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Introduction [TH RIVERSIDE

Physically-based Watershed Models:
= Characterizing surface-subsurface
= Predicting, Planning & Designing
= Management of water resources
» Evaluating Managed aquifer recharge
* Environmental impact assessment,
Including climate change.

Integrated Watershed Model:
-Provides better insight into surface-subsurface
Interaction.

Key challenges:
= Very high computational demand
= Qver parameterization
= High cost & time consuming 4 B 4
= High-performance computing - [ .

BRI - Rt s U ©RIKEN

(Maxwell et al. 2015; Chen et al., 2022; Meles et al., 2024)

High-performance computing.



New Computationally Efficient Modeling Framework  [TRIVERSIDE

* First developed by Seo et al, 2007.
» Updating package (Beegum et al. 2018, 2019)

__ 100
d Overland flow & Vadose zone: g o HIDA Hiliope ’
2 80 ® H1DK2-WS Watershed
= H1D-K2 (Chen et al., 2022; 2024) s i}
= H1D-K2 Watershed (Meles et al, 2024) e
g ®
= Computationally efficient by 47% than HYDRUS-2D  |° | Source; Meles et 4., 2024
0 5 10 15 20 25
[ Dynamlc time_stepplng - . .Number onydnnls Columns
. . . . Computational efficiency of H1D-K2 hillslope & H1D-K2 Watershed.
= Dimensionality reduction
= Parlange equation replaced by the Richard's equation. e
 Groundwater : | N //’%49’%//// / h .
= Hydrus package for MODFLOW is an efficient model.|  F57F] sud @
. : 7// / K: Hydra:lwac Conductivity

- zone 2,/ zone 2
= Python-based H1D-MF5 coupling (Pawlowicz et al., 2024) ' { e
No attempt for coupling of H1D-K2-MF5 d .

H1D package for MODFLOW (Source: Seo et al., 2007).



Aim & Methodology

1 To develop a computationally efficient externally
coupled multi-model framework for accurately predicting
& characterizing surface-subsurface processes.

Open
Channel 0
Element —

d Python-based multi-model framework (H1D-K2-MF5) is

[TH RIVERSIDE

Python Script

developed by external coupling of :

= KINEROS2: Kinematic wave approximation of the shallow
water equations for overland flow (Goodrich et al., 20006).

* A new Python script for KINEROS2

= HYDRUS-1D: 1D Richards' equation for variably saturated
flow (Simtnek et al., 2005).

= MODFLOW-2005: 3D groundwater flow equation Is
derived from Darcy's Law & mass conservation principles
(Harbaugh, 2005).

H1D-K2-MF5
-

www.usgs.gov/software/modflow-6-usgs-modular-hydrologic-model
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Key features:
 Switching BCs: Surface BC in H1D is
switched.
=  Atmospheric BC (no ponding)

= \ariable pressure head BC (ponding)
(Chen et al., 2022 ; Meles et al, 2024)

 Recharge: After each MODFLOW time step, to
ensure accurate recharge estimation.
= Pressure head iIs updated

= Bottom part of the profile is modified
(Beegum et al., 2018; 2019)

4 Soll profile:
Soil profile/s is used to model a domain based
on surface-subsurface conditions.

d Water balance:
Water balance Is estimated separately for
overland flow, vadose zone & groundwater.

MODFLOW temporal loop

| Discretized MF5, into z,,, |+
¥

[|1 MF5 Zone <

Atmospheric forcing &

Surface ponding
Ponding-Yes | Ponding-No

¥ ¥
[Var. Press. BC| [ Atm. BC |
¥ ¥

Spatial loop

HYDRUS-1D I

HID temporal loop

Multiple profiles- Yes

Updating bottom part of HI1D profile

t
Rainfall - inf <

KINEROS-2 h_‘

¥
Overland flow -

"'ﬂ Qutputs: hydrographs

Flowchart depicting the information exchange process
in H1D-K2-MF simulation code



New Python Code Verifications

[TH RIVERSIDE

Surface & subsurface modules: Extensive verifications for overland flow, vadose zone, & groundwater flow by
simulating analytical solutions & benchmark cases (Maxwell et al., 2014; Chen et al., 2022; & Beegum et al., 2018)
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Results & Discussions: Homogeneous Hillslope [T RIVERSIDE

 Hydraulic properties of material (Silt):
6, = 0.050, 6, = 0.489, ¢ = 0.7 (1/m),
n =1.68, ky=7.64E — 4(—),1 = 0.5

min
d Model:
= MODFLOW
*»* Domain = 400 m x 400 m
+»» Discretization = 8x8
¢ Initial head =5m
** Model thickness =10m

= H1D profile depth =10m

= K2 Slope = 0.005
U Simulation Exchange time:

* H1D- 2 min
A homogeneous hillslope model domain. = K2 - 1min

= MF5- 1 day

« Simulation period: 5 days
 Precipitation rate: 1.65 E-3 (m/min)
 Precipitation duration: 200 min/day




Results & Discussions: Homogeneous Hillslope [T RIVERSIDE

Simulation Comparisons: g HIDK? == HIDK2- M il chdid i B
§2.0E+00- “ 4 ﬂ ﬂ og g = - g ﬁ S
3 Overland flow e o
Excellent agreement between [£'% ] .
HI1D-K2 & new coupled | *** |
mOdeI PO 0 10'00 20'00 3090 4OIQO 50'()0 6000 70'()0 w : I
A Groundwater e e EEE
Groundwater head also shows |” 7T [ mupwrs emipkars LRS-
almost 1dentical agreement - Z; i ‘:
between HID-MF5 & new [z ;. .
model. g 5.0 - 5 é’gi
d Water content a5 |lgEE
Temporal moisture dynamics e aene e el |
of the three models show e sy =

Comparison of H1D-K2-MF5 outputs with H1D-K2 & H1D-MF5 models
for homogeneous hillslope a) the overland flow hydrograph, b) the
groundwater head, c) water content dynamics over the simulation
period.

almost perfect agreement.



Results & Discussions: Homogeneous Hillslope [T RIVERSIDE

Water balance component comparisons for homogeneous hillslope

Surface and VVadose Zone

Q in (m3) Q out (M3) Q storg surf (m3) | sub change (m3) [ Q drain (m3) [ Discrepancy (%) | Recharge In (m3 m3 m3 Total Out (m3 Discrepancy (%
H1D-K?2 model

86385.44| 86385.47| 86385.47| 86385.47 2.95E-05

2.95E-05

264000.00 | 91161.39 0.00 95928.22 86385.44 3.53

264000.00 | 91161.39 95928.22 86385.44 86385.44] 86385.47

O An Excellent agreement between H1D-K2 and H1D-K2-MF5 for surface & vadose zone
1 Almost identical agreement between H1D-MF5 & H1D-K2-MF5 for groundwater



Results & Discussions: Heterogenous Hillslope [T RIVERSIDE

Rainfall

Sur "

OO0 OO0 OO Q Hydraulic properties of materials (Silt):

Mat 1: 8, = 0.050, 6, = 0.489, a = 0.45 (1/m), n = 1.68,
k.= 2 * 3.82E — 4(%),1 =05

Mat 2: 6, = 0.050, 6, = 0.489, & = 0.45 (1/m), n = 1.68,
kg=3+3.82E — 4(—-),1 = 0.5

Sm—p- [

d Model:
Same setup as the homogeneous case

3
T 400, \7 ‘:’ SImUIatlon pe“Od 5 days

¢ Precipitation rate: 1.65 E-3 (m/min)

? heterogeneous  hillslope  model ** Precipitation duration: 200 min/day
omain.

O Simulation Exchange time:
= HID - 10 min
» K2 - 1min
= MF5 -1 day
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Comparing new coupled model outputs with H1D-K2 and
H1D-MF5 models for heterogenous hillslope.

Overland flow:

H1D-K2 & H1D-K2-MF5 show
almost identical agreement.

Groundwater:
Zone-wise temporal & spatial
distribution of GW head show
similar patterns.



Depth (m)

Results & Discussions: Heterogenous Hillslope [T RIVERSIDE

Comparisons of water content distributions Table: Comparisons of water balance
(a) HID-K2 . (h)H.lD-MFS . () H‘ID-K2~MFS.
Water Content at ) mins 0.0 Water Content at ) mins Water Content at ) mins E I e m e nt S Val u e S Val u e S
E s 2 Q in (m%) 264000.00 264000.00
o I NI [Qout(m3) 47657.35 47657.35
| | o
o
O
oS 3
S —rr——— S| T [25109sUP (M) 13588360 | | 136564.10
(¢B) .
= 8| [Qdrain(m?) | 9458355 || 93920.40
: : @ Discrepancy (%) 5211 Y 5217
| | : < :
- s Recharge In (M) 95968 20 | |  93920.40
S r——_ g Total In (m°) 92968.20 93920.40
L [Storage Out (M%) 92968.20 93920.39
s s a
* T [Total Out(m°) | 92968.20 93920.39
Width (m) ’ . 10 Widzt[:?{m) 30 . Wid2t[:10(m) -
B O v a— Discrepancy (%) 1 6106 1.35E-05

Water content



= The original model unit is an English unit (EU).

Results & Discussions: Benchmark Model

 Benchmark Model:
= MODPATH Version 7 model domain (Pollock, 2016)
= A complex model includes pumping, river, unconfined, & confined aquifer.

Top=121.92m

First Aquifer

Second Aquifer

Ky = 15.24m/d
K, = 3.048 m/d

Confining layer «, -k, =o0.003m/d

Well

Ky = 60.96 m/d
K, = 6.096 m/d

River

I River

<

o

=

I

«

s ®

s |F Well

% US) Quen = —4247.53m°

> 1o
—

l 10000 ft
+—— x direction, 3048 m

Fig. MODPATH Version 7 model domain after converting EU to Sl unit.
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Fig. Groundwater head distribution after converting EU
to SI unit for MODPATH Version 7 model domain

Recharge directly assigned to the cell

Table: Water balance comparisons after converting EU to Sl

Recharge In| Total In Wells Out  |River leakage Out| Total Out In-Out Discrepancy (%)
EU unit (ft3) 525000.00 | 525000.00 150000.00 375000.00 525000.00 0.00 0.00
EU to SI Unit (m3) 14866.34 14866.34 4247.53 10618.82 14866.34 0.00 0.00




Top = 121.92

\4

Results & Discussions: Benchmark Model

H1D:SP1

N/

vI il vV——o

Confining layer

IWT =97.536

Bottom =0

Top = 121.92
~ | HiD:SP1 H1D: SP-2 HIDT SF-
2
vri v ~
Aquifer-1

Confining layer
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IWT =97.536

Bottom =0

Fig. Number of H1D columns representing the unsaturated flow wedge in hillslope modeling to reproduce the steady state MODPATH reference simulation.

U Hydraulic properties of material (sand):
6, =0.01, 6, =0.30, a =3.3 (1/m),n = 4.1, k,=15.24 m/day, [ = 0.5
1 H1D bottom = 20.0405 m

4 Initial WTD in H1D = 12.192 m



Results & Discussions: Benchmark Model

Reference Model Steady State Simulation
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Coupled Model Steady State Simulation: 1 H1D Profile
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Results & Discussions: Benchmark Model

Comparisons between new coupled model using
one HYDRUS-1D profile and MODPATH model.

[TH RIVERSIDE

Comparisons between new coupled model using
three HYDRUS-1D profile and MODPATH model.
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Table: Water balance comparisons between the new coupled model using 1 and 3 HYDRUS-1D profile
with the MODPATH model.

Recharge In| Total In | Wells Out |River leakage Out| Total Out | In-Out |Discrepancy (%)
MODPATH (m3) 14866.34 | 14866.34 | 4247.53 10618.82 14866.34 | 0.00 0.00
H1D-K2-MF5, 1 H1D (m3) | 14866.34 | 14866.34 | 4247.53 10618.37 14865.90 | 0.44 0.00




Results & Discussions: Steady & Transient MODPATH domain

Transient Simulation

Steady State Simulation: GW head distribution

(a) First Aquifer (b) Second Aquifer
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GW head at (0,0) cell
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Transient Water Balance:

.ulll
1 2 3 4 5

Surface & vadose zone

Qin (md) 16095452.0 [Storage In (m°) 35947.47
Q out (m°) 4270139.04 |[Recharge In (m®) 9310275.80
Q storg_surf (m°) 0.00 |[Storage Out (m°) 8902028.16
Q storg_sub (m®) |7779370.76 |Well Out (m>) 42475.30
Q drain (m°) 4655137.30 [River leakage Out (m®) | 401602.32
Discrepancy(%0o) 3.71 |Discrepancy(%o) 1.20E-3




Take Home
—

A python-based multi-model framework is established by accurately coupling HYDRUS-
1D, KINEROS2, & MODFLOW-2005.

= The new externally coupled model (H1D-K2-MF5) performs almost identically to the
established simulation codes for a number of benchmark simulation cases.

= The new model is computationally efficient compared to integrated watershed models.
 The multi-model framework is flexible:

= H1D-MF5 for groundwater simulation.
» H1D-K2-MF5 for Surface and Sub-surface processes.

d The new model Is an ideal tool for large-scale surface-subsurface simulation.

USDA mriversioe
g
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