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Development of Inter-Grid Cell Lateral Unsaturated and Saturated
Flow Model in the E3SM Land Model (v2.0)

Han Qiu', Gautam Bisht', Lingcheng Li', Dalei Hao', and Donghui Xu!
("Atmospherig Sciences and Global Change Division, Pacific Northwest National (Zaboratory; Richland; WA USA)
(Correspondence: kHan Qiu (han.qiu@pnnl.gov)

Abstract. The lateral transport of water in the subsurface is important in modulating the terrestrial water-energy distribution.
Although few land surface models have recently included lateral saturated flow within and across grid cells, it is not a default

configurationyimiEIClimateVodel ItercompansonPOJECHVESIONI® cxperiments. In this work, we developed the lateral |
subsurface flow model Within both unsaturated and saturated zones in the Energy Exascale Earth System Model (E3SM) Land

(Modelversioni2(EEMV2:0) S ThemewimodelyicallediEEMER was benchmarked against PELOTRAN, a 3D subsurface flow |
and transport model, for three idealized hillslopes that included a convergent hillslope, divergent hillslope, and titled V-shape
hillslope with variably saturated initial conditions. ELM;,; showed comparable performance @gaint PFLOTRAN in terms of
(capturing the dynamics of soil moisture and groundwater table for the three benchmark hillslope problems. (Specifically;ithe
mean absolute errors (MAE) of the soil moisture in the top tem layers between EEMj;3'and PEEOTRAN were within 1% =£3%
and the MAE of water table depth were within 02 ]I Next; EEM;;; wasapplied to the LittleWashita'experimental wa-

ftershed to assess its prediction of groundwater table, soil moisture, and soil temperature. The spatial pattern of simulated
groundwater table depth agreed well with the global groundwater table benchmark dataset generated from a global model cali-
brated with long term observations. The effects of lateral groundwater flow on the energy flux partitioning were more prominent

in low land areas with shallower groundwater tables, Where the difference of simulated annual surface soil temperature could

reach (30 [°Clbetween EEMy2I0/and EEM g Incorporating lateral subsurface flow in ELM improves the representation

of the subsurface hydrology which will provide a good basis for future large-scale applications.

@ Introduction

(Groundwater WhichiStores =1307610 M thenworld’sifiéshwatery plays an important role in the global hydrologic cycle and is a
(crifical water resource for the environment and human systems. As the bottom boundary; groundwater moderates soil moisture

20, that is extracted by vegetation roots while is recharged by water percolation and acts as an important buffer in the water

cyele (Maxwell et al.. 2007: Fan et al . 2007: Miguez-Macho et al.. 2007; Fan, 2015). Groundwater also interacts with rivers by
supporting the base flow or receiving the percolated water from rivers and feeds the gfoundwater=dependent wetlands (De Graaf

et al., 2014; de Graaf et al., 2017; Condon and Maxwell, 2019; Qiu ct al., 2019, 2020). Groundwater is a major freshwater

425

resource for drinking and {ffigation)and has been used for various industrial purposes (D6ll et al., 20125 Wadaetaly20 1) With
the surging growth of population and water demand, overexploitation of groundwater resources has been witnessed Wotldwide
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(OWadg et jal., 20103 2012; Gleeson et al., 2012; Pokhitel et al., 2015)5which has unsustainably impacted the long=tefm water
supplies and impaired the health of many ecosystems (Wada €falii20125GIeeson et al., 2012)1

Improving the representations of groundwater flow in Land Surface Models (LSMs), which serve as the land component of
Earth System Models (ESMS); could li€lp address jmportant scientific questions (Clark et @512015) 7 Groundwater movement
in the critical zone, usually defined as the shallow groundwater (between (I=5/[m])y S importantiinmodulating the terrestrial
water-energy distribution and land-atmosphere interactions (Kollet and Maxwell, 20085 Condon and Maxwell; 2019; Fan;
(2015)3Eong=term) groundwater movement and storage variations are found highly influential in predicting the long-term yater

and energy partitions across different scales (Wang, 20125 Fang et'al: 20165 Zhang etal:;) 2022): Alltheserfactorsidetermine
the important role that groundwater (plays)in regulating the eco-hydrological processes, especially in the (@foundwater=supplied

(ECOSYSIEMmSICHE ct al.. 0IMIgHEZEVIACHS) and EATN2012 Subin ct al., 2014VEEHES and FUREI2017:FANG ot al., 2022))
(MGreover) the role of groundwater in regulating the water and energy balances at the land/atmosphere interface and how
its feedback to climate change would affect ecosystem functioning at various §patial and temporal scales remain partly GRder=

Stood (Klgveetaly 20145 Clarketaly2015)) Lateral groundwater flow represents a critical process in representing groundwater |
dynamics. The magnitude of lateral groundwater flow is suggested to §€alé with grid resolution (Krakauer et al., 2014)BWith

(gridresolutionIess than O (=10 K]} lateral flow is comparable to the recharge rate and thus is non-negligible (Krakauer
(€tal:;2014): Therefore, incorporating detailed representations of the lateral groundwater flow is important in LSMs regarding |
the surging interests in Hyper-resolution modeling at regional or global scales (Wood @ffalii201l5iBietkens) et al., 20155 Fan
et al.,2019)

Despite the importance of groundwater systems in the terrestrial processes, i@ incorporation of lateral groundwater flow
models in LSMs is just nascent. Nearly all LSMs that participated in the Climate Model Intercomparison Project version
(6 (Eyring etraly 2016)rignored lateral groundwater flow) Most of these LSMs (@nlyisimulated vertical soil water movement
without lateral Connections and (parameterized the saturated groundwater dynamics with a lumped unconfined @quifer;e:g)
(CEMASN(Olesonetalyi2013) I HiGWEMAT (PoKhfelietiali2015)) A few recent works have incorporated lateral groundwater
flow Withifi'and across gridsinIESMS) For example, Swenson et al. (20019) incorporated intra-grid saturated lateral groundwater
flow into fhe’Community Iland Model (CEM) V5 0rattherhillSioperscalenReCeEftly) a number of inter-grid cell lateral ground-

water flow models have been developed, which can be categorized into two major groups. The first group solves (quasi=thiee
dimensional (3D) groundwater flow that accounts for vertical soil water movement in the unsaturated zone and Jateral ground-
water flow (nfthelsaturatedizoned For example, Zeng et al. ((2018)) coupled a lateral groundwater flow model in the saturated
zone with CEMv4:5 (Oleson et al:;2013); Felfelani etal:(2021)) extended the work of Swenson et al. (2019)torincludesinters
(gtid'cell) saturated lateral groundwater flow in CLM5.0 and applied the model at continental scale; Chaney et al. (2016512021
(@eveloped the HydroBlocks model by coupling the dynamic TOPMODEL, which used a kinematic wave approach and recently

updated to Darey lux; to represent the saturated lateral flow, with Noah-MP; H3D miodel (Troch etals; 2003: Paniconi et al.
2003; (Hazenberg) et al., 2015) couples a vertical 1-D soil column model with a (pseétido=twoldimension(2D)) saturated ground-
water model and was jvalidated with a 8D Richards equation model (Richards, (1931); Similatly; PAWS (Shen and Phanikumar,
(20107 Shen'et'ally 2013)'solves the'saturation based(§=based)one dimensional (1D) Richards equation in the unsaturated zone
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and 2D diffusive groundwater equation in the saturated zone, and was coupled with CLMv4.0 for solving land surface pro-
cesses. The second group solves fully 3D groundwater flow in both the saturated and unsaturated zones. For example, ParFlow

solves the variably saturated 3D Richards equation for both unsaturated and saturated groundwater and has a comprehensive

representation of the surfacg and subsurface processes (Kollet and Maxwell, 2006520085Maxwelli2013)NCEVMEPFEOTRAN)
65 (CouplesPRLOTRAN Hamiondandiichiiers2010) vitliCENA5(Olesonenalnzols)) which simulates the 8D subsurface
flow by solving the 8D variably saturated Richards equation and represents the land surface processes with CLM4.5 (Bisht
et al., 2017))SimilatlyMiiifa and (Yoshimura(2020) developed the 8D Variably saturated groundwater model considering the
storativity of (@foundwater, andvalidated themodel for differentidealized Situations)HOWeVer) the second group of models has

not & applied @ global'scales but fiasionly beenrapplied to watershed-, regional-, and continental-scales studies due to high
70 computational costs (Archfield et al., 2015)

The surging iAtEFESETR applying hyper-resolution LSMs at continental or global scales motivated the development of more |
comprehensive and efficient representations of subsurface hydrology in LSMs (Archfield et al., 2015)Steniming from the)

oIty Earth System Model (CESM) VersionIu3ubetl0 (Oleson et @N2013) e EiiergysExaseale) Earth System Model |
(E3SM) is a state-of-the-art ESM sponsored by the U.S. Department of Energy (Leung et al.,(2020) The'latest E3SM Eand

75 WModelversion'2:0 (ELMv2.0) solves the 1-D Richard equation in the unsaturated zone based on (Zéngiand/Decker; 2009))
ang parameterize the saturated groundwater process with a lumped unconfined @quifer)The/goaliof thiSStudyisitodevelopand

validate a computationally efficient inter-grid cell lateral unsaturated and saturated groundwater flow model within ELMv2.0.

Instead of solving the fully 8D Richards equation, the model solves a modified (ID@=baseéd'Richardseéquation’including) un-

saturated and saturated zones, and considers the lateral groundwater flux as a source term. The developed model was first
80 (benchmarkediagaifistPEEOTRAN) for three idealized hillslope planforms that included a convergent hillslope, divergent ill®
(SI6pe€) and titled V-shape hillslope with variable saturated initial conditions. The model was next applied to the Little Washita
Watershed (LWW) in the USA to assess its performance with field observations of soil moisture and soil temperature. The

impacts of lateral flow on the surface energy fluxes were also evaluated.
2 Methods

85 2.1 Numerical formulation

2d1 Lateral flow in unsaturated zone

(The'@=based Richards @quation; which'is often used to describe the water movement in the unsaturated zone; is (given'as)

09
E_ (1)

liEEIBAIT?) is the volumetric soil water content, f[S]) is HHEMGUIRMISTY is the water flux, and (@I
90, ' is the &ifk of soil MbisturER WUSE finite volume spatial discretization to rewrite the equation (I)Jandiapplyingithenfinite
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In this work, we modified the ELMv2.0 tridiagonal system given by equation (#)olificludeNinsaturatediateralifluxibetween
(ethvand gfsthigrid'cellfortherk=thiseilllayer (Figure')) The ELM with the newly developed lateral flow model is hereafter
(abbreviatedas ELLM 7 Specifically,) the €quation’(8) is modified to account for GifiSatiifated lateral flux, which usessan explicit
time jntegration §EHenieY and yields

—i—>+zg!2‘§'+".{) 14

mlateral flux between grid cell g and its neighbor cells ¢’ forthek=th soil layer)

FollowingiChilds(1971)sHenderson and Weodingi(1964) and Maxwelli2018)) we adapt the grid alignment in ELMv2.0
with parallelogram grid cells to better represent the f€al=world terrain. The adaption is illustrated in Figurg 1 foraX=zitransect

withiauniformAZNInthisisetupythellaterallDarcy flux) in unsaturated zone is modified to follow the grid alignment in Figure
1 (a) (Childs, 1971; Celia et al., 1990; Maxwell, 2013):

gt = —ky <ﬁT+-cosl9$ rﬁ) as)

hieiend is the @hgle) of slope at the horizontal (x) direction liefwee twWomEIghbouring cellsltshould e oted it
vertical flux may not be perpendicular to the land surface given the parallelogram grid alignment. By performing the dot
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140 product between flux and area for the vertical direction in Equation (3), the grid horizontal surface area is multiplied by the
(cosineof @7y which can be expressed as:

A, = Ascost, (16)
(WhereAgis the grid horizontal surfaceageifl is the angle between the normal vector of the cell surface GEGENNEEREER and the

vertical direction (z). The lateral Darcy flux at y-direction adopts the same computation method as equation (I5)%

Figure 1. Sketches of the terrain following grid formulations, with illustrations of (a) unsaturated and (b) saturated subsurface lateral flow

(caleulation 0@ s the Jocal angel of slope at the horizontal (x) direction, and @258 the @igle between the normal vector of the cell surface and

the vertical direction (z)

@4509272) lLateral flow in saturated zone

(TheNlateral flow ifithe satiiated zonen Q@i /81) is also modeled using Darcy’s law while taking the soil matric potential
gradientas the @roundwaterhydrauliciead gradient i SUCamanter) the volumetric lateral groundwater flow can be given

Qe = —wT (%_> (17

480 where w [m] is the width of the grid cell, and 7T (/SIS e FARSMISSIvity e tFanSmSSivity s calcularea TolloWing ihe
et e i et Al (2007) SeeTAPpERIKATTRENQS is computed across inter-grid cell using the same grid cell
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connections as used FOFEHENQS!9%. Mhe water table depth for each soil column within a grid cell is thereafter adjusted based
on (@39, Spegifically) the @519 increases/decreases the soil water content of the soil layer where the groundwater table is

currently located. The soil moisture is updated while ensuring the soil moisture remains below/above the maximum/minimum

@585 allowable value. If the change in the soil moisture is less than the @3/} the Soilimoisture oflayers above/below is fecursively)

(ificreased/decreased)till the total change in soil moisture in all updated soil layers matches (@' “*J I EEMV2.0; the groundwater
(tableiis'adjusted by a conceptual recharge flux which depends on whether the water table is within or below the soil column. The

approach by explicitly subtracting the hydrostatic equilibrium soil moisture distribution from the Richards equation resolved
the numerical deficiencies when the water table is within the soil columns while using @=based/Richardsequation (Zengiand
160 (Decker;2009; Yuetal 2014 ImEEMER the water table is assumed within the soil columns, such that the conceptual recharge

flux is no longer employed. The groundwater table depth is computed based on the soil water content following the @=based

(water table method in' CEMS5:0 (Figute 2): A no flux boundary condition is applied to the last hydrologically active soil (layet)

(Fellowiigl EEMV2I05thesaturated zone is depleted by a drainage flux, i.e. the subsurface runoff, that is computed based on the
SIMTOP scheme of Niu et al. (2007)) with modifications to account for frozen soils (Oleson et al., 2013)%

@65 2:3 Model benchmarking against PFLOTRAN for idealized hillslopes |

Three idealized hillslopes that included a convergent hillslope (CH), divergent hillslope (DH), and titled V-shape hillslope

(VH) with variable saturated initial conditions are used to validate ELM;,; by benchmarking against a 3D subsurface flow and

2.3.1 | Idealized hillslope geometries

@70 The CH/DH problems have been widely used to test the newly developed lateral groundwater flow model, e.g. (Troch et al.,

(2003 pAnetaly20105 HaZenbergietialii2015)) Different from ELMv2.0 which uses uniform grid cells, the surface area of |
CH/DH grid cells change along the slope. The surfaces of CH/DH are curved by the sinusoidal function (Figure @)8

7 Yy
(ayy)=10sin (5 =)
00=2) "4 @
N A_imi 7 gre the coordinates of the cell vertices. For the CH, the total width along the y-direction linearly shrinks from
@75 ) 100 m at hill top to 80 m at hill bottom; whereas for the DH, it linearly expands from 80 m at hill top to 100 m @thill"bottom

((Figure'3)) The total width along the x-direction is #00'mforboth"CHand DH>

The tilted V-catchment hillslope is another popular benchmark problem for validating groundwater flow in land surface

‘models (Park et al.. 2009; Sulis et al.. 2011; Maxwell et al.. 2014). As shown in Figure 3 (c). the V-shape catchment is formed
By eOHOR WO symeHcallyinclined plananSuaces(SOMKIO0 m) on the sides connected by a channel in the middle
@80 ((20/FX) 100 m). The two planar surfaces are inclined with slopes of @10:057and 0:02 at X"and y (difections; fespectively: The

channel is inclined following the slope of (Ql02fatithelyidirection’)
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()

z(m)

y(m) 00 x(m)

0 20 40 60 80 100 120 140 160 180
x(m) x(m)

(Figure3) Geometries of the three benchmark test problems. (a), (b), (c) are 8D views, and (d), (e), (f) are x-y views of the three benchmark
€SEpFObIETIS; FeSpectiVely)(SuandiSyare slopes along the x and y directions, FeSpectivelys

2.3.2 Model setuR

By default, the soil columns of ELMv2.0 are vertically discretized into (I5/S6il'layess) of @XponentiallyvaryingSoil thicknesses)
(feaching a depthiof 421 [m] " Only thefitst10) soil layers are hydrologically active and occupy the top S:8I[HJI6f a soi] Colummmd
@85 For the model benchmarking, we modified the default model setup by allowing all (I5¥seilflayerstorberhydrological active
(andhave auniform Soil thickness of 17[]) to be consistent with the setup for PELOTRAN simulations. The soil columns were
(horizontally discretized to)a 107 10 mesh with a grid resolution of 10([M]in'the x direction and spatially changing resolution'in
(thelyrdirection for CH and DH. For VH, the soil columns were discretized horizontally with a uniform grid resolution @f O[]
(imbothxiand y directionsywhichiprodiicediamesh of 1857105 A homogeneous soil texture was used with a porosity of 04673
90" The'seil water retention properties in ELMv2.0 were described using the Clapp-Hornberger formula (Clapp and Hornberger,;
1978)rwihile) in PELOTRAN they were described using the Brooks Corey’s formula (Bf6oks; 1965)) Weimatched thersoil

wwates retention property parameters in PRLOTRAN with ELM. (UieiianSIafononsoil parametersberveen e/ woRodeIsis
(describedinAppendixiBy The anisotropic ratio for the iofiZontalfoRNextical hydraulic conductivity was set as (X0 the’'CH
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NN - d 10:0 for therVH case (K =Ky =I0:0 Ky Weised higheranisoffopiciratio) for the VH
195 case to accelerate the lateral water movement for visualizing more evident soil moisture and groundwater dynamics. In order
to evaluate the model sensitivity in response to the anisotropic ratio, we performed additional simulations using the anisotropic
Fationet 10.Q for the CH and DH cases @hdiR0iforithenVHicasen Thelsammelboundaryiand) initial conditions were applied for
the three benchmark problems. A no-flow boundary condition was applied on all sides of the domain. Hydrostatic pressure
was used as the initial condition with the groundwater table depth (WTD) set at(7:[mi] deep from the top surfaces EEM;g7 and
200 [PFLOTRANSsimulations were performed for80 days for all three benchmark problems and results were compared at the end

of the simulation. The performance of soil moisture dynamics was evaluated using the mean absolute error (MAE) @hdi¥66t
([meansquareeffor (RMSE) between ELM;,; and PFLOTRAN, while the performance of groundwater was directly evaluated
by the difference between ELM;,; and PFLOTRAN simulations.

24 Model application
205 2.4.1 Study region

L ELM,; is applied to study the role of lateral subsurface flow on terrestrial processes in the Little Washita Watershed (LWW),
which is (ocatedvinsouthwesternOklahioma USAN(Figufed)) The LWW has a drainage area of &6 Km2"and is Gnerof
the seven selected experimental watersheds jointly administrated by the U.S. Department of Agriculture (USDA) and U.S.

Environmental Protection Agency for a variety of hydrologic research projects. The LWW has a subhumid climate with annual

210 PrEGIpIfation of EPPIOXIMAIFNTG0NN) and annual temperature of approximately (I6/[ECINTHENEIEVaLion of EWAWIANEES
66 approximately 3201 to 4GOI and the slope ranges from 09 to GNFigiiE 4 GrasSIandiS e dominant IAnd Eover o

(EWW, with small portions of land occupied with crops, shrubs, and deciduous trees. The mean annual Leaf Aare Index (LAI)

is within the range of ISEIBIONE/AH2]) Soil textures of LWW are composed of sand, loam, and silty loam (Allen and Naney,

(1991) BWW) has a relatively higher soil content of sand and organic matter in the northwestern part and southeastern part;
@15 several spots in the southern region have higher clay €ontent(Figure 4a-c).

2.4.2 Model configuration and data

(Thenmodeldomainicoveredian3sifki] < SOT[Kim] area encompassing the LWW and was laterally discretized at (IR[Km]) x @
([Km]ZAIILS soil layers were set as hydrologically active. Results from Fan et al. (2013)/show the'maximum W TD'could feach
(Up'to'60 [m])deep in thisFegion; whichrisideeperthan the depth of EEMISIIS=layersoil'columiny Therefore, we modified the soil
220 (thicknessiof thelasttwosoillayers by adding 207[ii] each to their default values in ELMv2.0 while keeping the discretization j
of the GtheF 3 soil layers Ufichanged:Therotalsoilithicknessicould feachiAI82JHl The initial WTD was spatially uniformly
set @E81[M] deep below the top surface of the domain. The hourly NLDAS data (httpsi//ldas:gsfenasagov/nldas/v2/forcing))

was used as the climate forcing which has a spatial resolution of 1/8th-degree grid. We performed 100-year simulations with

ERVaA N2l eyeling heatmosphencRoreingdaton2008 o allow sufficient time for the model spin-up. The |

225 model results from the last year of the spin-up were used for analysis.
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tion and LAI datasets were first aggregated tq 1 ([Ki]) using the area-weighted average method, and the land cover data was
aggregated to

obtained
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functional types (PFTs). These PFTs were further classified jnto tropical, temperate, and boreal sub-types based on the rules
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matology LAI was derived from the 4-day MCD15A3H V6.1 (Mynéni'etiali2021)iover 2003=20207using GEE? Then based
on the method in Zeng et al. (2002);we calculated the monthly) climatology stem area index (SAI) from the LAI data. For the
soil data, we used the Soilgrid v2 data with an original resolution @fi250fN(Poggicetal2021)) Soilgrid is generated based
on machine learning using multiple data sources of soil profiles @hd femote sensing datan(Hengl et al., 2017):Therpercent
(@lay) percent sand, and soil organic matter at multiple depths were (processed for EEMThero0mmdigitalielevation fromithe)
‘Shuttle Radar Topography Mission (Jarvis ct al.. 2008) was used to derive topography-related parameters in ELM, including
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(TableT1Specificationg of high-resolution data sets used in this Studys)

Type Parameter Spatial resolution Temporal reso- | Data source Reference
lution
‘Vegetation Vegetation type | 6500m | yearly MODIS MCD Friedl and
12Q1 V6 Sulla-Menashe
(2019)
leaf area index | 600 m g 2003-2020, 4- | MODIS Myneni et al.
day MCDI15A3H (2021)
V6.1
Stem areaindex | 600 m % 2003-2020, 4- | Calculated
day
Soil Percent sand 250 m g Static Soilgrid v2 Poggio et al.
(2021)
Percent clay 250 m Static Soilgrid v2 Poggio et al.
(2021)
Organic matter | 250 m g Static Soilgrid v2 Poggio et al.
(2021)
Topography Elevation O90m; Static SRTM v4 (Jarvis et al.,
2008)

and the low permeability of the clay content has a strong effect on the anistropy (Fan et al.. 2007). The anisotropic ratio is set
a5 10 (K, = K, = 10K.) referred from table 2 of Fan et al. (2007) based on the primary soil property of LWW. We uscd the

245 WTD map (Fanetialy2013)whichiishereafterieferfeditorasiFan2013) with a resolution 6f 30/arc=second (F1'Km)) to validate
the simulated WTD?

In BLMv2.0, the subsurface drainage flux (4) which is calculated dependent on the water table depth, Niu et

of
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impacts of lateral flow on the model performance were assessed by comparing the soil moisture and energy fluxes including
soil temperature, latent and sensible heat flux, with ELMv2.0 simulation. Site-level observations of soil moisture and soil
temperature were collected from the ARS Micronetwork (httpsi//arsimesonet:org/) which is operated and maintained by the

USDA. The magnitude of unsaturated lateral flux against lateral flux was evaluated for both the idealized problems and the
260 LWW. An experiment simulation on LWW was performed to evaluate the effects of unsaturated lateral flux on the energy fluxes
by closing the unsaturated lateral flux while keeping the saturated lateral flux.

@ Results and discussion
3.1 Evaluation of simulations for the benchmark problems

L ELM;; can accurately reproduce the evolution of vertical soil moisture profile simulated by PELOTRAN for all three befich-

265 mark problems|(Figure’5)) The model correctly simulates the drying out of uphill soil columns (Figure §a@5€) and the wetting |

LALLL o up Pf (K)Yihilllsgil columns (Figure (5@=f) for all the three hillslopes. In the VH case, the soil moisture shifted quickly @UFifg)
20=50N[day]butislowedidowi during S0=1807[day]; whereas the fateioP soil moisture €hangetis) nearly steady for the CH and |
DH cases during the two periods. [DUififig) the period of S0=801[day]; the VH case is muich'cl6sertora hydrostatic condition than
the other two cases. [The largest discrepancies in the simulated soil moisture are in soil layers that are closer to the water table,

@70 and these discrepancies could be explained by the differences in the model structure (Figure AlFandFigtire’A2)) PFLOTRAN
solves the variably saturated subsurface flow equation, which is applicable for both the unsaturated and saturated zones, while
ELM;,; has two separate flow models for the unsaturated and saturated zenes» Thus, the difference between the two models is
expected to be the largest near i@ unsaturated-saturated fransition'zone?

(At the'end of the simulation) the soil moisture swas redistributed and transported following the surface topography via the

@75 lateral flow (Figure 6a-c). The most downhill columns of CH and DH are approaching Saturated;as’shown'inFigute'6d=f The
difference between the two models was Smaller‘than™==2% for the top tem layers on the 80-th simulation [day;Which'provides)
(confidencerin the @bility 6f EEMjg{t6) simulate lateral unsaturated soil moisture dynamics. During helSimulaticniperiods) the
(MAES in EEM¢ simulated soil moisture for all cells in the top (l0'seil'layers remain within' 1% 3%, Figure A3(a;c;e); and
the RMSE for all three test problems remain within 0.04, Figure A3(b,d.f).

280 At the end of the simulation, the simulated groundwater table evolves from the spatially uniform initial depth @©f 77 [m]
(below the top surfaceto) a spatially varying depth that is inversely related to the surface elevation (Figure 7a-c). GIREEM %)
the Tateral and vertical flow in unsaturated zone is carried out simultaneously in the same tridiagonal equation, while the
(saturated/unsaturated lateral flow is calculated sequentially. In PELOTRAN, the saturated and unsaturated flow is simulated
with a Singleévariably saturated flow equation: "Additionally, it should be noted that the prognostic variable in PFLOTRAN

285 is the soil water pressure and the simulated WTD jis diagnosed by linearly interpolating the vertical pressure profile for each
soil column. [Déspite thoserdifferencesy EEM; gy Simulated WTD is comparable to that of PFLOTRAN with differences within
0.2 m throughout the simulation period (Figure A4).
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tivity and flow rate, the drying-down on the uphills and wetting-up on the down hills went much faster (Figure AS ab.d.e). The

(while the RMSE value for the higher anisotropic ratio/is 0:010: Overall, the above evaluation results défonstrates ELM,,; can

295 accurately represent vertical and lateral transport Gf soil moisture and Efoundwater)
Relativertorlateralinsatiiratéd groundwater

is at ~ 1072 [mmys], as shown in Figure 8. Hydraulic conductivity is nonlinearly dependent on soil saturation conditions

3.2 Evaluation of simulations over LWW

Using the nonlinear relationship of WTD-/;;, an optimized f4 was obtained for 99% of grid cells. Figure A6 (a) shows an
example of the WTD-f; relationship and the spatial distribution of the calibrated fy value is shown in Figure A6 (b). With
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(Figiire9) Annual average groundwater table depth (WTD) simulated by (a) ELMv2.0 and (b) ELM,,;, along with (c) the Fan2013 dataset

305 optimized f, values, the simulated WTD dynamics in LWW simulated by ELM,,; is significantly improved as compared to
the ELMv2.0 fesults (Figure9)? Simulated (WIDIBYEEM Zshowediastiong cotrelation(#1=10185) with surface fopogtaphy)
which is consistent with i@ Fan2013 fesulis (7 = 0:87)) while ELMv2.0-simulated WTD has no @b%i6u8 spatial variations
(Figure 9). Relative to ELMv2.0, including the lateral groundwater flow increased the baseflow of the runoff, as shown in
(Figure "A7)Redistributed WTD increased the subsurface fungffiwhile thefifjng) of the peakirunoff was fot'changed)

310 ELM;,; simulated generally lower soil temperature ((§T) and sensible heat flux ((SH)j but higher latent heat flux (LH) than
ELMv2.0 for most of the grid cells (Figure0)) The spatial annual ST showed a gradually increasing trend from north to south.
The LH and SH showed the opposite spatial pattern, where LH is higher the SH is l[oWet) Theleffects'of WTD changesion'the
energy fluxes were more pronounced at low elevation cells, especially at the stream and its surrounding cells. The delivery of
the groundwater through the lateral flow to the valleys supported higher LH while reducing the SH compared with ELMv2.0

@15 which has little spatial WTD variations.

Both ELM;,; and ELMv2.0 were able to capture the major fluctuations and wetting/drying cycles of soil moisture (SM)
comparing with observations at the two stations (Figure 11). However, the dry-down rates of soil moisture results are not
perfectly captured by both ELM;o; and ELMv2.0. It should be noted that the simulated results represent the model behavior
of the whole 1 [km] grid, while the measurements are taken at a single point. It is probable that the soil parameters for the 1

(3200 [Kkm] grid couldinotiaccurately fepresent theisoiliproperty of thelsinglerpointy) Station A121 is located at the lowland area of
this catchment with an elevation 6f3431[fi]) while station A149 is located in the high land area with an elevation of @207
((Figure 4 () At station"A1217EEMg) simulated higher soil moisture, with the annual mean (01013'highet at Scm and 0:021
(higherat 25 [cm] than' EEMv2:0 fesults: AtStationAT49NEEME) simulated slightly lower soil moisture, with annual mean
02007 lowerat'Scm'and 01009 1ower'than ELMv2.0 results.

325 For the soil temperature simulations, SlifimersmonthsiShowialargerichangerduertorlateralisubsurfacenflow;therefore we
focused @UEfanalysis) on the summer temperature (Figure 12)FRelative to’ EEMV2I0JEEMg} simulated cooler summer temper-
ature at both 5 [em] (mean A ST = -0.065°C) and 30 [em] depths (mean A ST = -0.062 °C) at station AI21. In contrast, at
(Station"A149; ELM;) simulated slightly higher summer temperatures at soil depths of Sicm(Iean’/ A'ST=10:017°C)) and 30
([cm] (mean" ATST'=10:019 °C): The differences in summer temperature between EEMyz7 and EEMW2:05Were consistent with
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EigRFETIOTBIMz simulated annual (a) top layer soil temperature (SEE) AtenUHEAT AU Wi and @)sensible hearNux IWAn I

(d), (f) are the differences between ELM;,: and ELMv2.0 simulations for the three energy items, respectively
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Figure'1]: comparisons of simulated hourly soil moisture at depths of (a) 5% and (5)'257¢f) of a 16W: land station ((A121)/and'at'depths of
(©)5cm and @ 25 cm Bf afhigh) land station (A149)'between EEM;q7 and EEM~ 210
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(Figiren3) (a), (b), (c) are the difference of annual average surface soil temperature, latent heat flux, and sensible heat flux between ELM-lat |
and ELMv2.0 vs. simulated groundwater depth differences between ELM;+ and ELMv2.0; color bar indicates the groundwater table depths
simulated by ELM; 4+

330 the SH differences as discussed previously. The presence of higher soil moisture resulted in cooler summer soil temperature
at station A121, whereas lower soil moisture resulted in increased summer soil temperature at station A149. However, both
ELMjq: and ELMV2.0 overestimated the temperature during July compared with observations, which may be due to the over-
estimation of incoming solar radiation or the discrepancies of the soil thermal properties between the model and reality at the
sampled locations.

335 Lateral groundwater flow reshapes the groundwater table map and impacts the surface heat fluxes (Figure (I3)FThe'most
significant changes between ELM,; and ELMv2.0 in heat fluxes occur when ELMg-simulated WTDs are less than 10 [,
where ELM;,; simulated generally shallower WTDs than ELMv2.0. As a result, ELM;,; simulated lower surface soil tem-
perature and lower SHs, but higher LHs at shallower WTDs, which are consistent with previous discussions. (The difference
between surface soil temperature, LHs and SHs are nearly linearly correlated with the WTD differences when the WTDs are

(8407 lessthan 101 [m]» At deeper layers, the heat fluxes are not sensitive to changes in WTDs. The maximum differences of Simulated
surface soil temperature values could reach -0.3—0.4 °C, the LHs differences could reach 810 [W/m?] and the SHs differ-
ences could reach =6 [W/im2]) at grids where BEMjg#isiffiulated W TDs are less than Si[fi] The/depthiatwhich groundwater

can influence the vegetation flfCtiGNiNg S dependent on the roots’ penetration depths (Fan, 20I5)NHOWEVERSifice) the land
use type is quite simple in this watershed (e.g., mainly grass), it is difficult to differentiate the effects of WTD changes on the

@45 vegetation functions for different PFTs.

For the LWW case, the unsaturated groundwater flux is at a much lower magnitude relative to the saturated lateral flux
(Figure 14). The size of the unsaturated flow for LWW is at the magnitude of ~ 10~* [mm/s] while the magnitude of saturated
flow is at ~ 10~* [mm/s]. However, since unsaturated lateral flow is closer to the land surface relative to saturated flow, it
still plays an important role in regulating the WTD and energy fluxes. Excluding unsaturated flow in ELMy,; can result in

350 the difference of simulated WTD at the range of £0.04 [m]. The effect of unsaturated lateral flux on the energy fluxes are
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@ homogeneous anisotropic ratio was assumed in the LWW study given the relatively uniform soil (propertie§) Homogeneous
aquifer depth or depth to bedrock (DTB) was also assumed in the LWW §tiidy? Brunke et al. (20016)) evaluated the effects of
using spatially heterogeneous soil thickness and sedimentary deposits (Pelletier et al.,2016) on the simulated hydrological and
thermal fluxes in CLM4.5. Incorporating heterogeneous DTB in CLM4.5 has more ippagts obgerved in locations with shallow
bedrock than in deep bedrock on the water and energy fluxes, reported by Brunke et al. (2016))Incorporation of variable DTB
and evaluation of the heterogeneity of parameters will be performed in the future Study)

This study is primarily oriented to validate the new features of the unsaturated and saturated lateral flow in ELM across grids
and evaluate the connections between lateral groundwater flow and surface energy fluxes rather than rigidly close the water

balance by calibrating all the water balance components against observations. Therefore, water balance and streamflow were

(Se5mnoHevaluatedragainstiobservationsSinithisIStudy) A holistic evaluation of the impacts of the lateral groundwater flow on the

water and energykalances, as well as the parameter sensitivities, will be tested and evaluated in a much larger domain in future
work. In the present work, we have developed ELM;,; that runs serially and the model will be extended in the future to use
high performance computing to manage the high computational cost of global simulation. (R€S€afchesifoundithergroundwaten
temperature can seasonally influence the surface water temperature and soil temperature (Hannah et al., 2004; Qiu et al., 2019).
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370 However, ELM assumes no heat flux boundary condition at the soil bottom, lacks lateral heat diffusion, and does not include
advective heat transport. Uncertainties associated with absence of these processes are to be explored in the future.

(Additienally; some anthropogenic activities, e.g., groundwater pumping, irrigation, as well as two way river/groundwater G-

{feractions are not incorporated into the current model structure. Extensive groundwater pumping reduced discharge to streams,

Withil0=23% of watersheds reaching critical environmental flow thresholds, revealed from large scale groundwater modeling

@75 (resultsy(derGraaf etaly2019)) We envision a future road map with more holistic representations of hydrological functions

(buildifig) upon the lateral connections of the grid network, not exclusively the lateral groundwater fl6W;'butimore fealized

groundwater and surface water interactions in ELM.

@ Conclusions

Regarding the emerging highlights of lateral groundwater flow in the hyper-resolution large scale Earth system modeling, we
880 developed and validated an inter-grid cell lateral groundwater flow model for both saturated and unsaturated zone in the E3SM
Land Model framework.

By incorporating lateral groundwater flow in the ELMv2.0 and modifying the flux terms based on the non-horizontal terrain,
the ELM;,; could accurately simulate the soil moisture and WTD dynamics in three idealized hillslope problems validated
against PELOTRAN. | During thg simulation period, the MAE between the two models (SIWithiil/s=E8 % NandithielRIVISE) is

385 within 0.04. The simulated WTD differences are within £0.2 m.

The developed model was further tested in a realistic watershed, Little Washita Watershed. The simulated WTD by ELM,,;
(Showedastrong correlation (#/=120185)) with surface topography where higher land has a deeper groundwater table, which |
agreed well with the WTD pattern in Fan2013/%2=10:87" The effects of lateral groundwater flow on the energy flux partitions
were more jpronounced at low elevation areas with shallower groundwater tables (i.e., WTD &HlON)NEateraligroundwares

890 movement from highland area to the valleys cooled down the summer surface soil temperature at low land areas; at high land
area, less water slightly increased the summer surface soil temperature. More water in the low land area supported higher
LH while reducing the SH compared with the ELMv2.0 simulation. In mountain area with very deep WTDs (ZT107mY);the
movement'of lateral fluxes have relatively small effects on the surface energy fluxes relative to the effects at the low land areg.
A 4 A\ Whesenesults underscore the importance of including lateral groundwater flow in the LSMs, especially in the critical zone to
895 holistically understand the role of groundwater system on the terrestrial water-energy distribution and its feedback to climate

change.

(Code and data(@vailability)

Data files and running scripts for model simulations are available at: https://doi.org/10.5281/zenodo.7659300 (Qiu et al.,
2023a). ELM;,; model are available at:https://doi.org/10.5281/zenodo.7686303 (Qiu et al., 2023b) for the idealized hillslope
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@00 problems and at:https://doi.org/10.5281/zenodo.7686381 for the LWW application (Qiu et al., 2023¢).E3SMv2.0 (including
ELMv2.0) is supported by the Linux system.
The details for running E3SMv2.0 (including ELMv2.0) can be found at:https://e3sm.org/model/running-e3sm/e3sm-quick-start/.
ELM,,; adopts the same compilation and running approaches. PFLOTRAN can be installed and compiled on Linux, Mac, and

Windows systems. The detailed instructions for PFLOTRAN installation and running are provided by the user’s guidance |

Appendix A I¥ansmissivity calculation

Following Fan et al. (2007), the transmissivity is calculated for two different cases: case 1: the water table is above 1.5 [m]
depth and case 2: the water table is below 1.5 [m] depth The 1.5 [m] depth is chosen since the availability of reliable soil data

Seligre IS soil layers AIINER hetween the syaten tabejand the (S i depti A [m/s] dSiofes the fiydraulic conductivityran

415 layerm, f [m] is the efolding depth which the calculation will be explained later.
For case 2:

ool
z—=h=15
¥

@
where = [m] s the land surface elevation, J» [m] is the water head, d(= =~ ~ 1.5) [m] is the distance between the water table
(@epth and the (ESIAEPH The EAIGHIAGON of the EROIIEIAERUIN is bASEd on G EMpIFCAIEGUALION

@
420 f=——

— [
where  and b are constanis, and  is the terrain slope. In this study, = 120 [m] and b = 150 [m] were used following the best
fits estimated by Fan et al. (2007),

Appendix B: Sol parameter transformation

ELM uses the Clapp-Hornberger formula (Clapp and Hornberger, 1978) for paramerizing the soil water retention propertities,
425 as shown in equation (10), while PRLOTRAN uses the Brooks Corey (Brooks, 1965) formula to parameterize the soil water
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water retention formula, the effective saturation, s, -], can be expressed

as:
- e
so— ifP. <P (B1b)
et Y

430 where s, [-]is the soil saturation and s, [-] is the residual saturation; P [Pal is the capillary pressure, 1Y = 101325 [Pa] is
the air entry pressure, and A [-]is a parameter. In unsaturated conditions and assuming s, = 0:

pe=p2s, A (B2)

of hydraulic conductivity involved in the calculation of the Richards
equation, which the relative permeability can be calculated as:

435 k= (s¢)* T B3y
‘where ) is a parameter.
The transformation of the parameter between the two models can be expressed as.
[Paa=) ®
3 (B4

By performing this transformation and assuming s, = 0, the two water retention curves are very similar except for the differ-
440 ence of using terms of hydraulic conductivity against effective permeability.
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Figure A1, Vertical absolute percent efrors between ELMq; and PRLOTRAN at the most uphill column for () CH, (b) DH, (¢) VH and the
‘most downhill column for (d) CH. (e) DH, (f) VH, for each layer at the 80t/ simulation day
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Figure A3. The mean absolute error (2.¢,6) and root mean square error (b,d,f) of simulated soil moisture between ELMy; and PFLOTRAN
for the top ten soil layers during the simulation period
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Figure A4, The differences of simulated groundwater table depths between ELMyq, and PFLOTRAN during the simulation period
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Development of Inter-Grid Cell Lateral Unsaturated and Saturated
Flow Model in the E3SM Land Model (v2.0)

Correspondence: Han Qiu (han.qiu@pnnl.gov)

Abstract. The lateral transport of water in the subsurface is important in modulating the terrestrial water-energy distribution.

Although few land surface models have recently included lateral saturated flow within and across grid cells, it is not a default

ton 6 experiments. In this work, we developed the lateral
subsurface flow model With both unsaturated and saturated zones in the Energy Exascale Earth System Model (E3SM) Land
Model version 2 (EEMv2.0)--The-new-model;-ecalled-EEM;5r; was benchmarked against PFLOTRAN, a 3D subsurface flow
and transport model, for three idealized hillslopes that included a convergent hillslope, divergent hillslope, and titled V-shape
hillslope with variably saturated initial conditions. ELM;,; showed comparable performance &ithh PFLOTRAN in terms of
capturing the dynamics of soil moisture and groundwater table for the three benchmark hillslope problems. (Specifically; the
and the MAE of water table depth were within 0:3mINeXt EEM;,; Was applied to the Little'Washita experimental watershed
to assess its prediction of groundwater table, soil moisture, and soil temperature. The spatial pattern of simulated groundwater
table depth agreed well with the global groundwater table benchmark dataset generated from a global model calibrated with
long term observations. The effects of lateral groundwater flow on the energy flux partitioning were more prominent in low
land areas with shallower groundwater tables, &hich the difference of simulated annual surface soil temperature could reach

0.4 =05 °C-atlow tand-areas-between EEMv2:0-and - EEMg;. Incorporating lateral subsurface flow in ELM improves the

representation of the subsurface hydrology which will provide a good basis for future large-scale applications.

1 | Introduction

(Groundwater, which'stores ='30% (of the world’s freshwater) plays an important role in the global hydrologic cycle and is a
critical water resource for the environment and human systems. As the bottom ouRidary; groundwater moderates soil moisture

that is extracted by vegetation roots while is recharged by water percolation and acts as an important buffer in the water

cyele (Maxwell et al.. 2007: Fan et al.. 2007: Miguez-Macho et al.. 2007; Fan, 2015). Groundwater also interacts with rivers by
supporting the base flow or receiving the percolated water from rivers and feeds the gfoundwatérdépendent wetlands (De Graaf
et al., 2014; de Graaf et al., 2017; Condon and Maxwell, 2019; Qiu et al., 2019). Groundwater is-a major freshwater resource
for drinking and (iffigation; and has been used for various industrial purposes (D&ll et al., 20125 Wadaretals) 2011): With

the surging growth of population and water demand, overexploitation of groundwater resources have@ been witnessed Wozld
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55

(Wide(Wada et al., 20103 2012; Gleeson et al., 2012; Pokhrel et al., 2015)~ which-unsustainably-impaeted-the-long-term-water
supplies and impaired the health of many ecosystems (Wada et al., 20123 Glegsonetal:; 2012))

Improving the representations of groundwater flow in Land Surface Models (LSMs), which serve as the land component of
Earth System Models (BSMS) could (rOMOIEN® address of important scientific questions (Clark et @, 2015). Groundwater
movement in the critical zone, usually defined as the shallow groundwater (between @=5 f);liSlimportantin modulating the
terrestrial water-energy distribution and land-atmosphere interactions (Kollet and Maxwell, 200835 Condon'and Maxwell; 20193
Fan; 2015)- ([Eong térm) groundwater movement and storage variations are found highly influential in predicting the long-term
water and energy partitions across different scales (Wang, 2012; Fang-et-al;; 2016; Zhang-et-al; 2022). All these factors deter-
@ine the important role that groundwater i§playifig)in regulating the eco-hydrological processes, especially in the (@foundwater

‘SUppIiEaECoSySIEMSI(CH ct .. 20 IS MiguEzaMacHo and BERY20129 Subin ct al., 20I4HVFSHES and FUREH201T:EGRg ot al.,
(2022)sMoreover) the role of groundwater in regulating the water and energy balances at the land/atmosphere interface and how

stood-(Klgveetal; 2014; Clarketal; 2015) Lateral groundwater flow represents a critical process in representing groundwater

dynamics. The magnitude of lateral groundwater flow is suggested to (b€'s€aling) with grid resolution (Krakauer et al., 2014):
(With'grid resolution less than 071°(107m)5 lateral flow is comparable to the recharge rate and thus is non-negligible (Krakauer

et-al; 2014): Therefore, incorporating detailed representations of the lateral groundwater flow is important in LSMs regarding

the surging interests in Hyper-resolution modeling at regional or global scales (Wood et al., 201}; Bierkens-et-al; 2015; Fan
et al., 2019
Despite the importance of groundwater systems in the terrestrial processes, incorporation of lateral groundwater flow models

in LSMs is just nascent. Nearly all LSMs that participated in the Climate Model Intercomparison Project version 6 (Eyring

(€tal’)2016) ignored lateral groundwater flow: Most of these LSMs Siftilate vertical only soil water movement without lateral
(etral) 2013); HiGW-MAT (Pokhrel'etals; 2015)) A few recent works have incorporated lateral groundwater flow (Withif/across)
grids in LSMs. For example. Swenson et al. (2019) incorporated intra-grid saturated lateral groundwater flow into Commu-

nity-Land-Moedel (CEM)-v5.0-at-the-hillslope-scale-Recently; a number of inter-grid cell lateral groundwater flow models
have been developed, which can be categorized into two major groups. The first group solves (uasi'thi€e) dimensional (3=D))

groundwater flow that accounts for vertical soil water movement in the unsaturated zone and enly lateral groundwater flow
(in“thersaturated'zone) For example, Zeng et al. (2018)) coupled a lateral groundwater flow model in the saturated zone with
(CEMV4:5 (Oleson etal:;2013); Felfelanitetrald (2021) extended the work of Swenson et al. (2019) to-include-inter-grid-cell
saturated lateral groundwater flow in CLM5.0 and applied the model at continental scale; Chaney et al. {2016;2021) developed
the HydroBlocks model by coupling the dynamic TOPMODEL, which used a kinematic wave approach and recently updated
to Darcy flux, to represent the saturated lateral flow, with Noah-MP; H3D model (Troch et al.. 2003: Paniconi et al.. 2003:
Hazenberg-et-al; 2015) couples a vertical 1-D soil column model with a (ps€udo=2D) saturated groundwater model and was

validated with a 32D Richards equation model (Richards, 1931);-similarly; PAWS(Shen-and Phanikumar; 2010; Shen-—et-al;
2013) solves the saturation based (4=based) 1-D) Richards equation in the unsaturated zone and 22D diffusive groundwater
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equation in the saturated zone, and was coupled with CLMv4.0 for solving land surface processes. The second group solves
fully 32D groundwater flow in both the saturated and unsaturated zones. For example, ParFlow solves the variably saturated
32D Richards equation for both unsaturated and saturated groundwater and has a comprehensive representation of the surface
and subsurface processes (Kollet and Maxwell, 2006,-2008; Maxwell; 2013).-CEM-PELOTRAN-couples PELOTRAN-(Ham-

65 mond-and Lichtner; 2010) with CEM4.5 (?) which simulates the 32D subsurface flow by solving the 32D variably saturated
Richards equation and represents the land surface processes with CLM4.5 (Bisht et al., 2017);-Similarly; Miura-and Yoshimura
(2020) developed the 3-D Variably saturated groundwater model considering the storativity of EHOURAWAES and validated the
model-for-differentidealized situations—However; the second group of models @ not applied fo/global=scales but arelimited to
watershed-, regional-, and continental-scales studies due to high computational costs (Archfield et al., 2015)-

70 The surging (fitéfestsiof applying hyper-resolution LSMs at continental or global scales motivated the development of more
comprehensive and efficient representations of subsurface hydrology in LSMs (Archfield et al., 2015). Stemming from-the
(Community Earth System Model (CESM)-version 123058l (Oleson'etal)2013); the Energy,Exascale; Earth System Model
(E3SM) is a state-of-the-art ESM sponsored by the U.S. Department of Energy (Leung et al., 2020). The latest E3SM Land
(Modelversion 210 (ELMv2.0) solves the 1-D Richard equation in the unsaturated zone based on ((Zeng and Decker, 2009)

i i ‘The goal of this study is to develop and
validate a computationally efficient inter-grid cell lateral unsaturated and saturated groundwater flow model within ELMv2.0.

Instead of solving the fully 32D Richards equation, the model solves a modified =D §-based Richards-equation-including

unsaturated and saturated zones, and considers the lateral groundwater flux as a source term. The developed model was first

benchmarked-against PELOTRAN-(Hammend-and-Lichtner; 2010) for three idealized hillslope planforms that included a
80 convergent hillslope, divergenthillSIGpe; and titled V-shape hillslope with variable saturated initial conditions. The model was
next applied to the Little Washita Watershed (LWW) in the USA to assess its performance with field observations of soil

moisture and soil temperature. The impacts of lateral flow on the surface energy fluxes were also evaluated.
2 Methods

2.1 Numerical formulation

857211 Lateral flow in unsaturated zone

I EEMv2:0; the water movement in the unsaturated zone is (@overned by the 1D)@:based Richards @quation given'as)

suhiere @) [mm? mmT?] is the volumetric soil water content, ¢ {§}is time, ~ (mmlisitherheightiabove some datumyinythesoil
(column, ¢ [mm s~ '] is the water flux, and @ [mm® mm~=2 s~!] is the sink of soil moisture. The flux of water is given by
90 Darcy’s law as

n—! @
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o [mm] is the soil matric potential. The hydraulic conductivity and soil
of volumetric soil foisture (Clappand Hommberger 1978) as

At-the-water table-depth, z = 2y, the-soil-water-contentis #x{2zv)="0sa; thus € = 154 +2v- Substituting-equation (5) in

equation (4) leads to
105 ¢g=—«

q Ew 6)
ELMv2.0-uses finite volume spatial discretization to rewrite the equation 1 as-(Oleson-et-al; 2013):

o] oo TR | 00
H ;——V

€N

such that UpQ; = 2, T, represents the bound-

110 any surface of the n-th control volume. (SpplyigISemisimplicit ine discretization and basedjon Taylorseries expansionleads
to:

C‘W%H’% = -mﬁ%@%ﬂ%

s :A—wa o B s 1 O ), e, ®

fwihere ABEED is the change in the volumetric liquid soil moisture over the time interval (A#)Sifice/EEMY210/61l§Feso1ves
115 | vertical Soil'Watermovement,thé) control volume n at layer k is connected to the soil J@§€f above and below @ndhas no Column
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where 65 is the angle between the normal vector of the cell surface and the vertical direction (z). The lateral Darcy flux

at y-direction adopts the same computation method as equation 15:

derivatives of the Darcy fluxes relevant to the soil liquid water content follows the same method with Oleson et al. (2013).

(Figiire 10 Sketchesiof the (efrain following grid formulations: @z is the local angel of slope at the horizontal (x) direction, and 6z is the angle

between the normal vector of the cell surface and the vertical direction (z)
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45722 Lateral flow in saturated zone

Thelateral flowsin the Saturatedizoney g™ (i@ )81} is also modeled using Darcy’s law while taking the soil matric potential

‘gradienyas e groundwater hydraulicead gradient T SUCh anies) the volumetric lateral groundwater flow can be given
as:

pp——
g = 27 (17)

@50  where w [m] is the width of the grid cell, and 7 ([f2/s]is'the transmmissivity: The transmissivityis calculated following the
method usedrinFanetal) (2007))Theig*®* is computed across inter-grid cell using the same grid,cell connections as used
for the ¢*'*". The water table depth for each soil column within a grid cell is thereafter adjusted based onjg**'. Specifically,
{fR&G519% increases/decreases the soil water content of the soil layer where the groundwater table is currently located. The soil
moisture is updated while ensuring the soil moisture remains below/above the maximum/minimum allowable value. If the

155 change in the soil moisture is less than the g*'**, the

till the total change in soil moisture in all updated soil layers matches .‘ In ELMv2.0, the groundwater table is adjusted

by a conceptual recharge flux which depends on whether the water table is within or below the soil column. The approach by

explicitly subtracting the hydrostatic equilibrium soil moisture distribution from the Richards equation resolved the numerical

deficiencies when the water table is within the soil columns while using §-basedRichards-equation(Zeng-and-Decker; 2009):
160—In-EEMy:, the water table is assumed within the soil columns, such that the conceptual recharge flux is no longer employed.

The groundwater table depth is computed based on the soil water content following the #-based water table method in CEM5.0
(Figure 2)./A no flux boundary condition is applied to the last hydrologically active soildayes Following ELMv2.0, the saturated

zone is depleted by a drainage flux, i.e. the subsurface runoff, that is computed based on the SIMTOP scheme of Niu et al.

((2007); with modifications to account for frozen soils (Oleson et al., 2013)3
165 2.3 | Model benchmarking against PFLOTRAN for idealized hillslopes

Three idealized hillslopes that included a convergent hillslope (CH), divergent hillslope (DH), and titled V-shape hillslope
(VH) with variable saturated initial conditions are used to validate ELM;,; by benchmarking against a 3D subsurface flow and

; i ; 2010):

2.3.1 Idealized hillslope geometries

170 The CH/DH problems have been widely used to test the newly developed lateral groundwater flow model, e.g. (Troch et al.,
2003; An-et-al; 2010; Hazenberg-et-al;; 2015); Different from ELMv2.0 which uses uniform grid cells, the surface area of
CH/DH grid cells change along the slope. The surfaces of CH/DH are curved by the sinusoidal function (Figure 3):



Compare: Move�

artifact

This artifact was moved from page 6 of this document to page 6 of new document



Compare: Delete�

text

"c"



Compare: Delete�

image

Matching image not found



Compare: Delete�

text

"https://doi.org/10.5194/egusphere-2023-375 Preprint. Discussion started: 5 April 2023 © Author(s) 2023. CC BY 4.0 License."



Compare: Delete�

image

Matching image not found



Compare: Replace�

text

[Old text]: "2.2145 m[ slat"

[New text]: "The lateral flow in the saturated zone, Qslat [m3/s],"
The following text attributes were changed: 
   font



Compare: Replace�

text

[Old text]: "],/s3 The lateral flow in"

[New text]: "gradient as"
The following text attributes were changed: 
   font



Compare: Replace�

text

[Old text]: "saturated zone, q"

[New text]: "groundwater hydraulic head gradient. In such a manner,"



Compare: Replace�

text

[Old text]: ",gradient as the groundwater hydraulic head gradient. In such a manner ▽z∂"

[New text]: "as: ∂ z▽Qslat = −wT cosθx + sinθx"



Compare: Replace�

text

[Old text]: "wT− = x∂as: slat q The transmissivity is calculated following the .is the transmissivity ]/s2m["

[New text]: "∂ x 150"
The following text attributes were changed: 
   font



Compare: Replace�

text

[Old text]: "150 slat"

[New text]: "[m2/s] is the transmissivity. The transmissivity is calculated following the method used in Fan et al. (2007), see Appendix A. The Qslat"
The following text attributes were changed: 
   font, size



Compare: Insert�

annotation

Matching annotation not found



Compare: Insert�

text

"155 160 165 170"



Compare: Insert�

graphic

Matching graphic not found



Compare: Insert�

text

"175"



Compare: Insert�

annotation

Matching annotation not found



Compare: Insert�

graphic

Matching graphic not found



Compare: Replace�

text

[Old text]: "qThe (2007). method used in Fan et al. ,Specifically"

[New text]: "for the Qslat"



Compare: Replace�

text

[Old text]: "slat qThe"

[New text]: "The"
The following text attributes were changed: 
   font, size



Compare: Insert�

text

"Qslat"



Compare: Replace�

text

[Old text]: "ulat for"

[New text]: "Specifically,"
The following text attributes were changed: 
   font, size



Compare: Replace�

text

[Old text]: "qthe qslat"

[New text]: "Qslat"
The following text attributes were changed: 
   font



Compare: Delete�

text

"the"



Compare: Delete�

text

"soil moisture of layers above/below is recursively increased/decreased , slat"



Compare: Replace�

text

[Old text]: "qIn ELMv2.0,"

[New text]: "Qslat ,"
The following text attributes were changed: 
   font



Compare: Replace�

text

[Old text]: "groundwater table"

[New text]: "soil moisture of layers above/below"



Compare: Replace�

text

[Old text]: "adjusted . slat"

[New text]: "recursively increased/decreased"



Compare: Replace�

text

[Old text]: "q"

[New text]: "Qslat . In ELMv2.0, the groundwater table is adjusted"
The following text attributes were changed: 
   font



Compare: Delete�

text

"2009). -based Richards equation (Zeng and Decker, θ"



Compare: Insert�

text

"θ-based Richards equation (Zeng and Decker, 2009; Yu et al., 2014)."



Compare: Insert�

annotation

Matching annotation not found



Compare: Insert�

text

"In ELMlat ,"



Compare: Insert�

annotation

Matching annotation not found



Compare: Insert�

annotation

Matching annotation not found



Compare: Insert�

annotation

Matching annotation not found



Compare: Insert�

annotation

Matching annotation not found



Compare: Insert�

annotation

Matching annotation not found



Compare: Delete�

text

", In ELM lat160 -based water table method in CLM5.0 θ"



Compare: Replace�

text

[Old text]: "Following ELMv2.0, the saturated .A"

[New text]: "θ-based water table method in CLM5.0 (Figure 2). A"



Compare: Replace�

text

[Old text]: "layer 2). (Figure"

[New text]: "layer."



Compare: Insert�

text

"Following ELMv2.0, the saturated"



Compare: Insert�

annotation

Matching annotation not found



Compare: Replace�

text

[Old text]: "2013)."

[New text]: "(2007),"



Compare: Replace�

text

[Old text]: "(2007),"

[New text]: "2013)."



Compare: Insert�

text

"2.3"



Compare: Insert�

annotation

Matching annotation not found



Compare: Insert�

annotation

Matching annotation not found



Compare: Insert�

annotation

Matching annotation not found



Compare: Insert�

annotation

Matching annotation not found



Compare: Delete�

text

"2.3165"



Compare: Delete�

text

"2010). transport model, PFLOTRAN (Hammond and Lichtner,"



Compare: Move�

text

This text was moved from page 7 of this document to page 7 of new document



Compare: Move�

text

This text was moved to page 7 of new document



Compare: Insert�

text

"2003; An et al., 2010; Hazenberg et al., 2015)."



Compare: Insert�

annotation

Matching annotation not found



Compare: Delete�

text

"2015). Hazenberg et al., 2010; An et al., 2003; 3):"



Compare: Insert�

annotation

Matching annotation not found



Compare: Insert�

annotation

Matching annotation not found



Compare: Insert�

annotation

Matching annotation not found



Compare: Insert�

annotation

Matching annotation not found



Compare: Insert�

annotation

Matching annotation not found



Compare: Insert�

text

"3):"



Compare: Insert�

annotation

Matching annotation not found



Compare: Insert�

text

"xπ π"



Compare: Delete�

graphic

Matching graphic not found



Compare: Delete�

graphic

Matching graphic not found



Compare: Delete�

text

"(18)"



Compare: Replace�

text

The following text attributes were changed: 
   font



Compare: Replace�

text

[Old text]: "50"

[New text]: "z(x, y) = 10 sin −"
The following text attributes were changed: 
   font



Compare: Move�

artifact

This artifact was moved to page 7 of new document



Compare: Delete�

text

"2π"



Compare: Replace�

text

[Old text]: "�− xπ � sin10 = )x, y(z"

[New text]: "(18)"
The following text attributes were changed: 
   font



Compare: Insert�

text

"2 50 where x, y,"



Compare: Delete�

graphic

Matching graphic not found



Compare: Delete�

text

"155 170"



Compare: Insert�

text

"transport model, PFLOTRAN."





flux in saturated zone, rsub is the subsurface runoff

ub@ti

s the Tateral flux in unsaturated zone,

~slat

q

is the lateral



Compare: Delete�

text

"chttps://doi.org/10.5194/egusphere-2023-375 Preprint. Discussion started: 5 April 2023 © Author(s) 2023. CC BY 4.0 License."



Compare: Delete�

image

Matching image not found



Compare: Delete�

image

Matching image not found



Compare: Delete�

image

Matching image not found



Compare: Delete�

text

";latSchematic illustration of the subsurface flow implementation in unsaturated"



Compare: Replace�

text

The following text attributes were changed: 
   size



Compare: Delete�

text

"saturated zone from (a) ELMv2.0 to (b) ELM 2. Figure qcharge is the conceptual recharge flux used to update the groundwater table, q"



Compare: Move�

text

This text was moved to page 8 of new document



Compare: Move�

text

This text was moved to page 8 of new document



Compare: Move�

text

This text was moved to page 8 of new document



Compare: Move�

text

This text was moved to page 8 of new document



Compare: Move�

artifact

This artifact was moved to page 8 of new document





wherex;y; and z are the coordinates of the cell vertices. For the CH, the total width along the y-direction linearly shrinks from
175 100 m at hill top to 80 m at hill bottom; whereas for the DH, it linearly expands from 80 m at hill top to 100 mat hill bottom
((Figure 3)) The total width along the x-direction is 100 m forboth'CHand DHY

The tilted V-catchment hillslope is another popular benchmark problem for validating groundwater flow in land surface

models (Park et al.. 2009; Sulis et al.. 2011; Maxwell et al.. 2014). As shown in Figure 3 (¢), the V-shape catchment is formed

by-the-union-of two-symmetrically-inelined-planar-surfaces (80-m x 100 m) on the sides connected by a channel in the middle
@80 ((20m &XF00 m). The two planar surfaces are inclined with slopes of +0.05 and 0.02 at x-and-y-directions; respectively. The

channel is inclined following the slope of 0102 at the y direction?

convergent hillslope divergent hillslope tilted V-shape catchment

(a) (b)

z(m)

y(m) 00 x(m) 1

| Il Il L | |
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 120 140 160 180
x(m) x(m)

(Figure/32 Geometries of the three benchmark test problems. (a), (b), (c) are 82D views, and (d), (e), (f) are x-y views of the three benchmark
test problems, respectively. S; and Sy are slopes along the x and y directions, wespectively:
2.3.2 Model setup

By default, the soil columns of ELMv2.0 are vertically discretized into 15 seil-layers-of-expenentially-varying-soeil-thicknesses
(feaching a depth-of 42:1 . Only the fifst 10 soil layers are hydrologically active and occupy the top 3i8 m of a Seil'columny
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@85 For the model benchmarking, we modified the default model setup by allowing all @9 soil Jagefsitorberhydrologicaliactive
and'have a tniform'seil'thickness'of 1 m to be consistent with the setup for PFLOTRAN simulations. The soil columns were

HOFZOTAlly UiSCTENiZEaorA0%0 10 mesh with a grid resolution of 10 fiAEXdirestion ARd ChANGINEESOlutioN Ay direction
for CH and DH. For VH, the soil columns were discretized horizontally with a uniform grid resolution of 10 M at'both x

(and'y directions; which'produced amesh of 18¥<10) A homogeneous soil texture was used with a porosity of 043 Theseil
@90 water retention properties in ELMv2.0 were described using the Clapp-Hornberger formula (Clapprand Hornberger, 1978)

retention property parameters in PFLOTRAN with ELM. The anisotropic ratio for the hydraulic conductivity was set as 120

for the CH and DH cases (K3 =K =15;); and was setas 10.0 for the VH case (K@ ey = 10K7))The same boundary and

initial conditions were applied for the three benchmark problems. A no-flow boundary condition was applied on all sides of

@95 the domain. Hydrostatic pressure was used as the initial condition with the groundwater table depth (WTD) set at 7 m-deep
from-the top-surface- EEMj;; and PFLOTRAN-simulations-were-performed-for 80 days for all three benchmark problems and

results were compared at the end of the simulation. The performance of soil moisture dynamics was evaluated using the mean

absolute error (MAE) between ELM,;,; and PFLOTRAN, while the performance of groundwater was directly evaluated by the
difference between ELM;,; and PFLOTRAN simulations.

20024 Model application
2.4.1 Study region

ELM,,; is applied to study the role of lateral subsurface flow on terrestrial processes in the Little Washita Watershed (LWW),
which is 16eatedsf the southwestern Oklahoma, USA-(Figure @)) The LWW has a drainage area of &611°Km? @fid is Gheot
the seven selected experimental watersheds jointly administrated by the U.S. Department of Agriculture (USDA) and U.S.
205 Environmental Protection Agency for a variety of hydrologic research projects. The LWW has a subhumid climate with annual

(precipitation of approximately @60 mm and annual temperature of approximately 16" 4CHETheelevation of [EWW ranges from)
‘@pPFOXiTALE]y320 m to 460 mss and the slope ranges from OF to 3% (Figie ) Grasslanais e dominantIandIcovEroREWW)

with small portions of land occupied with crops, shrubs, and deciduous trees. The mean annual Leaf Aare Index (LAI) is within
the range of 0:5-3-m2/m?2s Soil textures of LWW are composed of sand, loam, and silty loam (Allen and Naney, 1991). EWW

210 has a relatively higher soil content of sand and organic matter in the northwestern part and southeastern part; several spots in
the southern region have higher clay content(Figure 4a-c).

2.4.2 Model configuration and data

The'model"domain’covered™a 35 km x 650 km area encompassing the LWW and was laterally discretized at ®&m x 1 km:

A5 soil layers were set as hydrologically active. Results from Fan et al. (2013)Show the'maximum WTD could feach ipto
215 ©0m deep in this f€gionTBy default) the 15th-seil-layerin- EEMv2.0-reaches-a depth of @8 Therefore, we modified the soil
thickness of the 1asttwo soil layers By adding)20 meters each to their default values in ELMv2.0 while keeping the discretization

10
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of sand-and-clay, respeetively, overthe-study-area-at-aresolution-of T km:

ehthesther 13 Soillayersunchangedy The ol soilithicknessicouldifeach) 82 m. The initial WTD was spatially uniformly set

was used as the climate forcing which has a spatial resolution of 1/8th-degree grid. We performed 100-year simulations with
2008 to allow sufficient time for the model spin-up. The
model results from the last year of the spin-up were used for analysis.

(The @ km surface data used in this -was generated using multiple high-resolution, sub-kilometer data sets including
i i e D- The soil, elevation and LAI datasets were first aggregated to @
-usmg the area-weighted average method, and the land cover data was aggregated to 1 km-using-the-majority resampling

(methodSpecifically; MODIS 500 m'land cover wasat'year 2005 obtained from the Google Earth Engine (Gorelick et al.,
(2017): Followinig' Ke'etral: (2012); the ECETypesS class of MCD12Q1 v6 land cover product (Friedl and Sulla-Menashe, 2019))
was-used to determine the lake, urban, glacier, and vegetation plant functional types (PFTs). These PFTs were further classified
into tropical, temperate, and boreal sub-types based on the rules presented in | Bonan-et-al: (2002) and-using-meteorological
data-from-WorldClim-V1-(Hijmans-et@k; 2005) The monthly climatology LAI was derived from the 4-day MCD15A3H V6.1
(Mynenietals; 2021) over 2003=2020/using GEE? Then based on the method in Zeng et al. (2002); We'calculated the monthly)

climatology stem area index (SAI) from the LAI data. For the soil data, we used the Soilgrid v2 data with an original resolution

©f 250 m {(Poggio et al., 2021)3 Soilgrid is generated based on machine learning using multiple data sources of soil profiles
(and'remote sensing datan(Heng] et al., 2017)) The'percent €lay, percent sand, and soil organic matter at multiple depths were
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S Soccitontions of hich-resolittiond EArp—

Type Parameter Spatial resolution Temporal reso- | Data source Reference
lution
Land cover Vegetation type | 500 m yearly MODIS MCD Friedl and
12Q1 V6 Sulla-Menashe
(2019)
leaf area index 500 m 2003-2020, 4- | MODIS Myneni et al.
day MCDI15A3H (2021)
Vé.1
Stem areaindex | 500 m 2003-2020, 4- | Calculated
day
Soil Percent sand 250 m Static Soilgrid v2 Poggio et al.
(2021)
Percent clay 250 m Static Soilgrid v2 Poggio et al.
(2021)
Organic matter | 250 m Static Soilgrid v2 Poggio et al.
(2021)
Topography Elevation 90 m Static SRTM v4 (Jarvis et al.,
2008)

processed for ELM. The 90 m digital elevation from the Shuttle Radar Topography Mission (Jarvis ct al.. 2008) was used to
235 derive topography-related parameters in ELM, including the standard deviation of elevation and slope. These 0.01 deg datasets

Wereiprocessed using GEE basedionthieroriginal 90 fvelevation: We used @eontinuousiglobal WTD map with a resolution
of B0 @rc=second (A1) kin)I(Fai) ct @) 2018) to validate the simulated WD which is liereafiereferredras Fan2013:The

impacts of lateral flow on the model performance were assessed by comparing the soil moisture and energy fluxes including
soil temperature, IZatéfit and sensible heat flux, with ELMv2.0 simulation. Site-level observations of soil moisture and soil

240 temperature were collected from the ARS Micronetwork (httpSi/arsimesonetiorg/)Which is operated and maintained by the
USDA.

3 Results and discussion
3.1 Evaluation of simulations for the benchmark problems
ELM;,; can accurately reproduce the evolution of vertical soil moisture profile simulated by PFLOTRAN for all three bencha

245 mark-problems-(Figure 5): The model correctly simulates the drying out of uphill soil columns (Figure 5@%b)) and the wetting
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up of downhill soil columns (Figure 5d@%€) for all the three hillslopes. In the VH case, the soil moisture shifted quickly during

20 d =50 d-butslowed-down-during 50 d =80 @) whereas the soil moisture €hanging'paceiare nearly steady for the CH and
DH cases during the two periods. (PHeiSoiliproperties usedinhie thiee testeases areiexactly the same exceptihantheVHicase
has a higher anisotropic ratio and therefore higher lateral hydraulic conductivity. It is probable that during the period of 50 d
250—=80(d) the VH case is(Mofeapproaching hydrostatic condition than the other two cases. These-differences-were-well-captured
by EEMg+as-compared-with PEEOTRAN: The largest discrepancies in the simulated soil moisture are in soil layers that are

closer to the water table, and these discrepancies could be explained by the differences in the model structure (Figure (A1)
PFLOTRAN solves the variably saturated subsurface flow equation, which is applicable for both the unsaturated and saturated
zones, while ELM;,; has two separate flow models for the unsaturated and saturated zene» Thus, the difference between the

255 two models is expected to be the largest near unsaturated-saturated Zone transition?
After 80(daysievolition; the soil moisture redistributed and transported following the surface topography via the lateral flow

(Figure 6a-c). The most downhill columns of CH and DH are approaching Sattiratéd:"As compared t0'PREOTRANTEEM )
underestimated the soil moisture transport from the upland to the lowland such that the upland cells were wetter and the lowland
‘cells were drier for (62 However, the difference between the two models was

simulate lateral unsaturated soil moisture dynamics. During the

moisture for all cells in the top 5 soil layers-remains-within 1% =£4% forall three test problems; as'shown) in FigureA2)

At the end of the simulation, the simulated groundwater table evolves from the spatially uniform initial depth ((i#%€%)7f)'t6)

a spatially varying depth that is inversely related to the surface elevation (Figure 7a-c). Similarto the flow in the tnsaturated

265 (ZonenBIMj; underestimates the lateral flow il the saturated ZoNEraSIComparedifoPFLOTRAN) with a Shallower(deeper)
simulated groundwater table in upland (lowland) cells (Figure 7d-f). The use of different soil water retention curves (i.e., Clapp
and Hornberger (1978) in ELM,,; and Brooks (1965) in PELOTRAN) could account for the differences in simulated WTD.
Additionally; it should be noted that the prognostic variable in PELOTRAN is the soil water pressure and the simulated WTD
is diagnosed by linearly interpolating the vertical pressure profile for each soil column. Despite-these-structural-differenees;

270 |ELEMjg;simulated WTD is comparable to that of PELOTRAN with differences within EE0:3 m throughout the Simulation period)
(Figure (A3):) Overall, the above evaluation results démonstrate ELM,,, @uld accurately represent vertical and lateral transport

3.2 Evaluation of simulations over LWW

Applying F5LMig; in EWW significantly @mpgoyes) the Simulatién of W TD &hen compared to the ELMv2.0 f€Sults? Simulated

275 WDy BV SHoWed SIong CoRelations ( = E071) with surface [OPOFHAPY which s consistent with Fan2013 Fesults)
while ELMv2.0-simulated WTD has no spatial variations (Figure @)2Theésimulated"WTDrin the highernorthwest part of the
‘watershed was not as deep as that reported in Fan2013. One major reason for this could be dug o the climate forcing data
used in this study may not represent the Iongitermisteady state as Suggestedby Fan2013mVIGIEOVET, it has been previously
shown that the subsurface drainage parameter (fq) exerts a strong control on the long-term simulated WTD in 1D ELM
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Figure 8. Annual average groundwater table depth (WTD) simulated by (a) ELMv2.0 and (b) ELM;,., along with (c) the Fan2013 dataset

gimulations(Bishtietals 2018) HoWeVer) since the Prilaryigoal of this study-is-to-develop the fodelstructireandevaliate
the model performance, calibration of f; to match the Fan2013 results is out of the scope of this work, especially considering
the differences of the climate forcings mentioned above. Therefore, no calibration of f4 was done to better match the WTD

ELM,,; simulated generally lower soil temperature ((TS)) and sensible heat flux {(SH) but higher latent heat flux (LH) than
ELMv2.0 for most of the grid cells (Figure 9)- The spatial annual S showed a gradually increasing trend from north to south.
The LHand SH showed the opposite spatial pattern, where LH is higher the SH is fowet: The effects-of WTD-changes-on-the
energy fluxes were more pronounced at low elevation cells, especially at the stream and its surrounding cells. The delivery of
the groundwater through the lateral flow to the valleys supported higher LH while reducing the SH compared with ELMv2.0
which has little spatial WTD variations.

Despite the observations being based on point measurements while simulated results representing lkm resolution, both
ELM,;,; and ELMv2.0 were able to capture the major fluctuations and wetting/drying cycles of soil moisture (SM) comparing
(With'observations atthe two'stations (Figure 10)! Station A121 is located at the lowland area of this catchment with an elevation
6343 m while station A149 is located in the high land area with an elevation of #20mu(Figure 4(a)): At station A121; EEMiz»

simulated higher soil moisture, with the annual mean 01013 higheéiiat'Scm and 0:021 higherat 25¢m’ than EEMV2:0'fesults?
(At'station"A1497 EEM ;g7 simulated slightly lower soil moisture, with annual mean 0:007 lower at Scm and 0:009 lower'than

ELMv2.0 results.
For the soil temperature simulations, we focused on the summer temperature (Figure (1)) Relative torEEMv2:0; EEM 7

simulated cooler summer temperature at both 5 EEan IS TE=E0/0631°() @i 30 G deptis (mean & SHE006 1) av
(station"All 217 Tn'contrast) at station' AT49) EEM g3 simulated slightly higher summer temperatures at soil depths of Sem (mean

AST=0.018°C) and 30 em (mean A ST =0.019 °C). The differences in summer temperature between ELMq; and ELMv2.0
were consistent with thesSHudifferencessasndiscussedspreviously: More water cooled down the summer soil temperature at
station AI21, whereas less water increased the summer soil temperature at station A149. However, both ELM;,; and ELMv2.0
overestimated the temperature during July compared with observations, which may be du to the overestimation of incoming
solar radiation or the discrepancies of the soil thermal properties between the model and reality at the sampled locations.
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(Figiiré 9WEEMiZ? simulated annual (a) top layer soil temperature (>€); (e)-latent-heat-flux (W/m?) and (e)sensible heat flux (1W/m?); (b),
(d), (f) are the differences between ELM;,: and ELMv2.0 simulations for the three energy items, respectively
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(Figure 110 comparisons of simulated hourly summer soil temperature at depths of (@)/5/€mandi(b)/25 cm of a 16w land station (A121) and
(@tidepthsiof(€)) 5 cm @nd (d) 25 cm of a high land station (A149)between BEM, . and ELMv2.0
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Figure 12. (a), (b), (c) are the difference of annual average surface soil temperature, latent heat flux, and sensible heat flux between ELM-lat
and ELMv2.0 vs. simulated groundwater depth differences between ELM;+ and ELMv2.0; color bar indicates the groundwater table depths
simulated by ELM; 4+

Lateral groundwater flow reshapes the groundwater table map and impacts the surface heat fluxes (Figure (12)) The most
'significant changes between ELM;,, and ELMv2.0 in heat fluxes occur when ELM;,;-simulated WTDs are less than 10 me-
(tersy where ELM,,; simulated generally shallower WTDs than ELMv2.0. As a result, ELM;,; simulated lower surface soil
temperature and lower SHs, but higher LHs at shallower WTDs, which are consistent with previous discussions. And'the dif-
ference ©f surface soil temperature, LHs and SHs are nearly linearly correlated with the WTD differences when the WTDs |
(arerless'than 10 metersy At deeper layers, the heat fluxes are not sensitive to changes in WTDs. The maximum differences of

(simulated surface soil temperature valies) could reach E0:4=20:5'°C) the LHs differences could reach 8—10-W/m? @id the

SHudifferenicesicouldreach s4==6 W /i) at grids where EEMjg@Sifmulated W TDs are less than S\ffietersiThe/depthvatiwhich
groundwater can influence the vegetation funictions'are dependent on the roots’ penetration depths (Fan, 2015)7HoWever, sifice

the land use type is quite simple in this watershed (e.g., mainly grass), it is difficult to differentiate the effects of WTD changes

on the vegetation functions for different PFTs.

BLM2.0 parameterizes the subsurface runoff with an exponential relationship of the water table depth (Bisht et al., 2018).
Although a spatial uniform value of this parameter was used in @IS/t the simulated WTD is significantly improved in
L Mg than the GefaultselienenCalibrating elevantparameersiEgs f,) can further improve the representation of WTD

B20min B LM g Moteover) a homogeneous anisotropic ratio was assumed in the LWW study given the relatively uniform soil

Brunke et al.

((2016) evaluated the effects of using spatially heterogeneous soil thickness and sedimentary deposits (Pelletier et al., 2016)

on the simulated hydrological and thermal fluxes in CLM4.5. Incorporating heterogeneous DTB in CLM4.5 has more impacts
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observed in locations with shallow bedrock than in deep bedrock on the water and energy fluxes, reported by Brunke et al.
(2016)./Incorporation of variable DTB and evaluation of the heterogeneity of parameters will be performed in the future Stidy

This study is primarily oriented to validate the new features of the unsaturated and saturated lateral flow in ELM across
grids and evaluate the connections between lateral groundwater flow and surface energy fluxes rather than rigidly close the
water balance by calibrating all the water balance components against observations. Therefore, water balance and streamflow
were not evaluated-in this-study. A holistic evaluation of the impacts of the lateral groundwater flow on the water and energy
balances, as well as the parameter sensitivities, will be tested and evaluated in a much larger domain in the future work. In the
present work, we have developed ELM;,,, that runs serially and the model will be extended in the future to use high performance
computing to manage the high computational cost of global simulation.

Additionally, some anthropogenic activities, e.g., groundwater pumping, irrigation, as well as two way river/groundwater in-
teractions are not incorporated into the current model structure. Extensive groundwater pumping reduced discharge to streams,
with 10=23% of watersheds reaching critical environmental flow thresholds, revealed from large scale groundwater modeling
results (de'Graafetial) 2019)) We envision a future road map with more holistic representations of hydrological functions
building upon the lateral connections of the grid network, not exclusively the lateral groundwater #i6%), but more realized

groundwater and surface water interactions in ELM.

4 Conclusions

Regarding the emerging highlights of lateral groundwater flow in the hyper-resolution large scale Earth system modeling, we
developed and validated an inter-grid cell lateral groundwater flow model for both saturated and unsaturated zone in the E3SM
Land Model framework.

By incorporating lateral groundwater flow in the ELMv2.0 and modifying the flux terms based on the non-horizontal terrain,
the ELM;,; could accurately simulate the soil moisture and WTD dynamics in three idealized hillslope problems validated
against PFLOTRAN. The-EEM ;7 underestimates-the-lateral-groundwater flowrelative-to PELOTRAN-results;-which-may
be-attributed-to-the-different formulas-used-to-parameterize-the-soil-water retention-properties-in-the-two-models: During the
simulation period, the MAE between the two models is within 1% =+4%; and-the simulated- WTD-differences-are within +0-3
m.

The developed model was further tested in a realistic watershed, Little Washita Watershed. The simulated WTD by ELM;,;
showed a strong correlation (+-=—0:71) with surface topography where higher land has a deeper groundwater table, which
agreed well with the WTD pattern in Ean20132 The effects of lateral groundwater flow on the energy flux partitions were more
pronounced at low elevation areas with shallower groundwater tables (i.e., WTD <10 m)-Lateral groundwater-movement
from highland area to the valleys cooled down the summer surface soil temperature at low land areas; at high land area, less
water slightly increased the summer surface soil temperature. More water in the low land area supported higher LH while
reducing the SH compared with the ELMv2.0 simulation. In mountain area with very deep WTDs (>10 m ); the movement of

lateral fluxes have relatively small effects on the surface energy fluxes relative to the effects at the low land area. These results
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underscore the importance of including lateral groundwater flow in the LSMs, especially in the critical zone to holistically

understand the role of groundwater system on the terrestrial water-energy distribution and its feedback to climate change.

Data files and running scripts for model simulations are available at: https://doi.org/10.5281/zenodo.7659300 (Qiu et al.,
2023a). ELM;,; model are available at:https://doi.org/10.5281/zenodo.7686303 (Qiu et al., 2023b) for the idealized hillslope
problems and at:https://doi.org/10.5281/zenodo.7686381 for the LWW application (Qiu et al., 2023c).E3SMv2.0 (including
ELMYv2.0) is supported by the Linux system.

The details for running E3SMv2.0 (including ELMv2.0) can be found at:https://e3sm.org/model/running-e3sm/e3sm-quick-start/.
ELM,,; adopts the same compilation and running approaches. PFLOTRAN can be installed and compiled on Linux, Mac, and

Windows systems. The detailed instructions for PFLOTRAN installation and running are provided by the user’s guidance

Appendix &
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Figure A2. vertical-absolute-pereent-errors between EEMyqrand PFEOTRAN-at the [ostuiphillicolumn for(a) CH;(b) DH; (¢) VH and the
‘most downhill column for (d) CH, (e) DH, (f) VH, for each layer at the 80th simulation day
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Figure A3. The-differences-of simulated-groundwater table depths-between-EEM;q; and PFLOTRAN-during the Siulaticnperiod
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"48, 2012. Wood, E. F., Roundy, J. K., Troy, T. J., Van Beek, L., Bierkens, M. F., Blyth, E., de Roo, A., Döll, P.,"



Compare: Replace�

text

[Old text]: "Hyperres-.,Blyth, E., de Roo, A., Döll, P .,J., Van Beek, L., Bierkens, M. F .T ,J. K., Troy ,Roundy .,Wood, E. F 47, Water Resources Research, ,olution"

[New text]: "Hyperresolution"



Compare: Replace�

text

[Old text]: "water"

[New text]: "water, Water Resources Research, 47,"



Compare: Insert�

text

"Yu, Y., Xie, Z., and Zeng, X.: Impacts of modified Richards equation on RegCM4 regional climate modeling over East Asia, Journal of Geophysical Research: Atmospheres, 119, 12–642, 2014. Zeng, X."



Compare: Replace�

text

[Old text]: "and Decker 540 2009. g/10.1175/2008JHM1011.1,https://doi.or 308–319, 10, ,Shallow"

[New text]: "Shallow"



Compare: Replace�

text

[Old text]: "Hydrometeorology"

[New text]: "Hydrometeorology, 10, 308–319, https://doi.org/10.1175/2008JHM1011.1, 2009."



Compare: Insert�

text

"Zeng, X., Shaikh, M., Dai, Y.,"



Compare: Insert�

annotation

Matching annotation not found



Compare: Delete�

text

".,Y ,Zeng, X., Shaikh, M., Dai 2002. 1832–1854, 15,"



Compare: Replace�

text

[Old text]: "Journal of ,and"

[New text]: "15, 1832–1854, 2002. Zeng, Y., Xie, Z., Liu, S., Xie, J., Jia, B., Qin, P., and"



Compare: Replace�

text

[Old text]: "flow .,Xie, Z., Liu, S., Xie, J., Jia, B., Qin, P .,Zeng, Y 2018. 1882–1900, 10,"

[New text]: "flow, Journal of"



Compare: Replace�

text

[Old text]: "545 J.: Spatiotemporal variations of evapotranspiration in .W ,Zhang,"

[New text]: "10, 1882–1900, 2018. Zhang,"
The following text attributes were changed: 
   font, size



Compare: Replace�

text

[Old text]: "Riley 2022. 959, e2021JD034 127,"

[New text]: "Riley, W. J.: Spatiotemporal variations of evapotranspiration in"



Compare: Replace�

text

[Old text]: "31 535"

[New text]: "127, e2021JD034 959, 2022. 39"
The following text attributes were changed: 
   font, size



Compare: Replace�

text

[Old text]: ".Troch, P 525 2003."

[New text]: "complex hillslopes: 1."



Compare: Insert�

text

"and Decker,"



Compare: Replace�

text

[Old text]: "MoistureâBased"

[New text]: "Moisture Based"



Compare: Delete�

text

",Zeng, X."





