& anda standard normal ordinate

function(i.e.,» & M:'Q 7). The optimal guess is theferived as the final aquifer thickness prodircthis study, we

usethis producto better represent the deep aquiféise aquifer thickness map is showrFigure3(a).

(a) Aquifer Thickness [m]
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Figure 3. Global distribution ofaiquifer thicknesga) andaquifer hydraulicconductivity(b). The aquifer thickness product is from de Graaf
et al. (2015)de Graaf et al., 2015and aquifehydraulicconductivity is based o8LiM lithological map(Hartmann and Moosdorf, 2012)
andGLHYMPS (Gleeson et al., 2011, 2014)

Hydraulic conductivity controls the rate at which groundwater flows through the aquifer materials and is potemhjred
by the aquifer ds | ThedgnddeéddbgremaziM giobaldithobgical enapi(Hartmamnsand Moosdorf,
2012)is used to define the spatial distribution &flithologies (Figure C1, Appendiy. For eachithological category we
obtain the corresponding permeability value fratctHYMPS; when there are multiple values (for subcategories) wihi

8



lithology type, we take their meahased on the subcategory sample numiéms sandard deviation for each category is also
obtained for the followng sensitivity analysis in Section 2.%he aggregated permeability ddtar each lithological typés
shownin TableB1 (Appendix) The permeability is then converted hgdraulic conductivityas a direct model inputFor
215 permafrost regions (i.e., permafrost zonation index>Q&uber, 2012) we reduceK by oneorderof-magnitudeby
considering the combined effects of soil temperature, soil texture and-freevelynamicgWatanabe and Flury, 2008;

Watanabe and Osada, 201&lthoughwenott hi s i s a strong assumption to ensur

2.3.2 River ChannelProperties (position, level, bottom elevation, riverbed drainage conductivity

220 To investigate the riveaquiferexchanges, a river package (RIV) is used. The water flux exchanges are calculated based on
the head difference between river charsrahd the aquifer cedl i.e., water leaks frortheriver channel tahe aquifer when
the river water level is higher thaime groundwater head and vice veraa:
0 o 0 )
Where,O andQ refers to river water level (m) and groundwater head (m), respectivbignthe groundwatetableis
225 belowtheriver bottom, river bottom elevatiofY( ) is used fofQ to limit the maximum water flux exchanges. indicates

the riverbed conductance 3d1) and is calculated as:

0w ©)
Where,Y Ow and’Y "Ow are the river channel width (m) and length (m), respectively, both of which are taken from
(Yamazaki et al., 2011) is the riverbed resistande de Graaf et al. (2015it is taken as tlay. However, in our preliminary

230 analyses we found the simulated head is rather sensitive to this pardarhetefore the appropriate value will be selected

from several sensitivity experimentee Section 2.4 for a detailed description.
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Figure 4. lllustration of the groundwater model grid designations and river properties over the southern Mississippi river betsemédicS
diagram of the river channel geomety. represents the river water level (unit: m) which serves as the input to calculataqinfer

235 exchange; (b) Spatial distribution of river width (unit: km) fr@WD-LR product(Yamazaki et al., 2014Data over lake areas are not
available; (c) Model designation of MODFLOW. Black, orange, and blue color represents river, drainage, and constantshead grid

respectively; (d) Spatial distribution of river water levels (unit: m) calculated frartdEq

We first usea combined satellite anempirical algorithm river width product GWDR to allocatethe river gridsin
240 MODFLOW (Yamazaki et al., 2014)his productwas constructed by applying the SRTM Water Body Database (SWBD)
and the HydroSHEDS flow direction maand shows high realism in representing river width for large river channels. To

overcome its limitation in representing small rivers and overestimation of large rivers, we further constrained the/ results b

10



applying a powetaw algorithm, asdonein the latest version (v4.20) of the Hydrodynamic flood model G&bMad
(Yamazaki et al., 20115ee further description ifiext S1in Supplementary Material&ecause theiver-aqufer exchange

245 can be negligible fosmall tributaries, we defingver width larger than 10n asriver grids where water exchanges actually
happensimilar to the criteria defined in de Graaf et al. (202%).llustration of the river width result antid resultingiver
grid allocationin MODFLOW areshown in Figurel(b) and (d)

Next, Y is calculated as the difference between land surface elevation (DEM) and river channéDdeptrigure4(a)),
250 where the previouss taken from30 arcsedydroSHEDS datasdtehner et al., 2008nd aggregated to 5arcmin resolution
usingsimple linear interpolation algorithi@ is calculated based on the poviaw algorithm as irfCaMaFlood model

(Yamazaki et al. 201X Text S1 inSupplementary MaterialsD is then calculated as:

§O) Y 0 4
Where O i s the river water depth (m) and is calculated bas
8
255 0 _ (5)

Where £ is theManning roughness coefficient and is taken as 003%™, 'Y "Owrefers to river channel slope (unitlessid
is calculated as the ratio of the DEM difference between the current and next downstream river cells over the distamce betwee
the two cells. Se@Oki and Sud, 1998 nd(Yamazaki et al., 2009pr complete explanations abdubw theflow direction is
decided and the distance between one celtlzewiext downstream cell is calculated. refers tathe river discharge (fs).
260 For the steadsgtate simulation in this study, it is calculated as 40yr mean of the monthly HO8 simuatioRigure 2 (bi)
(d) for examples of the spatial distribution over southern Mississippi river basin, Indian Peninsula, and YeNangine

Riverbasin in China.

2.3.3 Other Boundary Conditions (constant head, topography, drainage)

Unlike HO8, MODFLOW requires land surface elevation data to calculate groundwater moveéveense DEM from

265 HydroSHEDS for this purpose. For atean gridssince the submarine flow is not our research focus, we setabeonstant
head(CHD) with the water level of Om, i.e., it can receive (release) unlimited water from (to) the terrestrial underground
aquifer We also do noseparatelyconsider evapotranspiratiom the groundwater modékecausét is alreadyincluded in the
HO8 simulation partFor small tributaries (river sequence number less tharsit@g the water entering the aquifer system
can be negligiblewe apply the drainage package (DRNatow waterto leave the groundwater system. Wkhan is above

270 a prescribed levehere set as DEMvater from thegroundwater willform ponding areas artte removedrom the aquifer
system. The drainage rate is calculdtaded on land surface water conductaoakulated in the same forasEquation (2)
No water flux exchange will happen wh&nh is belowthe drainage leveDEM). Theallocationfor DRN and CHD grids in

MODFLOW is illustrated over an example region in Figdé{e).

11



275 Table 1 Sensitivity experiment setting scenarios and the resgtimgndwater heasimulation statistics against observations.
Alndicatesthe bestun experimentreffor U indicates theneanhydrological conductivitfrom Gleeson et al. (20110ef for
'Y &indicates thet0-year mean HO8 recharge; ref for indicates 1 dayFor the model and observation differerteems
(6] andO , positive values indicate the overall model headlisllowerthan observed head and vice vei@a. is

always positive; larger valuésdicatethe overall simulated head deviafagherfrom the observation.

EXP L =|{|'= > 4 =|%n, Toms- Mme™ Tv<™
K GROBO ref ref ref 0.67 452. 294. 494,
K1 RBO 0, ref ref 0.79 271. 151 378.
K R0BO C, ref ref O0.88 34. 33. 255,
KR1®B ref m, ref 0.53 657. 445. 679.
A K1 R10B o} ™, ref 0.07 397. 229. 505.
KR1® C, T, ref 0.85 89. 60 290.
KR2® ref m, ref 0.08 240. 133 334.
K1 R 2B P, T®),, ref 0.85 123. 6 3. 283.
KR2® C, ™, ref 0.83 -6 8. 2.t 297.
K ROB 1 ref ref 0.1 0.95 90. 65. 168.
K1 RB 1 P, ref 0.1 0.95 6 3. 41 . 169.
K ROB 1 C, ref 0.1 0.93 -2 3. 5.7 200.
KR1B1 ref m, 0.1 0.94 115 87. 176.
B KIR1B: p, ™, 0.1 0.94 85 56 . 175.
KR1B1 g, T, 0.1 0.93 1. ¢ 13. 189.
KR2B1 ref m, 0.1 0.95 57. 40 . 165.
KIR2B: p, T, 0.1 0.94 20. 22. 179.
KR2B1 g, T, 0.1 0.09 -7 6 . 6. : 247.
K GROB 2 ref ref 0.010.95 47 . 23. 161.
K1 RB 2 o} ref 0.010. 95 30. 17. 162.
K ROB 2 C, ref 0.010.93 -31. 0. ¢ 193.
KR1B2 ref m, 0.010. 95 51. 26. 162.
C KIR1B: p, T, 0.010. 95 37. 21. 161.
KR1E? a 8 a 0.010.94 -17. 4.: 184.
KR2B2 ref m, 0.010. 95 36. 19. 161.
KIR2B: p, T®),, 0.010. 95 10. 11. 172.
KR2B2 G, T®),, 0.010. 92 -51. -4 . 211.

280

2.41Local One-At-A-Time (OAT) Sensitivity Tests

Since uncertainties in tlggoundwater recharge and key aquifer paramétersaquifethydraulicconductivity and thickness)

are reported to be higl®leeson et al., 2011; Reinecke et al., 2019b, 2021; Wada et al., @@Xk®nducted several sensitivity

teststo ensure the robustness of the simulateddystategroundwatehead Additionally, our preliminary analyses show that
285 the river geometry parametessich as riverbed resistanoan also play an important role in the resulting groundwater head

simulation. Thereforenitotal we selecB parameters, i.e., groundwater rechag@ ‘@quiferhydraulicconductivity , and
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riverbed resistande , for sensitivity analyses. The aquifer thickn€sis not considered explicitly here because MODFLOW

actuallyappliesaquifer transmissivity(( ‘Q for simulation therefore the effect can be implicitly reflected in the variation in

0. We note thathte analyses here are lodaheat-A-Time (OAT) only and do not address interaction effects; they therefore
290 fall short of fullsensitivity analyseebjectives (screening, ranking, mappigianosi et al., 2016 he morerigorousglobal

sensitivityanalysesas in(Reinecke et al., 2019pJill be pursuedn future investigations.

To maintain computationalefficiency, for each parametexe did three sensitivity analysesTogether this results in 27
experiments irtotal (Table1). We take KORBO as the reference experiméraf), and useCorrelationCoefficient (Y), Mean
295 Median, and Standard Deviatiohthe difference between simulation and observai@a (Q @@ a Q Q (I £ ) tevaluate
the performance of each experimaghinst observationEor parametes of 0 and’Y 6 @ne and two standard deviations are
added individually for eactelevant experimeni he statistic for0 is from Gleeson et al. (2011) directly, white 'Y 6 "®is
calculated based agroundwater@charge fronH08 monthly simulation output (1979.012019.12) Note thatalthoughthe
aquiferthicknessdata we use is for deep aquifers while Gleeson et al. (2011) only provides such information for the shallow,
300 here we assume there is similarity in aquifer thickness statistics between the two layers, similar to the assumption in the
derivation of the dataset we usear'Y Y Cbecause there is mobal referenceof how its statisticsshould look like rather

simplisticscale factorareapplied i.e., 0.1day and 0.01 day are taken tbfferent experiment settings.

2.5 Validation

To validate thesimulation results, we use the equilibrium water table level observationgFeomret al., 2013)in total this
305 datasetomprises 1,603,781 WTD readings, along with theiresponding elevatioand geographic information. We then
averagethe observations within the same model grid telnitigate the influence ahe pointgrid scale gaps as much as
possible We evaluate both the groundwater head\AAMd, sincethe previouprovides a more physically meaningfaktric
fundamental to groundwater flow dynami@e Graaf et al. 2015), and the latter is more directly relevahtitean and
ecosystem water accessibil{fgeinecke et al., 2024Fheglobal scalenodel performancis evaluated first; Thenye evaluate
310 the model behavioursin terms of differen irrigation intensity and population densityHere, he irrigation intensity is
representelly theglobal10kmirrigation area fractiomapfrom (Siebert et al., 2015and the population densiyaggregated
from the1km global population datasef year 2020Q(https://hub.worldpop.org/geodata/summary?id=800@®servations

with invalid elevation readings are excluded. To@l number of aggregated observations5886.

315 In addition to the direct comparisdretweenthe smulated WTD against observatignae also comparthe functional
relationship betweeknown drivers of groundwater flow (e.g., climatic aridégdtopography) andVTD (Gleeson et al.,
2021; Gnann et al., 2023; Reinecke et al., 2U24gener et al., 2022 he climatic aridity is calculated #ze ratio of potential
evapotranspiration to precipitatiQRET/P, or Aridity Index (Al), based orGlobal Land Data Assimilation System (GLDAS)

Noah Land Surface Model Ldatase{Rodell et al., 2007)AI>1 indicatesthe watedlimited regime where atmospheric water
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320 demand is larger thaprecipitationsupply(dry climate in generglwhereas A&l indicates the energimited regime where
precipitation water supply casufficiently meet theatmospheric water demand (humid climate in genefdie spatial
distribution of waterand energyimited regions is shown in Figure3CThe topography effect igpresentetly slope which
is calculatecbased oHydroSHEDSDEM in the same way as described in Section 2Mdteover, wefurthercompare our
results withthe ensemble mealVTD from four other global groundwater models, i®arcmin GLOBGM(de Graaf et al.,

325 2015, 2017)30 arcsec GLOBGMVerkaik et al., 2024)G3M (Reinecke et al., 2019aand ASAP(Fan et al., 2013)The

ensemble mean dataabtaineddirectly fromthe model assessment pape(Reinecke et al., 2024)
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Figure 5. Scatterplots of the simulated groundwater head under different parameter settings (Experiment dinsepte)).
texts refer to statistics between model simulatioraxXig) and observation from Fan et al. (2013)ags).’Y |, €,
330 04 Qé3a Q@andOi d&réders to coefficient of determinatiosample size, mean, median and standard deviation of the

simulationobservation difference.
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3 Results and Discussion
3.1Validation of Simulated Groundwater Head And the Sensitivity to HydrogeologicalParameters

The statistics ofjroundwater head froreach sensitivity experimemésult against observations are showTable 1 and

Figure 5. The simulationobservationcorrelation coefficientof groundwater headangesbetween 0.66 and 0.9&cross
experiments ff 18t (), suggesting our model works reasonably vielsimulating groundwater heaegardless of the
differentparametesetting scenariosHowever,the large difference of the absolute moadlservation biasess represented

by O & 'Q @@ & 'Q'Q (Wi ¢ dsifygest thathe accuracy ofour simulated groundwater headsensitiveto'Y 6 @ and i

The reference experiment where no adjustment on the two parameters is matbashawst performanagith three statistics

of 452.76m (O ), 29451 m (O ), and 494.59 n{O ), respectivel (the lowestY as well, of 0.66) This means the
simulated groundwater head is much shallower than the observatmssnay be explained by the water balance at each grid
cell: When K is low, the water exchange between adjacent cells is more difficult. With the amount of water entering each grid
cell fixed (unchanged rechargdyoughouthe simulation the slower water exchange between cells will result in more water

accumulation within the cells and therefore higher water levels.

The simulated groundwater heasl more sensitive t0 compared to other parameters. For instance, in Table 1, when
comparing experiments with identical valuesYob "@&xd i , the simulation biases between experiments with different
values differ by severdimes, particularly whep is low. This is further seen in the spatial mapsnodetobservation bias

in FiguresC4. The simulated groundwater head is more sensitiveitoshallow groundwater areas (blue and greaoured
areas western U.S., Amazon, Sah#le southermorth Eurasigetc) than in areas with deeper water tables (orange and red
colouredareasRocky and Andes mountains, Tibetan Plateau).&this pattern is consistent with the findings of de Gedaf
al.(2015)However, our mouwigrotabdy higherrthathat reperied by detGoaef al.(2015)and Reineke

et al. (2019%,b. The Coefficient ofVariation (CV) ofthe simulated heads exceeds 0.5 across most regions (not shgen).
attribute it to hreeprimary reasons: ikst, the number of our sensitivity analyses is limited. This may result in amplified
standard deviatiofrom individual extreme cases. Secotlte model is poorly converged toward equilibriumder low0
scenarios, especially in shallow groundwater occurrence regiandlustrated in Figre 5 (the first column) groundwater
heads in mangf theseareas exceed the drainage level, resulting in surface pofdiisforces us to tune more favourably
toward higher value#n the sensitivity analyses, whereas the very (bwcenarios stayinexplored.Third, compared to
sensitivity analysesn Reine&e et al. (2018), where only p T Iperturbance op is applied,our experiments feature a

broader variability rangef U .

The simulated head also shegensitivity to groundwater rechartyed "@nd river bed conductande , but the sensitivity is
more evident under low scenarios For examplethe bias differences among the KOR0OBO, KOR1B0, and KOR2BO

experiments are significantly larger than those observed in the corresponding experiments withiA @ougK1R0BO,
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K1R1BO0, and KR2B0) (Table 1) Moreover, in comparison tihe corresponding experiments@noup B and Group C, the
differences among KOROBO, KOROB1, and KOROEasesevenshoworders of magnitudelhese findings indicate that
remains the dominant hydrogeological parameter controlling groundwater head. At the same time, they also suggest the
groundwateérsurface water interactioris particularly the role of river$ become crucial in regulating groundwater level
fluctuations when latergiroundwater flow into or out of the aquifer system is limited due to low permeaBt#ityresult, he
simulation performance gradually improvestascreasesThe improvement is further seen whén decreasegwhich
means more rapid riveaquifer exchangeTo ensure further analyses are based on simulationtéthighest realism, ev
chose the experiment with the best performaagainst observations as the baselime (i.e.,K2R1B2) for analyses in the
following contextWe also note that thraodel's performance could be further improved if more suitable combinations of the
parameters werased. This can be achieved through observdtasecdbias correction procedwssuch aPEST(Doherty et

al. 2003 and SCEUA (Duan et al. 1992; 1993994. However since applying these algorithms globally is particularly time
consuming anthe concentration of this study is to test the feasitiltigyestablisheftamework the statistics from the current
bestrun experiment are reasonable enough for the time biageforewe will leave further model improvement in future

work.

3.2 Validation of Simulated WTD And the Sensitivity to Hydrogeological Parameters

The sensitivity of simul at e ddo&hdiolldwdhe samewaynas the graursdwapealreadme t
(Table2 and Figure 6 Figure 7).Due to the small magnitude of WTD itsetfy increasingof 0 yields only amarginal
improvement in the median WTD big® ), while the bias in standard deviati(@ ) increases significantlfKOROBO,
K1ROBO, K2R0OB0)The mean bia€D ) shows a Wshaped responsk decreases initially, but onceexceeds a threshqld

the biasgrows again with oppositsign. The WTD response ¥ @andi is also less sensitive than the groundwater head

with only minimal improvementd®  andO . However, the response directions are within expectafionncreae of

'Y @yields shallower simulated WTR (., KOROB2 vs KOR1B2whereasinincreag ofi  produces deeper simulated WTD

(i.e., the bias shifts toward zero or positive) by enhancing drainage to ch@gel&1R0B1 vs KLROB2)

A notable differencérom the groundwater heaslthatthe simulated WTRompares poorly to observations in all experiment
runs at the global scaler( @) (Table2 and Figure B The same poor behavior is also observed in the ensemble mean
WTD from Reinecke et al. (2024) (Figure 7), suggesting this is a common problem in all global groundwater models. In
addition to the model structure and parameter biases, we attribute thigtal possible reasons below. First, since WTD is
calculated as DEM minus groundwater haauhheritsbiasfrom both inputswhich may result in exacerbated biadest can

be of the same order as WTD itséecondthere is a spatiotemporal mismatch between simulated and observed WTD. The
Fan et al. (2013)atasebggregates measurements from different yadth,~90% of locations hamg only a single reading
Moreover.eachmonitoring wellin Fan et al. (2013} a snapshot of local conditiaW&TD can be highly heterogeneous within

a 10 km x 10 km grid cell, so a single well may poorly represent the grid mean.
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Table 2. Sensitivity experiment setting scenarios and the resWMRB simulation statistics against observatighsdicates
400 the bestun experiment; ref fob indicates the mean hydrological conductivity from Gleeson et al. (2011); raf &r

indicates the 4@ear mean HO8 recharge; ref for indicates 1 day. For the model and observation difference @rms

andO |, positive values indicate the overall model heatbéper than observed head and vice vel@a. is always positive;

larger values indicate the overall simulated head deviat#eerfrom the observation.

—
-

EXP L T > dor Mom$:  Tou® Tv<®
K ROBO ref ref ref 0.03 -12. 8. ¢ 20.
K1 RBO P, ref ref 0.07 5.¢ -7 . ¢ 53.
K ROBO C., ref ref 0. 18 45, 3. ¢ 150.
KR1® ref m, ref 0.02 -12. -8 . ¢ 16.
A K1 R10B R ™, ref 0.04 -9 . ¢ 8. ( 39.
KR1®B C, T, ref 0. 14 24. 5. ( 117.
KR2®B ref m™, ref 0.1 -2 .07 -7 . 6 3.
K1 RAB P, ™, ref 0. 17 21. 5006 120.
KR2®B C, T, ref 0.22 115 2. ¢ 258.
K (ROB 1 ref ref 0.1 0.04 -11 . -8. ¢ 2 3.
K1 RB1 P., ref 0.1 0.1 0. ¢ 6. 7 6 6.
K ROB 1 G, ref 0.1 0.19 61. 0. ¢ 163
KR1B1 ref m™, 0.1 0.03 -12. -8 18
B KIR1B: p, T, 0.1 0.08 -4, ¢ 7.l 54
KR1B1 G, T, 0.1 0. 17 4 3 2.0 139
KR2B1 ref m™, 0.1 0.009 3. ( 7. ¢ 6 2.
K1R2B: p, ™, 0.1 0. 17 24, 5. 122.
KR2B1 g, ™, 0.1 0.22 106 13 228.
K GROB 2 ref ref 0.0:0. 014 11 -8 24
K1 RB 2 o ref 0.0:0.11 3. ¢ 6 . 71
K ROB 2 G, ref 0.0:0. 18 60 2. 160.
KR1B2 ref m™, 0.0:0.03 -12. 8. & 19.
C KIR1B: p, T, 0.0:0.009 1.« 6. ¢ 6 0.
KR1B2 G, T, 0.0:0. 18 49, 1.« 144
KR2B2 ref m™, 0.0:0.009 3. ¢ 7. ¢ 59,
K1R2B: p, T, 0.0:0.16 20. -4, ¢ 110.
KR2B2 g, T, 0.0:0.109 79. 10 186.
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Figure 7 Scatterplots of the simulated WTD against observations. WTD simulation in (a) is frorGMO@xperiment
K2R1B2); WTD simulation in (b) is from ensemble mean in Reinecke et al. (20243, 0 & Q&G & 'Q'@ndOi dréders

to coefficient of determination, sample size, mean, median and standard deviation of the sioldaioation difference.

To investigate where the large WTD biases @mesentedin Figure 8 we show the spi#al maps as well as statistics of the
modetobservation biasesf WTD from the best performance run over each continent. For North America where the highest
observational density is presented, the model biases show a slightligdefed normal distributiopproximately3.9% of

the analysed grid cells show biases withipm, 44.0%6 within  p ™M, and78.4% within v ™m. These grids are mostly

located in the plahlominated central and soutfastern U.S. The grid cellgth large modebbservation biases are distributed
mostly over the mountainous areas but in a bimodal lmaie western U.Sthe model tends to underestimate the groundwater
head whereas in the East the model tends to overestimate it. This can possibly be attributed to the uncertainty in aquifer
propertiesas wel | as the model s I imitation in dealing@ghewith
topography irthewestern United States is comparatively higher, and the aquifer thickness is quite shallow (Figurae(a))
western mountainous areaminly serve as the divergence region once it receives water from surface recharge. That is, the
water will quickly move to adjacent lowlands due to the steep groundwater head gradient. The East, although also elevated, i
fact serves as the convergenegion due to the deeper aquifer thickness (Figure 3(a)). Over these areas of steep topographic
gradient, the model simulation could become quite sensitive to the agyifierulicconductivity setting. A largé scenario

could posibly cause accelerated flow rate (therefore more water loss) in the@Viebie contrary, a small scenario would

result inanoverestimation of groundwater head in the West, as shokigume C5where the bias shown for thexperimens
glb_K1R1B2 respectively. The polarity of biasesr@her robust t&@ scenariooverother areasSimilar bias distribution is
observed for other continents as well. Fmuntainous regions in the Alpsd Brazilian Highlandshe model biases are quite
pronounced; whereas fflatter areas such as the Netherlands and Northern Germany in Europe, Northern China Plain and
Bangladesh in Asia, Amazon in South America, the model biases are miNion&ttheless, we note thet observations in

Fan et al. (2013) inevitably embed the influence of human activity, whereas our model simulation is purely a natural run. The
simulated groundwater level should be deeper than the current natural run if human water withdrawal were taken into accoun
This could lead to modalbservation gap be skewed: Where the model head is higher than the observations (shallower WTD),
the modélobservation gap is exaggerated; where the model head is lower than the observations (deeper WTD), the gap i

underestimatedlhereaders should bedris limitationin mind when interpreting the validation results.
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Figure 8. Validation of simulate®TD against observations over each continent: (a) North America; (b) Europe; (c) Asia; (d) Africa; (e)
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indicate the statistics of that residual distribution (mean, median, standard deviation, skewness).
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To further investigate the climate and topography effects on WTD, we also show thesMpEDrelationship under water

limited and energyimited regimes respectively (Figure ¥Jonsistent to our previous finding, in areas with smaller slope
(e.g., below 18 m n1%), the HO8GM simulated WTD (Figure 9, ¢ and f) compares more closely to the observations (Figure

9, a and b). As the slope becomes steeper, the rabdetvation gap increasdhe ensemble mean of Reinecke et al. (2024)
shows a similar pattern but a narrower spread within slope bins, likely reflecting two ensemble members that simulate
systematically shallower WTO he observed WTD is slightly deeper in waliarited regionghan in energylimited regions

The nodel captursthis contrastthough the modedbservation discrepancyassomodestly larger.

Since the flatteregions are often located with large cities and extensive human water use activities such as agriculture. We
also evaluated the model performance of WTD in terms of cultivation and population density. Figure 10 shties that
simulated WTD compares reasonably well to observations in highly cultivated and populated areas. In regions with irrigation
area fraction higher than 50% and population higher than 10,000/200kth HO8GM and he ensembleneanfrom
Reinecke et al. (2024€pmpare closely to obsenias in terms of median arble 25tfi 75th percentilesThe ensemblenean

shows shallower WTD in regions with irrigation area fraction higher than 75%, while boteM0#hd ensemblenean tend

to overestimate WTD in highly populated areas. The globatateboryspecific validations indicate that H@BM, as well

asother global groundwater modeis most suitable for applications in densely populated, irrigatitansive regionsyhich

is important folinvestigating humanwater interactionen global water cycle
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FigureQ.OWT D versus grid scal e sakioRapeelsffa) showsedergdinnitedaegibns; gamelsi(d h mi ¢
show wateflimited regions. Columns: (a,d) observations (blue), (b,e) ensemble products (green)) &GB{GM (orange).
For each slope bin, boxplots summarize the WTD distribution (line = median; 2®%and 73" interquartile range; whiskers

475 indicate spread; gray dots, where shown, are individual sam@leskFigure C3 for the spatial map of watdimited and

energylimited regiors.
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Figure10. WTD classifiedby irrigation area fraction and population dens{tg) Bins of irrigateearea fraction: 025%, 2%
480 50%, 50 75%, 75100%. (b) Bins of population density (people per 100 kniZpKl 5/ 10K, 10i 50K, 50 100K. Colors:
observationgrom Fan et al. (2013plue), ensemblenean from Reinecke et al. (2024yeen), HOSGM (orange). For each

bin, boxplots show the median (line) a8 and 7% interquartile range (box); whiskers indicate spread
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3.3 Global Steadystate Groundwater WTD Maps

Toinvestigate the spatial pattern of the simulated WTD from-8088 we illustrate the global WTD maps from all experiment
runs in Figure 1 and FigureC6 i C7. Consistent to what has been observed in Section 3.2, the simulatedsWidde
sensitiveto hydrologic conductivitghan the other two parametedf@andi , e.g., thecolourcontrastfrom left to right of
each rowis much clearethanthatfrom top to bottom of each colunfRigure 13. The sensitivity seems to be higher in humid

and flat regionsbutthis may be a visualization artifeinfluenced bythe colorscale choice

In Figure 12 we alsopresent the global steadyate map otWTD from the bestun experimenfrom HO8GM (chosen as
K2R0B2 by consideringmodetobservation statistics dfoth groundwater head and WY.Orhe global WTD distribution

shows aclearspatial gradient: the groundwater levels are considerably deep over the mountainous and arid regions wherea:
they remain shallow in flat and humid areas. The result corresponds well with previous studies as in Fan et dé RGES)

et al. (2015)and Reinecke al. (2019a)and can be explained in the way that the mountains often serve as the divergence
place for water to flow out due to their steep topography, and in arid regions the groundwater recharge from the surface i
quite limited (vice versa}However,ourresult corresponds closerttoe earlier works ofle Graaf et al. (2015) and Reinecke

et al. (2018) thanthat ofFan et al. (2013)hichis derived primarily from the observations in which the groundwater depth

is up to 100m. Although partly applied the parameterization scheme of aquifer thickness (@#o]dhey factor) in Fan et

al. (2013), the model framework in Reinecke et al. (2Dl®gely follows MODFLOW. As such, the large gaps between the
numerical and datdriven models here indicate careful comparison in model framework and parameterization schemes is

needed to achieve cohesion in the two types of {acgée groundwater modelling studies.
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Figure 11. Spatial maps of the simulated WTD to under different parameter settings (Experiment group C).
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3.4Mechanisms Controlling Groundwater Distribution and Flow Dynamics

To help further understand the groundwater flow dynanmdsigure13we presentmanalysisof thelower MississippRiver
basin toshowcase the complex interptapetweengroundwater flow and topographwpquifer and river hydrogeologic
properties, and surface rechargbe high similarity between the spatial pattergafundwater head and DE#igure13, a
and e) as well as the flow directioandvelocity map(Figure13, f), confirms the generaprinciple that groundwateclosely
follows topographyHowever, the local characteristizsthe northwestern part of this regiowhere steep topography exists
but limited groundwater flow presefghown as the low groundwater flow velocity and much degpaundwater head
compared to DEN suggestquifer properties that control the hgdlic gradient also play important rolesdaterminingthe
water movemenfThe aquifeds U in theseareasis much lower thaimn the other regiongFigure 13, b), which confirmsthis

finding.

The ole of surfacerecharge is only marginal in this caee to the strong heterogeneity of topograptiut is evident in arid
climate zones such as in Yellow River basirFigure C8. The groundwater head distribution is jointly determined by both
topography and rechargdn the northwest part of this region, although the topographic gradient is also sharp (Riglixe

the recharge is quite limited (below 0.1 nadif) compared to the southeast high area. Consequently, the groundwater head
over the low recharge area is consistently low and shess spatial heterogeneity, regardless of the topographic gradient

which plays an important role in the more humid climate regions.

River propertiesalsoplay important roles in shapirthe local characteristics of the groundwater head distribution through
river-aquifer water exchangeslthoughthe groundwater head Figurel3appeas much smoother thanetopograph map

we still observeahe traces of major river channglighlighting the significant role of riveaquifer exchange in determining
thespatial distribution ofhegroundwater head.hetopographypattern inFigure13(a) aligns well withtheriver-aquifer water
exchange rat@atternin Figure 13(h): Where there exists substantial water from groundwater to (reercolour), the
groundwater head is lower than that in adjacent céllsereaswhere river supplies additional water ttee aquifer (blue
colour), the groundwater head is hightean the neighbour grid cell§he riveraquifer exchange rate is furttegtermined by
riverbed conductance and head difference between groundwater and river water cNastajsd cells with higher water
exchange rate (either positive or negatite)d to have higher riverbed conductance and larger-gieemdwater head
difference which corresponds well to the governing equation in EqSdgh riveraquifer exchangpatternis more evident

in theAmazon River basinfigureC9).
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Figure 13. Spatial distribution of key parameters controlling groundwater flow and the resulting syrfacelwatemteractionsThe study
region is in lower Mississippi River BasiPanels (&d) show model input variables, including the digital elevation model (DBMaquifer
hydraulic conductivity (K)(b), riverbed conductancg), and groundwater recharge rgt. Panels (gh) present simulated outputs,

545 including groundwater heag), lateralflow velocity with flow directions(f), head difference between aquifer and rig@r and river
aquifer exchange raté), where positive values indicalesing rivers (water fromriversto aquifer§ and negative values indicagaining
rivers (water fromaquifers to rivers Rectangular in white colour does not indicate missing values but extremely small values.

3.5Global Net Groundwater Lateral Flows Estimated from HO8-GM

As one motivation for developintpe HO8-GM model is to evaluate the compensating effect of groundwater lateral flow on
550 urban watemvailability, in Figurel4 we also show thdl-year mearsteadystateannual netateral flowflux map.The net
lateral flow flux hereis calculated directly as flux convergerateeach grid cell, angpresentshe net waterfluxesa certain
grid cell can gain or lose frothe groundwater movementhepositivevaluesindicate netnfloworgr oundwat er A
(de Graaf and Stah2022. Conversely, the negative values of the sum indicate net outilgwr o undwat e rTheie x p o
global pattern of groundwater lateral flow from the kest simulation corresponds reasonably well witevious studies
555 (Akhter et al., 2025; de Graaf and Stahl, 2022; Krakauer et al., 2014; Mi$metzo and Fan, 2025 he highest net lateral
flow distributed in Amazonhighlighting its critical role in sustaining the ecosystem in its neighbouriioderately high
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flows are observedh the eastern United States, Central Africa, naréistern Eurasia, and the tropical islands. Amazon serves

as the worl dds | argest groundwater exporters.

In terms of magnitudegur results compammoreclosdy with those of{de Graaf and Stahl, 2022¢aching ove600 mm yr

in high flow regionsHowever, his is considerablyigher than the 100 mm yreported by(Krakauer et al., 2014while
much lower thartthe 1000 mm yr* maximum estimateth (MiguezMacho and Fan, 2025Jwo possible reasomsay explain

this discrepancy. Thigst is the scalelependence of lateral flow fluRrevious studies have shown that simulated groundwater
lateral flow flux tends to increase as the spatial resolution of a model becomé¢aKimer et al., 2025; Krakauer et al., 2014)
The results ofMiguezMacho and Fan, 2025¢stimated at a 1 km resolution, therefore represent asoade simulation that
naturally yields higher flow magnitudeSecond, theestimatedfiow flux isst rongly i nfl uenced by
settings, especially the hydraulic condcutivityhen relatively small hydraulic conductivity values are used, the flux
magnitude decreases significantly (Figure C10, left colurimvever even under the lowest hydraulic conductivity scenario,
the ratio of net lateral flow flux to groundwater recharge stilhbe high suggesting the lateral groundwater flow plays a
nonnegligiblerolein he grid cell 6s water budget.
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Figure 14. Global distribution of simulated net lateral groundwater flow (g derived from the coupled HORODFLOW model.
Overlaid on the map are major global cities categorized into \sasece (orange inverted triangles) and-n@terscarce (black upward

triangles) groupgMekonnen and Hoekstra, 2016) Posi ti ve values indicate net groundwat e

fii mporterso.
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The net lateral flow results highlight the important role of the compensating effects of groundwater flows in sustainiglg regio
water budget which should be considered but have long been downplay&iVils. In Figure14 and Figure % we also
overlaid several megacities in the world, classified as vam@mce and newaterscarce categoridsased on Mekonnen and
Hoekstra (2016). It is clearly observed that the groundwater lateral flow effect, whether it be importers or exporiers, is qu
considerable in some watiscarce cities, e.gBeijing, Houston, etc., with net groundwater flow higher than 100ymmFor

other norwaterscarce cities as Tokyo, Berlin, New York, etbe net groundwater flow is even higher, approaching 200 mm
yrt. The large amount of net groundwater fimwst be explicitly incorporated into current water resource management models
Neglecting fAexporterso effect wiaiyl eundegleesdti immag e it rhpo rctie
overestimate itHowever, we note thdhis analysis is only an exploratory illustration to show that our model has potential for
therepresentation of megacities@WNMs. The operationaity-scale groundwater lateral inflow/outfloaassessmentsquire

more robust analyses to addressrthe d espafiad resolution, thencertainties in aquifer hydraulic conductivity, riverbed

conductance, and other boundary conditions
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Figure 15. Same as Figurg4, butzoomed irfor differentregions
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4 Conclusions

This study haspresented a higtesolution global groundwater model H@ by incorporating various global
hydrogeological datasetSensitivity analyses have been conductedeveral key modglarameterén orderto produce the

best model performande simulating the steadstate groundwater level¥alidatedagainstapproximately 1.6 million irsitu
observatios, the results showhatthe modelvith optimal parameter settingerforms welat the global scalwith 'Y of 0.93.

The model performs particularlyell over plain areas whelarge cities andgxtensivehuman activitiesare locatedwith
groundwater head biasesthin  25m,butthe modekends toshowlarger biases over mountainous regigrsssibly due to

the uncertainty in aquifer propertiesaswellas d el 6 s | i mi tation in deal i Murresilts h st
demonstrate that the coupled HG81 modelling framework can effectively reproduce realistic spatial gradients of
groundwater headsjith deeper groundwater tables in mountainous areas from shallower groundwater in plains. Such a pattern
primarily results from the topographically driven groundwater flow dynamiagith aquifer and river hydrogeological
properties contribirig significantly to the local heterogeneity. Using the model, we identifydfimns that function as net
groundwater "importers" or "exporterat the global scale and show that &émmnual net groundwater lateral flow amount can

be quite considerad) in the magnitude nonnegligible to annual surface groundwater recharge. This highlights the important
role of the groundwater lateral flow in maintaining regional water budget and has to be considered in water resources models

particularly for megacities.

Several limitations should be notéd potential model users. Firgtur model only appliea single unconfined aquifer layer

and thus omits vertical head gradients, aquitard leakage, and coastal effects that are central to deep confifged. basins
Northern China Plain, Central Valley, et€ponsequently, the simulated groundwater head oveartaswith deep confined
aquifer systentan be underestimatetihis simpler model conceptualizatiomas choserdue tothe limited availability of
global confined aquifer hydrogeological parametansl the gidence that the shallow groundwater (mainly unconfined)
contributedargelyto sustairanthropogenic and ecological groundwater msgosegGao et al., 20185econdthe current
simulationis stiloneway (H08 Y MODFLOW) with no f-sudatdpmocesses As@ nesuly,r o u
the excessive groundwater is simply removed fromapaifersystem, rather than ensdo the surface water to strengthen
ther recharge to the aquifeHO8 evapotranspiration and allocation do not resportiécimulatedgroundwatetheads or
capillaryriseg riverwater levels not updated by modeled baseflavis could cause underestimation (deeper) okihmilated
groundwater head than it should be if the -tmay simulation were enableBurthermoretherestill exist uncertainties ithe
model 6s key hydr odempiredgdhe prdvioup sesearch ant de IGmaf et al. (200#)ich includes
approximately 1000 Monte Carlo sensitivity experimetits, limitedsensitivity analyses in our studyay be subject to the
degradd confidence of the selected optimal parameter settidgsvever,the fact that the simulated groundwater head
compare reasonably well to the-situ observations globallgonfirms the feasibility of our model, although more

comprehensive parameter tunéngre suggested thefuture.
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Our model contributes as one of the three major GHWHdsexplicitly considers groundwater lateral flatthe global scale
Additionally, the capability ofH08-GM to directly output groundwater levelsalculate lateral flow rateasndconnectrivers
and aquifes, provides a powerful tool tmvestigate thgroundwatedecline trend over theumping hotspatin the world to
identify river basins asnportersor exportersandto examinethe losing and gaining regimessifeamflow It will essentially
help improve the accuracy of the water resource availaleidtymated based ahe original HO8 model The steadystate
simulation resulin this paperhas demonstrated th)-year meamatural groundwater level distribution without human
disturbanceWe will show he temporal groundwater level variability atheé human water withdrawal effect over the past 40
years in afollowing paper which will help further advanceour understandingf the important role of groundwater in

supporting human water consumption, and the fundamental mechanismsthethinchargroundwater interactions

Appendix A: Algorithms to calculate river channel depth and river width

In the latest version of CaMaFlood, the river channel dépth ) is calculated based on the poview empirical equation,
as:

0 G Owo HozO "0 (A1)
Where,O =1.0is the prescribed minimum channel depth (unit’@); 0.1 andO 0.50 are the coefficient¥) 0.00

is the prescribed offset number for river channels; is the river discharge (unit:¥g?).

The river width {Y "'O®) is obtained based on both satellite observation and plawezstimation. The satellitgerived river
width is first read in as the baseline variab¥'Q@w ). The river width based on powkaw (Y "O®) is then calculated
separately, as:

YOon Gdaw fozd &) (A2)
Where,® 5.0 is the prescribed minimum river channel width (unit:dn), 2.50 andb  0.60 are the coefficients,

andew T8t Tis the prescribed offset numbeér; s the river discharge (unit: ¥s).

Afterwards,Y "Ow is used to constrain the underestimatioi¥d®w for small rivers and overestimation for large rivers,

as:
- i Ay 0w AYOw h'QBOW U Tt
"'Y'00 z T@h QRVO® YOOz
Y "0a . - s o A3
@ Y Ow 2 u8th QVOw Y Ow z vt (A3)
ir prnmn "QYO0w PTTTT
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Appendix C: Supplementary figures
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Figure C1. Global distribution of lithology category. The 16 lithology categories are PY (Pycroclastics), VB (Basic Volcanic Rocks), PA
(Acid Plutonic Rocks), MT (Metamorphic Rocks), SU (Unconsolidated Sediments), SS (Siliciclastic Sedimentary Rocks), N@2)(No Da

660 PB (Basic Plutonic Rocks), SM (Mixed Sedimentary Rocks), WB (Water Bodies), VI (Intermediate Volcanic Rocks), SC (Carbonate
Sedimentary Rocks), VA (Acid Vocanic Rocks), EV (Evaporites), PI (Intermediate Plutonic Rocks), IG (Ice and Glaciers).
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Figure C10 Net lateral flow flux (left column) and ratio of net lateral flow flux to annual groundwater recharge (right column)
under different hydraulic conductivity scenarios. KO, K1, and K2 indicates the original hydraulic conductivity, hydraulic

700 conductivity adjisted by one standard deviation, and hydraulic conductivity adjusted by two standard deviations, respectively.
Note the colorbar range in the left column is different.

39



Code and Data Availability

HO8-GM v1.0 is open source amlistributed under the terms Gfeative Commons Attribution 4.0 Internatiohédense The
705 development model tootnd all data inputf HO8-GM are available in Zenodorepository(doi: 10.5281/zenodo.15709184
The development and maintenanceHif8-GM are conducted at the DepartmentGi¥il Engineering The University of

Tokyo. We welcome researchers fraternalinstitutesto contribute.

He, Q., Hanasaki, N., Matsumura, A., Sutanudjaja, E., & Oki, T. (2025). Release 6bMi3d.0) code (steadgtate).
710 Zenodo. https://doi.org/10.5281/zenodo.15709184

Supplement

All supplementary materials can be found in Appendix attached in this manuscript.

Author Contributions

QH and NH conceptualized this work. QH performed methodology, implementation for all workflowsopessing of
715 hydrogeological data, the simulation of MODFLOW 6, and analyses of the simulation results. AM prepared the global HO8
model output. EHS helped witpbreparation of the aquifer thickness data and several technical issues of MODFLOW

simulation.NH andTO supervised this research. QH prepared the manuscript, with contributions from all authors.

Competing Interests.

720 The contact author has declared that none of the authoasyhasmpeting interests.

Disclaimer.

Acknowledgments

725 We thank Prof. Ying Fan for providing the global steathte groundwater head observation data. QH appreciates valuable
discussions with Prof. dir. Marc F. P. Bierkendr. ir. Inge de Graaf, Dr. Sida Liu, and other group members dthagay
in Utrecht University as well as the discussions with Prof. Reed Maxwetf. Chunmiao Zhengnd other scientists during
the GEWEX groundwater workshop

730

40



735

740

745

750

755

760

Financial Support.

This work was partially supported by Japan Society foPttmenotion of Science (KAKENHI; 21H05002) and the
Environment Research and Technology Development Fund (JPMEERF23S21120) of the Environmental Restoration and
Conservation Agency, Ministry of the Environment of Jap@il appreciates financial suppdrom JSPS International
Research Fellow progra(tD No. 24096)

Review Statement

References

Adler, R. F., Huffman, G. J., Chang, A., Ferraro, R., XieR P Janowiak, JRudolf, B., Schneider, U., Curtis, S., Bolvin, D.,
Gruber, A., Susskind, J., Arkin, P., and Nelkin, E.: The Vergi@lobal Precipitation Climatology Project (GPCP) Monthly
Precipitation ~ Analysis  (197%resent), J.  Hydrometeor, 4, 114167, https://doixw/10.1175/1525
7541(2003)004<1147:TVGPCP>2.0.CO;2, 2003.

Akhter, T., Pokhrel, Y., Felfelani, F., Ducharne, A., Lo, M., and Reinecke, R.: Implications of Lateral Groundwater Flow
Across Varying Spatial Resolutions in Global Land Surface Modeling, Water Resources Research, 61, e2024WR038523
https://doi.org/10.1029/2024WR038523, 2025.

Bakker, M., Post, V., Langevin, C. D., Hughes, J. D., White, J. T., Starn, J. J., and Fienen, M. N.: $¢@@FgOW Model
Development Using Python afdoPy, Groundwater, 54, 73339, https://doi.org/10.1111/gwat.12413, 2016.

van Beek, L. P. H., Wada, Y., and Bierkens, M. F. P.: Global monthly water stress: 1. Water balance and water availability:
GLOBAL MONTHLY WATER STRESS, 1, Water Resour. Res., 47, https://doi.org/10.1029/2010WR009791, 2011.

Bierkens, M. F. P. and Van Den Hurk, B. J. J. M.: Groundwater convergence as a possible mechanismyfearmulti
persistence in rainfall, Geophys. Res. Lett., 34, L02402, https://doi.org/10.1029/2006GL028396, 2007.

Braune, E. and Xu, Y. : The Rol e of Ground W2a38,e r i
https://doi.org/10.1111/j.1746584.2009.00557.x, 2010.

Burek, P., Satoh, Y., Kahil, T., Tang, T., Greve, P., Smilovic, M., Guillaumot, L., Zhao, F., and Wada, Y.: Development of
the Community Water Model (CWatM v1.08)a highresolution hydrological model for global and regional assessment of
integrated wateresources management, Geosci. Model Dev., 13,i329B, https://doi.org/10.5194/griB-3267-2020,

2020.

Calow, R. C., MacDonald, A. M., Nicol, A. L., and Robins, N. S.: Ground Water Security and Drought in Africa: Linking
Availability, Access, and Demand, Groundwater, 48,1286, https://doi.org/10.1111/j.174584.2009.00558.%, 2010.

Cao, G., Zheng, C., Scanlon, B. R., Liu, J., and Li, W.: Use of flow modeling to assess sustainability of groundwates resourc
in the North China Plain, Water Resources Research, 491759https://doi.org/10.1029/2012WR011899, 2013.

41



765

770

775

780

785

790

795

800

Condon, L. E. and Maxwell, R. M.: Simulating the sensitivity of evapotranspiration and streamflow-tecialeygroundwater
depletion, Sci. Adv., 5, eaav4574, https://doi.org/10.1126/sciadv.aav4574, 2019.

Condon, L. E., Kollet, S., Bierkens, M. F. P., Fogg, G. E., Maxwell, R. M., Hill, M. C., Fransen, H. H., Verhoef, A., Vian Loo
A. F., Sulis, M., and Abesser, C.: Global Groundwater Modeling and Monitoring: Opportunities and Challenges, Water
Resources Resirch, 57, https://doi.org/10.1029/2020WR029500, 2021.

Cucchi, M., Weedon, G. P., Amici, A., Bellouin, N., Lange, S., Miller Schmied, H., Hersbach, H., and Buontempo, C.:
WFDES5: biasadjusted ERAS5 reanalysis data for impact studies, Earth Syst. Sci. Data, 12j220®7
https://doi.org/10.5194/esskP-2097%2020, 2020.

Dai, Y., Zeng, X., Dickinson, R. E., Baker, I., Bonan, G. B., Bosilovich, M. G., Denning, A. S., Dirmeyer, P. A., Houser, P.
R., Niu, G., Oleson, K. W., Schlosser, C. A., and YanglL..ZThe Common Land Model, Bulletin of the American
Meteorological Socigy, 84, 101831024, https://doi.org/10.1175/BAM&4-8-1013, 2003.

Dall, P., Kaspar, F., and Lehner, B.: A global hydrological model for deriving water availability indicators: model tahing an
validation, Journal of Hydrology, 270, 1i0B34, https://doi.org/10.1016/S002$94(02)002831, 2003.

Fan, Y., Li, H., and MigueMacho, G.: Global Patterns of Groundwater Table Depth, Science, 33994340
https://doi.org/10.1126/science.1229881, 2013.

Gao, X., Huo, Z., Xu, X., Qu, Z., Huang, G., Tang, P., and Bai, Y.: Shallow groundwater plays an important role in enhancing
irrigation water productivity in an arid area: The perspective from a regional agricultural hydrology simulation, Agricultura
Water Management, 208, 48, https://doi.org/10.1016/j.agwat.2018.06.009, 2018.

Gee, G. W. and Hillel, D.: Groundwater recharge in arid regions: Review and critique of estimation methods, Hydrological
Processes, 2, 26366, https://doi.org/10.1002/hyp.3360020306, 1988.

Gleeson, T., Smith, L., Moosdorf, N., Hartmann, J., Durr, H. H., Manning, A. H., Van BeekHL,. &d Jellinek, A. M.:
Mapping permeability over the surface of the Earth: MAPPING GLOBAL PERMEABILITY, Geophys. Res. Lett.,-38, n/a
n/a, https://doi.org/10.1029/2010GL045565, 2011.

Gleeson, T., Wada, Y., Bierkens, M. F. P., and Van Beek, L. P. H.: Water balance of global aquifers revealed by groundwate
footprint, Nature, 488, 19200, https://doi.org/10.1038/nature11295, 2012.

Gl eeson, T. , Moosdor f, N. , Hart mann, J. and Van Beek,
MaPS (GLHYMPS) of permeability and porosity, Geophys. Res. Lett., 41, 13898,
https://doi.org/10.1002/2014GL059856, 2014.

Gleeson, T., Wagener, T., Déll, P., Zipper, S. C., West, C., Wada, Y., Taylor, R., Scanlon, B., Rosolem, R., Rahman, S.,
Oshinlaja, N., Maxwell, R., Lo, MH., Kim, H., Hill, M., Hartmann, A., Fogg, G., Famiglietti, J. S., Ducharne, A., de Graaf,

l., Cuthkert, M., Condon, L., Bresciani, E., and Bierkens, M. F. P.: GMD perspective: The quest to improve the evaluation of
groundwater representation in continentalo globalscale models, Geosci. Model Dev., 14, 75/%71,
https://doi.org/10.5194/gmtl4- 75452021, 2021.

Gnann, S., Reinecke, R., Stein, L., Wada, Y., Thiery, W., Miller Schmied, H., Satoh, Y., Pokhrel, Y., Ostberg, S., Koutroulis
A., Hanasaki, N., Grillakis, M., Gosling, S. N., Burek, P., Bierkens, M. F. P., and Wagener, T.: Functional relationslips rev
differences in the water cycle representation of global water models, Nat Water, 11,09, $ttps://doi.org/10.1038/s44221
02300160y, 2023.

42



805

810

815

820

825

830

835

de Graaf, I. E. M. and Stahl, K.: A model comparison assessing the importance of lateral groundwater flows at theegylobal scal
Environ. Res. Lett., 17, 044020, https://doi.org/10.1088/493W5/ac50d2, 2022.

de Graaf, I. E. M., Sutanudjaja, E. H., van Beek, L. P. H., and Bierkens, M. F. P.:-febajtition globakcale groundwater
model, Hydrol. Earth Syst. Sci., 19, 8837, https://doi.org/10.5194/he$8-8232015, 2015.

de Graaf, I. E. M., van Beek, R. L. P. H., Gleeson, T., Moosdorf, N., Schmitz, O., Sutanudjaja, E. H., and Bierkens, M. F. P.
A globatscale twelayer transient groundwater model: Development and application to groundwater depletion, Advances in
Water Resources, 102,155, https://doi.org/10.1016/j.advwatres.2017.01.011, 2017.

Gruber, S.: Derivation and analysis of a higlolution estimate of global permafrost zonation, The Cryosphere, @321
https://doi.org/10.5194/t6-221-2012, 2012.

Guillaumot, L., Smilovic, M., Burek, P., de Bruijn, J., Greve, P., Kahil, T., and Wada, Y.: Coupling-astalgéydrological
model (CWatM v1.1) with a highesolution groundwater flow model (MODFLOW 6) to assess the impact of irrigation at
regional scale, Geosci. Model Dev., 15, 70BER0, https://doi.org/10.5194/gridb-70992022, 2022.

Hanasaki, N., Kanae, S., Oki, T., Masuda, K., Motoya, K., Shirakawa, N., Shen, Y., and Tanaka, K.: An integrated model for
the assessment of global water resouicPart 1: Model description and input meteorological forcing, Hydrol. Earth Syst.
Sci., 12,1007 1025, https://doi.org/10.5194/he$2-1007%2008, 2008a.

Hanasaki, N., Kanae, S., Oki, T., Masuda, K., Motoya, K., Shirakawa, N., Shen, Y., and Tanaka, K.: An integrated model for
the assessment of global water resouic®art 2: Applications and assessments, Hydrol. Earth Syst. Sci., 12,10327
https://doiorg/10.5194/hes$2-1027-2008, 2008b.

Hanasaki, N., Yoshikawa, S., Pokhrel, Y., and Kanae, S.: A global hydrological simulation to specify the sources of water
used by humans, Hydrol. Earth Syst. Sci., 22 889, https://doi.org/10.5194/heg8-789-2018, 2018.

Harbaugh, A. W.: MODFLOW2005, the U.S. Geological Survey modular growater model- the GrouneWater Flow
Process, U.S. Geological Survey, 2005.

Harbaugh, A. W., Banta, E. R., Hill, M. C., and McDonald, M. G.: MODFLQU00, The U.S. Geological Survey Modular
GroundWater Model: User Guide to Modularization Concepts and the Grdietgr Flow Process, U.S. Geological Survey,
2000.

Hartmann, J. and Moosdorf, N.: The new global lithological map database GLiM: A representation of rock properties at the
Earth surface: TECHNICAL BRIEF, Geochem. Geophys. Geosyst., 13, https://doi.org/10.1029/2012GC004370, 2012.

Hersbach, H., Bell, B., Berrisford, P., Hirahar a,perS,. , H
D., Simmons, A., Soci, C., Abdalla, S., Abellan, X., Balsamo, G., Bechtold, P., Biavati, G., Bidlot, J., Bonavita, M,, Chiara
G., Dahlgren, P., Dee, D., Diamantakis, M., Dragani, R., Flemming, J., Forbes, R., Fuentes, M., Geer, A., Haimberger, L.,
Healy, S., Hogan, R. J., H6Im, E., Janiskova, M., Keeley, S., Laloyaux, P., Lopez, P., Lupu, C., Radnoti, G., Rosnay, P.,
Rozum, I., Vamborg, F., Villaume, S., and Thépaut, J.: The ERA5 global reanalysis, Q.J.R. Meteorol. Soc., 12649999
https://doiorg/10.1002/qj.3803, 2020.

Huggins, X., Gleeson, T., Serrano, D., Zipper, S., Jehn, F., Rohde, M. M., Abell, R., Vigerstol, K., and Hartmann, A.:

Overlooked rlsks and opportunltles i n groundwaﬂ%atshed
https://doi.org/10.1038/s4189®3010869, 2023.

43



840

845

850

855

860

865

870

Huscroft, J., Gleeson, T., Hartmann, J., and Borker, J.: Compiling and Mapping Global Permeability of the Unconsolidated
and Consolidated Earth: GLobal HYdrogeology MaPS 2.0 (GLHYMPS 2.0), Geophysical Research Letters,i48902897
https://doi.org/10.108/2017GL075860, 2018.

IGRAC: International Groundwater Resources Assessment Centre (IGRAC) database., 2004.

Jasechko, S., Seybold, H., Perrone, D., Fan, Y., and Kirchner, J. W.: Widespread potential loss of streamflow into underlying
aquifers across the USA, Nature, 591,i385, https://doi.org/10.1038/s4158@1-0331%x, 2021.

Keune, J., Gasper, F., Goergen, K., Hense, A., Shrestha, P., Sulis, M., and Kollet, S.: Studying the influence of groundwate
representations on | and surface atmosphere feedbacks d
https://doi.orgl0.1002/2016JD025426, 2016.

Koiral a, S., Yeh, P. J. F.., Hi rabayashi, Y., Kanae, S.
representation of water table dynamics, JGR Atmospheres, 1i188, #&tps://doi.org/10.1002/2013JD020398, 2014.

Kollet, S. J. and Maxwell, R. M.: Capturing the influence of groundwater dynamics on land surface processes using an
integrated, distributed watershed model: INFLUENCE OF GROUNDWATER DYNAMICS ON LAND, Water Resour. Res.,
44, https://doi.org/10.1029/2007WB&004, 2008.

Krakauer, N. Y., Li, H., and Fan, Y.: Groundwater flow across spatial scales: importance for climate modeling, Environ. Res.
Lett., 9, 034003, https://doi.org/10.1088/172®6/9/3/034003, 2014.

Kuang, X., Liu, J., Scanlon, B. R., Jiao, J. J., Jasechko, S., Lancia, M., Biskaborn, B. K., Wada, Y., Li, H., ZengZZ., Guo,
Yao, Y., Gleeson, T., Nicot,-P., Luo, X., Zou, Y., and Zheng, C.: The changing nature of groundwater in the global water
cycle, Science, 383, eadf0630, https://doi.org/10.1126/science.adf0630, 2024.

Lange, S., Menz, C., Gleixner, S., Cucchi, M., Weedon, G. P., Amici, A., Bellouin, N., Miller Schmied, H., Hersbach, H.,
Buontempo, C., and Cagnazzo, C.. WFDE5 over land merged with ERA5 over the ocean (W5E5 v2.0) (2.0),
https://doi.org/10.48364/ISIMIP.3227, 2021.

Langevin, C., Hughes, J. D., Banta, E. R., Niswonger, R., Panday, S., and Provost, A.: Documentation for the MODFLOW 6
Groundwater Flow Model, 2017.

Lehner, B., Verdin, K., and Jarvis, A.: New Global Hydrography Derived From Spaceborne Elevation Data, EoS Transactions,
89, 93 94, https://doi.org/10.1029/2008E0100001, 2008.

Margat, J. and Gun, J. V. D.: Groundwater around the World, 0 ed., CRC Press, https://doi.org/10.1201/b13977, 2013.

Maxwell, R. M. and Miller, N. L.: Development of a Coupled Land Surface and Groundwater Mumighal of
Hydrometeorology, 6, 23247, https://doi.org/10.1175/JHM422.1, 2005.

Maxwell, R. M., Chow, F. K., and Kollet, S. J.: The groundwidterd-surfacé atmosphere connection: Soil moisture effects
on the atmospheric boundary layer in fuligupled simulations, Advances in Water Resources, 30, 124468,
https://doi.org/10.10164dvwatres.2007.05.018, 2007.

Maxwell, R. M., Condon, L. E., and Kollet, S. J.: A hig#solution simulation of groundwater and surface water over most of

the continental US with the integrated hydrologic model ParFlow v3, Geosci. Model Dev., 893823
https://doi.org/10.5194/gm8-9232015, 2015.

44



875

880

885

890

895

900

905

McDonald, M. G. and Harbaugh, A. W.: A modular thdimensional finitedifference groundvater flow model,
https://doi.org/10.3133/twri06A1, 1988.

Medici, G., Munn, J. D., and Parker, B. L.: Delineating aquitard characteristics within a Silurian dolostone aquifeglusing hi
density hydraulic head and fracture datasets, Hydrogeol J, 32,1783813 https://doi.org/10.1007/s1000804-028249, 2024.

Mekonnen, M. M. and Hoekstra, A. Y.: Four billion people facing severe water scarcity, Sci. Adv., 2, 1500323,
https://doi.org/10.1126/sciadv.1500323, 2016.

MiguezMacho, G. and Fan, Y.: A global humidity index with lateral hydrologic flows, Nature, 644;44%3
https://doi.org/10.1038/s4158®5-093593, 2025.

Mu, M., Pitman, A. J., De Kauwe, M. G., Ukkola, A. M., and Ge, J.: How do groundwater dynamics influence heatwaves in
southeast Australia?, Weather and Climate Extremes, 37, 100479, https://doi.org/10.1016/j.wace.2022.100479, 2022.

Mukate, S. V., Panaskar, D. B., Wagh, V. M., and Baker, S. J.: Understanding the influence of industrial and agriadltural lan
uses on groundwater quality in semiarid region of Solapur, India, Environ Dev Sustain, 22,3Z88)7
https://doi.org/10.1007/s668019-003423, 2020.

Mdller Schmied, H., Céaceres, D., Eisner, S., Florke, M., Herbert, C., Niemann, C., Peiris, T. A., Popat, E., Portmann, F. T.,
Reinecke, R., Schumacher, M., Shadkam, S., Teltek, ,O.rautmann, T., and Déll, P.: The global water resources and use
model WaterGAP v2.2d: model description and evaluation, Geosci. Model Dev., 1410087https://doi.org/10.5194/gmd
14-1037%2021, D21.

Oki, T. and Sud, Y. C.: Design of Total Runoff Integrating Pathways (TRMPGlobal River Channel Network, Earth
Interact., 2, 137, https://doi.org/10.1175/10&8562(1998)002<0001:DOTRIP>2.3.CO;2, 1998.

Otoo, N. G., Sutanudjaja, E. H., Van Vliet, M. T. H., Schipper, A. M., and Bierkens, M. F. P.: Mapping grourthpaisient
ecosystems wusing a highsolution global groundwater model, Hydrol. Earth Syst. Sci., 29, 2185,
https://doi.org/10.5194/hes28-21532025, 2025.

Pianosi, F., Beven, K., Freer, J., Hall, J. W., Rougier, J., Stephenson, D. B., and Wagener, T.: Sensitivity analysis of
environmental models: A systematic review with practical workflow, Environmental Modelling & Software, 123214
https://doi.org/10.1016/j.envsoft.2016.02.008, 2016.

Reinecke, R., Foglia, L., Mehl, S., Trautmann, T., Caceres, D., and Ddll, P.: Challenges in developing a globabgsadient
groundwater model (&M v1.0) for the integration into a global hydrological model, Geosci. Model Dev., 12] 2408,
https://doi.org/10.5194/gmii2-2401-2019, 2019a.

Reinecke, R., Foglia, L., Mehl, S., Herman, J. D., Wachholz, A., Trautmann, T., and Ddll, P.: Spatially distributedysensitivi
of simulated global groundwater heads and flows to hydraulic conductivity, groundwater recharge, and surface water body
parameterization, Hydrol. Earth Syst. Sci., 23, 43GB2, https://doi.org/10.5194/he88-4561-2019, 2019b.

Reinecke, R., Miller Schmied, H., Trautmann, T., Andersen, L. S., Burek, P., Floérke, M., Gosling, S. N., Grillakis, M.,
Hanasaki, N., Koutroulis, A., Pokhrel, Y., Thiery, W., Wada, Y., Yusuke, S., and Ddll, P.: Uncertainty of simulated
groundwater recharga different global warming levels: a globsdale multimodel ensemble study, Hydrol. Earth Syst. Sci.,

25, 787810, https://doi.org/10.5194/he85-787-2021, 2021.

45



910

915

920

925

930

935

940

945

Reinecke, R., Gnann, S., Stein, L., Bierkens, M., De Graaf, ., Gleeson, T., Essink, G. O., Sutanudjaja, E. H., Ruz,Vargas, C
Verkaik, J., and Wagener, T.: Uncertainty in model estimates of global groundwater depth, Environ. Res. Lett., 19, 114066,
https//doi.org/10.1088/1748326/ad8587, 2024.

Reinecke, R., Stein, L., Gnann, S., Andersson, J. C. M., Arheimer, B., Bierkens, M., Bonetti, S., Glntner, A., Kollet, S.,
Mishra, S., Moosdorf, N., Nazari, S., Pokhrel, Y., Prudhomme, C., Schewe, J., Shen, C., and Wagener, T.: Uncertainties as
Guide for Global Water Model Advancement, WIREs Water, 12, e70025, https://doi.org/10.1002/wat2.70025, 2025.

Rodell, M., Beaudoing, H. K., and NASA/GSFC/HSL: GLDAS Noah Land Surface Model L4 3 hourly 0.25 x 0.25 degree
Subsetted, Version 1, https://doi.org/10.5067/FAKOLPJZHKOT, 2007.

Rohde, M. M., Stella, J. C., Singer, M. B., Roberts, D. A., Caylor, K. K., and Albano, C. M.: Establishing ecologicdthresho
and targets for groundwater management, Nat Water, 23332https://doi.org/10.1038/s442224-00221w, 2024a.

Rohde, M. M., Albano, C. M., Huggins, X., Klausmeyer, K. R., Morton, C., Sharman, A., Zaveri, E., Saito, L., Freed, Z.,
Howard, J. K., Job, N., Richter, H., Toderich, K., RodellaSA.Gleeson, T., Huntington, J., Chandanpurkar, H. A., Purdy,
A. J., Famjlietti, J. S., Singer, M. B., Roberts, D. A., Caylor, K., and Stella, J. C.: Groundgegiendent ecosystem map
exposes global dryland protection needs, Nature, 63210071 https://doi.org/10.1038/s4158@4-077028, 2024b.

Sacc, , M. , Ma mmo | a, S., Al termatt, F., Alther, R. , Bol g
Griebler, C., Guareschi, S., Hose, G. C., Korbel, K., Lictevout, E., Malard, F., Martinez, A., Niemiller, M. L., Robertson, A
Tam | go, K. c., Bi chuette, M. E. , Bor ko, G. , Brad, T. , C

Di Lorenzo, T., Galassi, D. M. P., Guzik, M. T., Hartland, A., Humphreys, W. F., Ferreira, R. L., Lunghi, E., Nizzoli, D.,
Perina, G Raghavan, R., Richards, Z., Reboleira, A. S. P. S., Rohde, M. M., Fernandez, D. S., Schmidt, S. I., Van Der Heyde
M., Weaver, L., White, N. E., Zagmajster, M., Hogg, |., Ruhi, A., Gagnon, M. M., Allentoft, M. E., and Reinecke, R.:
Groundwater is a hidden global keystone ecosystem, Global Change Biology, 30, €17066, https://doi.org/10.1111/gcb.1706€
2024,

Scanlon, B. R., Faunt, C. C., Longuevergne, L., Reedy, R. C., Alley, W. M., McGuire, V. L., and McMahon, P. B.:
Groundwater depletion and sustainability of irrigation in the US High Plains and Central Valley, Proc. Natl. Acad. S¢i. U.S.A
109, 93209325, https://doi.org/10.1073/pnas.1200311109, 2012.

Scanlon, B. R., Fakhreddine, S., Rateb, A., De Graaf, I., Famiglietti, J., Gleeson, T., Grafton, R. Q., Jobbagy, ES.Kebede,
Kolusu, S. R., Konikow, L. F., Long, D., Mekonnen, M., Schmied, H. M., Mukherjee, A., MacDonald, A., Reedy, R. C.,
Shamsudduhayl., Simmons, C. T., Sun, A., Taylor, R. G., Villholth, K. G., Vérdsmarty, C. J., and Zheng, C.: Global water
resources and the role of groundwater in a resilient water future, Nat Rev Earth Environ,i1)1,87
https://doi.org/10.1038/s43040022-003786, 2023.

Schaller, M. F. and Fan, Y.: River basins as groundwater exporters and importers: Implications for water cycle and climate
modeling, J. Geophys. Res., 114, D04103, https://doi.org/10.1029/2008JD010636, 2009.

Siebert, S., Kummu, M., Porkka, M., Doll, P., Ramankutty, N., and Scanlon, B. R.: A global data set of the extent d@f irrigate
land from 1900 to 2005, Hydrol. Earth Syst. Sci., 19, 18845, https://doi.org/10.5194/he$8-1521-2015, 2015.

Sutanudjaja, E. H., Van Beek, L. P. H., De Jong, S. M., Van Geer, F. C., and Bierkens, M. F. Pscalergeoundwater
modeling using global datasets: a test case for the RMénumse basin, Hydrol. Earth Syst. Sci.,, 15, 2285,
https://doi.org/10.519hess15-29132011, 2011.

Sutanudjaja, E. H., Van Beek, R., Wanders, N., Wada, Y., Bosmans, J. H. C., Drost, N., Van Der Ent, R. J., De Graaf, I. E.
M., Hoch, J. M., De Jong, K., Karssenberg, D., Lopez Lopez, P., PelRenteiner, S., Schmitz, O., Straatsma, M. W., Vannamete

46



950

955

960

965

970

975

E., Wisser, D., and Bierkens, M. F. P.: RGROBWB 2: a 5 arcmin global hydrological and water resources model, Geosci.
Model Dev., 11, 2422453, https://doi.org/10.5194/grid-24292018, 2018.

Verkaik, J., Sutanudjaja, E. H., Oude Essink, G. H. P., Lin, H. X., and Bierkens, M. F. P.: GLOBGM v1.0: a parallel
implementation of a 30 arcsec P@ROBWB-MODFLOW globalscale groundwater model, Geosci. Model Dev., 17§ 275
300, https://doi.org/10.5194/grk¥-275-2024, 2024.

Wada, Y., van Beek, L. P. H., van Kempen, C. M., Reckman, J. W. T. M., Vasak, S., and Bierkens, M. F. P.: Global depletion
of groundwater resources: GLOBAL GROUNDWATER DEPLETION, Geophys. Res. Lett, 37n/aj/a
https://doi.org/10.1029/2010GL044571, 2010.

Wada, Y., Wisser, D., and Bierkens, M. F. P.: Global modeling of withdrawal, allocation and consumptive use of surface water
and groundwater resources, Earth Syst. Dynam.,i%Q Https://doi.org/10.5194/e4d15-2014, 2014.

Wagener, T., Reinecke, R., and Pianosi, F.: On the evaluation of climate change impact models, WIREs Climate Change, 1
e772, https://doi.org/10.1002/wcc.772, 2022.

Watanabe, K. and Flury, M.: Capillary bundle model of hydraulic conductivity for frozen soil, Water Resources Research, 44,
2008WR007012, https://doi.org/10.1029/2008WR007012, 2008.

Watanabe, K. and Osada, Y.: Comparison of Hydraulic Conductivity in Frozen Saturated and Unfrozen Unsaturated Soils,
Vadose Zone Journal, 15,7, https://doi.org/10.2136/vzj2015.11.0154, 2016.

Weedon, G. P., Balsamo, G., Bellouin, N., Gomes, S., Best, M. J., and Viterbo, P.: The WFDEI meteorological forcing data
set: WATCH Forcing Data methodology applied to ERALInNte
https://doi.org/101002/2014WR015638, 2014.

Yamazaki, D., Oki, T., and Kanae, S.: Deriving a global river network map and itgrisuiopographic characteristics from
a fineresolution flow direction map, Hydrol. Earth Syst. Sci., 13, 22251, https://doi.org/10.5194/he$3-2241-2009,
2009.

Yamazaki, D., Kanae, S., Kim, H., and Oki, T.: A physically based description of floodplain inundation dynamics in a global
river routing model, Water Resources Research, 47, 2010WR009726, https://doi.org/10.1029/2010WR009726, 2011.

Yamazaki, D., O6éLoughlin, F., Trigg, M. A., Miller, Z. I
Database for Large Rivers, Water Resources Research, 5033867 https://doi.org/10.1002/2013WR014664, 2014.

Yang, W., Long, D., Scanlon, B. R., Burek, P., Zhang, C., Han, Z., Butler, J. J., Pan, Y., Lei, X., and Wada, Y.: Human

Intervention Will Stabilize Groundwater Storage Across the North China Plain, Water Resources Research, 58,
€2021WR030884, https://doigi10.1029/2021WR030884, 2022.

47



	1 Introduction
	2  Data and Methods
	2.1 General Description: The Coupling Framework
	2.2 Surface Water Model H08
	2.3 Groundwater Model MODFLOW
	2.3.1 Aquifer Properties
	2.3.2 River Channel Properties (position, level, bottom elevation, riverbed drainage conductivity)
	2.3.3 Other Boundary Conditions (constant head, topography, drainage)

	2.4 Local One-At-A-Time (OAT) Sensitivity Tests
	2.5 Validation

	3 Results and Discussion
	3.1 Validation of Simulated Groundwater Head And the Sensitivity to Hydrogeological Parameters
	3.2 Validation of Simulated WTD And the Sensitivity to Hydrogeological Parameters
	3.3 Global Steady-state Groundwater WTD Maps
	3.4 Mechanisms Controlling Groundwater Distribution and Flow Dynamics
	3.5 Global Net Groundwater Lateral Flows Estimated from H08-GM

	As one motivation for developing the H08-GM model is to evaluate the compensating effect of groundwater lateral flow on urban water availability, in Figure 14 we also show the 41-year mean steady-state annual net lateral flow flux map. The net lateral...
	In terms of magnitude, our results compare more closely with those of (de Graaf and Stahl, 2022), reaching over 600 mm yr-1 in high flow regions. However, this is considerably higher than the 100 mm yr-1 reported by (Krakauer et al., 2014), while much...
	4 Conclusions
	Appendix A: Algorithms to calculate river channel depth and river width
	Appendix C: Supplementary figures
	Code and Data Availability
	Supplement.
	Author Contributions
	Acknowledgments
	References

