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Abstract

Several studies have focused on the importance of river bathymetry (channel geometry) in hydrodynamic routing along individual
reaches. However, its effect on other watershed processes such as infiltration and surface water (SW) — groundwater (GW)
interactions has not been explored across large river networks. Surface and subsurface processes are interdependent, therefore,
errors due to inaccurate representation of one watershed process can cascade across other hydraulic or hydrologic processes. This
study hypothesizes that accurate bathymetric representation is not only essential for simulating channel hydrodynamics but
also affects subsurface processes by impacting SW-GW interactions. Moreover, quantifying the effect of bathymetry on surface
and subsurface hydrological processes across a river network can facilitate an improved understanding of how bathymetric
characteristics affect these processes across large spatial domains. The study tests this hypothesis by developing physically-
based distributed models capable of bidirectional coupling (SW-GW) with four configurations with progressively reduced levels
of bathymetric representation. A comparison of hydrologic and hydrodynamic outputs shows that changes in channel geometry
across the four configurations has a considerable effect on infiltration, lateral seepage, and location of water table across the
entire river network. In addition, the results from this study provide insights into the level of bathymetric detail required
for accurately simulating flooding-related physical processes while also highlighting potential issues with ignoring bathymetry

across lower order streams such as spurious backwater flow, inaccurate water table elevations, and incorrect inundation extents.
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Key Points:

The effect of river geometry on subsurface processes, such as infiltration and lateral

seepage in large-scale fluvial modeling is highlighted

Subsurface processes in the floodplain are controlled by overall channel characteristics,

rather than channel shape

Channel conveyance capacity and longitudinal slope are critical bathymetric controls of

subsurface processes in floodplains of river network
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Abstract

Several studies have focused on the importance of river bathymetry (channel geometry)
in hydrodynamic routing along individual reaches. However, its effect on other watershed
processes such as infiltration and surface water (SW) — groundwater (GW) interactions has not
been explored across large river networks. Surface and subsurface processes are interdependent,
therefore, errors due to inaccurate representation of one watershed process can cascade across
other hydraulic or hydrologic processes. This study hypothesizes that accurate bathymetric
representation is not only essential for simulating channel hydrodynamics but also affects
subsurface processes by impacting SW-GW interactions. Moreover, quantifying the effect of
bathymetry on surface and subsurface hydrological processes across a river network can
facilitate an improved understanding of how bathymetric characteristics affect these processes
across large spatial domains. The study tests this hypothesis by developing physically-based
distributed models capable of bidirectional coupling (SW-GW) with four configurations with
progressively reduced levels of bathymetric representation. A comparison of hydrologic and
hydrodynamic outputs shows that changes in channel geometry across the four configurations
has a considerable effect on infiltration, lateral seepage, and location of water table across the
entire river network. For example, when using bathymetry with inaccurate channel conveyance
capacity but accurate channel depth, peak lateral seepage rate exhibited 58% error. The results
from this study provide insights into the level of bathymetric detail required for accurately
simulating flooding-related physical processes while also highlighting potential issues with
ignoring bathymetry across lower order streams such as spurious backwater flow, inaccurate

water table elevations, and incorrect inundation extents.



40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

manuscript submitted to Water Resources Research

1 Introduction

River bathymetry is critical for simulating fluvial hydrodynamics accurately in flood
inundation mapping. Several studies have investigated the impact of poor bathymetric
representation on one- and two-dimensional flow models and concluded that river bathymetry
affects hydraulic attributes significantly. Specifically, inaccurate estimation of channel storage
capacity may lead to errors in predicting the depth and extent of inundation. Similarly, errors in
estimating longitudinal slope affect the magnitude of streamflow and erroneous thalweg
representation can contribute to poor estimation of shear and velocity (Cook and Merwade, 2009;
Dey, 2016; Dey et al., 2019; Grimaldi et al., 2018; Saleh et al., 2012). However, these studies
have only focused on the influence of river bathymetry on hydrodynamic simulations, usually
along a single reach, and not the entire river network. The hydrodynamic models implemented
by these studies ignore within reach hydrologic processes and route the flood wave along the
river channel using known surface boundary conditions such as flow or stage hydrographs

derived from gauges or estimated from loosely coupled hydrologic model.

Fluvial systems involve a complex interplay between various hydrologic and hydraulic
processes such as rainfall-generated surface runoff, infiltration and surface water — groundwater
(SW-GW) interactions, in addition to hydrodynamic flow regimes along river channels.
(Fleckenstein et al., 2010; Kollet and Maxwell, 2008; Maxwell, 2013; Saksena and Merwade,
2017; Stewart et al., 1999). Several studies have shown that stream-aquifer interactions are
sensitive to water surface elevation (WSE) fluctuations in the river (Flipo et al., 2014; Tran et al.,
2020; Vergnes and Habets, 2018). The water table (GWT) at the floodplains is highly correlated
with the WSE in the river (Claxton et al., 2003; Jung et al., 2004). Coupled with the fact that

river geometry is one of the most important factors affecting WSE, errors in WSE estimation can
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propagate to these hydrologic processes. Therefore, the inadequate topographic representation
that results from excluding river bathymetry can influence how surface and subsurface processes
interact with each other in a simulation model (Cardenas and Jiang, 2010; Wdrman et al., 2006).
The cascading effects of inaccurate bathymetric representation are obscured to some degree in
loosely coupled hydrologic and hydrodynamic (H&H) models traditionally implemented in
large-scale flood modeling applications because the upstream boundary conditions and lateral
inflows for simulating river hydrodynamics are estimated separately using hydrologic models
with simplistic surface routing (Baratelli et al., 2016; Follum et al., 2020; Rajib et al., 2020;
Saleh et al., 2012; Vergnes and Habets, 2018). Loose coupling enables hydrologic fluxes such as
discharge to move from land surface to river but ignores potential feedbacks such as backwater
effects and hyporheic exchanges which might be exacerbated by the lack of river bathymetry,
especially at large watershed scales (Brunner et al., 2017; Kiser et al., 2014; Mejia and Reed,

2011).

There is an increasing interest in developing high-resolution flood models spanning
regional or continental scales, owing to considerable advances in H&H model capabilities and
data acquisition techniques (Altenau et al., 2017; Grimaldi et al., 2019; Kiser et al., 2014;
Saksena et al., 2019; Tijerina et al., 2021). However, river bathymetry information, which is
essential for accurate flood modeling, is not available for river networks across large spatial
domains. Field surveys for acquiring bathymetry are impractical for river networks spanning
hundreds of kilometers, while remote sensing techniques such as bathymetric Lidar and
photogrammetry are limited to shallow and clear river reaches only (Feurer et al., 2008; Gao,
2009; Legleiter et al., 2015; Pan et al.,, 2015). A useful alternative for large-scale river

bathymetry estimation is the application of conceptual models that can estimate bathymetry
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based on easily accessible data using functional surfaces. Several studies have implemented
different bathymetric shapes ranging from simplistic symmetric shapes such as rectangles,
triangles and parabolas (Czuba et al., 2019; Grimaldi et al., 2018; Trigg et al., 2009) to more
complex functional surfaces based on hydraulic and geomorphologic concepts (e.g., Bhuyian et
al., 2015; Brown et al., 2014; Merwade, 2004; Price, 2009). These conceptual models try to
estimate shapes that reflect certain bathymetric characteristics of the actual riverbed (such as
longitudinal slope, thalweg elevation) while ignoring other bathymetric characteristics as is the
case for channel side-slope (bank slope) when rectangular channels are implemented. The
underlying assumption for implementing these conceptual bathymetric models as an alternative
to detailed bathymetric surveys in H&H models is that they contain just enough bathymetric
detail to produce acceptable H&H simulations. Such an assumption requires a comprehensive
understanding of the effect of bathymetric representation on flooding related physical processes

to ensure that essential bathymetric characteristics are accurately incorporated.

Several studies have analyzed the effect of bathymetry on channel hydrodynamics (Dey
et al., 2019; Grimaldi et al., 2018; Saleh et al., 2012; Trigg et al., 2009), but they have ignored
the effect of bathymetry on subsurface hydrological processes, especially for tightly coupled
H&H models spanning large spatial domains. Prior works exploring the impact of river
bathymetry on surface-subsurface interactions have been conducted on relatively small spatial
scales such as across a meander or along a single reach. For example, Chow et al. (2018) used
field measurements to show that appropriate representation of asymmetry in channel geometry is
critical for accurate estimation of hyporheic exchanges at a river meander. Doble et al., (2012)
demonstrated that the surface-subsurface interactions in the vicinity of the river are affected by

the side-slope of river channels (riverbank slope) for a field-scale study. Similarly, Mejia and
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Reed (2011) demonstrated the importance of bathymetry in single reaches by implementing a
loosely coupled hydrologic and hydraulic modeling framework. These studies have shown that
river bathymetry impacts the surface-subsurface hydrodynamics at the reach scale. Hydrologic
and hydrodynamic processes aggregate and interact differently as we move from single reach to
large river networks spanning an entire watershed (Saksena et al., 2021). Therefore, there is a
need to evaluate the influence of river bathymetry on hydrologic processes across large river
networks. Addressing this need is critical for enabling effective and parsimonious incorporation

of river bathymetry in regional or continental scale models for flood simulations.

Considering the above discussion, the overarching aim of this study is to provide a
comprehensive understanding of the impact of river bathymetry on flooding-related surface and
subsurface processes at a river network scale. Prior studies investigating this topic have either
focused on river bathymetry’s effect on channel routing only, thereby ignoring the
interdependence between surface and subsurface processes including SW-GW interactions or
explored its effect on within reach subsurface hydrological processes at small spatial scales
(reach scale or smaller). This study overcomes the limitations of prior studies by creating large-
scale physically-based distributed models to demonstrate that the effect of river bathymetry on
not just fluvial channel routing, but also SW — GW interactions and infiltration. Past studies have
shown how the lack or inclusion of river bathymetry impacts the flood inundation estimation, but
this study aims to shed light on its effect on the physical process affecting flood simulation
across a river network thereby facilitating efficient bathymetry incorporation for accurately
simulating large-scale flooding-related surface and subsurface processes in data-sparse regions.
Specifically, the objectives of this study are to: (i) quantify the effect of river bathymetry

incorporation on surface and subsurface physical processes, including their interactions, across
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large river networks; and (ii) identify specific bathymetric characteristics, such as channel
conveyance, channel asymmetry and channel thalweg, that control surface and subsurface
physical processes in floodplains. These objectives are accomplished by simulating the
hydrology and hydrodynamics of two watersheds and analyzing the fluxes for four different

levels of bathymetric details across the river network.

2 Study Area and Data

The objectives presented in Introduction can be accomplished by using watersheds that
are expected to produce significantly different magnitude of SW-GW interactions. Accordingly,
we selected two study areas in Indiana, presented in Figure 1(a) and Table 1, with distinct
geomorphic, soil and land use characteristics, but similar climatological and geologic
characteristics. The first study area is a portion of the Upper Wabash River Basin (referred to as
the UWR) with an area of 1,757 km”. This study area contains the Wabash River, extending from
the city of Logansport to Lafayette, and three major tributaries: Tippecanoe River, Wildcat
Creek, and Deer Creek. These four streams vary in length, average width, and depth (Table 1).
Additionally, Tippecanoe River and Wildcat Creek are highly sinuous compared to Wabash
River and Deer Creek. This region has experienced several extreme events in 2005, 2008, 2013
and 2018, causing widespread flooding. The geology of the region consists of glacial till
deposits, fertile soils, and shallow aquifers, with a deep confining layer of shale (Saksena and
Merwade, 2017). While there are some developed regions around Lafayette and Logansport, the
area is primarily agricultural with high percentage of forest and agricultural land use in the

floodplains as presented in Table 1.

The second study area, with an area of 370 km?, is a part of the White River Basin

(referred to as WHR), encompassing the City of Indianapolis and contains three major

7
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tributaries: Fall Creek, Williams Creek, and Crooked Creek. The streams in this area have
smaller variability in geomorphologic characteristics (Table 1) compared to UWR. For example,
the White River, Williams Creek and Crooked Creek all have similar sinuosities. Because this
region is highly urbanized, there are several drop structures, artificial lakes, and detention ponds
in the floodplain of the White River. Additionally, the developed regions in the floodplain of
White River are protected by levees.

Topography, surface roughness (Manning’s #), and upstream boundary conditions are the
primary inputs to hydrodynamic models, and so we obtained high-quality Lidar-based DEMs for
both study areas from the Indiana Spatial Data Portal (ISDP). Additionally, bathymetric survey
data are available for 26 cross-sections near the Tippecanoe-Wabash confluence (Figure 2). The
DEM resolution for UWR and WHR is 9 m and 3 m, respectively. A relatively coarser DEM is
used for UWR to address the computational constraints due to its size, which is approximately 5
times larger compared to WHR. The analysis presented here primarily focuses on comparison of
differences in hydrologic and hydrodynamic fluxes due to differences in bathymetric
configurations in the same watershed. The DEM resolution used for creating different models
belonging to a specific watershed remains unchanged to ensure consistency in comparing results
from models with different bathymetric configurations. Additionally, the DEM resolutions for
both watersheds are within the hyper-resolution range (< 10m) for rainfall driven flood models

and are not expected to affect the results.
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175 Table 1. Study area description
Geomorphological Characteristics
UWR
Name L;/zf)th Avemfni)Width Avera((gni)Depth (XSllo(])J_eg) Sinuosity
Wabash River 83.01 136.0 1.74 0.3 1.22
Tippecanoe River 30.76 84.2 1.52 0.5 1.93
Wildcat Creek 8.59 54.6 0.70 0.7 2.06
Deer Creek 8.03 34.6 0.76 1.2 1.28
WHR
Name LZ? ng)th Averafni)Width Avera((gnei)Depth (XSlloé?_eg) Sinuosity
White River 42.8 83.2 1.58 0.4 1.48
Fall Creek 14.8 40.9 0.86 1.0 1.26
Williams Creek 7.3 13.3 1.43 3.1 1.48
Crooked Creek 2.5 15.6 1.45 23 1.49
Landuse as per NLCD 2011 (%)
UWR WHR
Type
Study Area Floodplain Study Area Floodplain
Agricultural 77 50 3 4
Forest 12 27 4 7
Water 2 9 3 9
Urban/Developed 10 14 89 81
Soil Group as per NRCS gSSURGO (%)
Soil Type UWR WHR
A 13.8 0.1
B 56.2 51.5
C 29.8 48.3
D 0.2 0.1
176
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The distributed hydrologic modeling approach used in this study requires data related to
land use, streamflow, rainfall, soil properties and aquifer characteristics. The land use data are
obtained from the National Land Cover Database (NLCD) from the Natural Resources
Conservation Service (NRCS). The roughness values (Manning’s n) for the different land use
classes in the study areas are obtained from Saksena and Merwade (2015). The upstream
boundary condition for each stream is determined by incorporating streamflow hydrographs
obtained from United States Geologic Survey (USGS) gages, which also provide river depth
information at those locations. The rainfall data are obtained from the North American Land
Data Assimilation System (NLDAS) at a 12-km grid resolution. The soil types are characterized
using the Hydrologic Soil Group (HSG) classification provided in NRCS’s Gridded Soil Survey
Geographic database (gSSURGO).

The outlet of UWR (shown in Figure 1(a)) is located at the USGS gage 03335500
Wabash River at Lafayette, IN, and the outlet for the WHR is located at the USGS gage
03353000, White River at Indianapolis, IN. These outlet gages are used for validating the
physically-based distributed models used in this study. Additionally, the GW component of the
models is validated using within-reach observations of water table at specific locations. In WHR,
there is a USGS gauge (USGS 394952086110901) which monitors GWT elevation near the
White River (Figure 1(a)). However, there is no such continuous GWT monitoring station in
UWR. Therefore, site visits were organized for measuring water table depths at multiple
locations in the Wabash River floodplain and near the Wabash River — Tippecanoe River
confluence (Figure 1(b)). The water table was measured by using 2m deep piezometers in two
different seasons: Winter 2018 (16th Dec 2018) across 8 locations (Points 1, 4, 5, 8 — 10, 13, and

14) and Summer 2019 (24th July 2019) across 9 locations (Points 2 -4, 6 — 8 and 11 — 13).

11
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207 surveyed cross-sections, and (c) comparison of one of the surveyed cross-section and LiIDAR
208 DEM derived cross-section at that location

209

210 3 Experimental Design

211 A major constraint in quantifying the impact of river bathymetry impact on watershed

212 processes is the absence of bathymetric data for river networks across large spatial domains. In
213 this study, first a conceptual bathymetric model (described in Section 4) calibrated with surveyed
214  bathymetric data is implemented to create a bathymetric representation comprising of
215  asymmetric cross-sections with realistic side slopes (bank slopes). This configuration, with the
216  best 3D river network among all configurations, is designated as Control.
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Next, two more bathymetric configurations are created by reducing the level of detail
incorporated in the 3D river network. One configuration (M1) has a rectangular cross-section
that preserves both the area (channel storage) and the depth (thalweg elevation) of cross-sections
as compared to Control but ignores the side slope and the asymmetry in river cross-sections. It
should be noted that information about channel conveyance capacity (bankfull area) is not
readily available for river networks. However, some studies have developed alternative methods
to estimate the channel conveyance capacity, including drainage area-based regionalization
equations as well as the algorithms developed for the upcoming Surface Water and Ocean
Topography (SWOT) mission(Rodriguez et al., 2020; Schaperow et al., 2019; Yoon et al., 2012).
This configuration can provide insights into the suitability of such parsimonious methods for
incorporating bathymetry as well as the role of channel asymmetry and side slope on subsurface
hydrological processes in large-scale river networks.

The next configuration (M2) also has a rectangular cross-section but only preserves the
depth (thalweg elevation) of cross-sections but not the area (channel storage). This configuration
has previously been deployed in studies where sufficient bathymetry data is not available from
boat surveys that only capture the longitudinal channel profile (example: Czuba et al., (2019);
Grimaldi et al., (2018)). Finally, the Lidar derived DEM without any bathymetry incorporation
(M3) is also created. The inclusion of M3 can show what processes are significantly impacted (or
not impacted) by the incorporation of river bathymetry and highlight a potential error source for
H&H models in data sparse regions. This configuration is expected to perform poorly as
compared to the other three configurations. This configuration is included for contextualizing the

results of M1 and M2 with respect to “Control”.

13
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These four configurations (Control, M1, M2 and M3) are simulated using a tightly
coupled physically-based distributed model (described in Section 5) capable of capturing the
complex interplay of various hydrologic and hydrodynamic processes that govern the movement
of water in a watershed. The hydrologic and hydrodynamic outputs of M1, M2 and M3 are
compared to those estimated by “Control” to provide insights into the role of bathymetric

representation on surface and subsurface processes in the floodplains of a river network.

4 Bathymetric Model Development

Previous studies have implemented a wide range of functional surfaces as approximations
for channel geometry ranging from standard geometrical shapes, such as parabola, rectangle or
exponential curve (Czuba et al., 2019; Grimaldi et al., 2018; Trigg et al., 2009) to more intricate
channel representations based on geomorphological concepts (e.g., Bhuyian et al., 2015; Brown
et al., 2014; Merwade, 2004; Price, 2009). These conceptual models are designed for estimating
bathymetry for a single reach only, which is usually the main stem of a river network. This study
implements a network-scale river bathymetry generation called the System for Producing Rlver
Network Geometry (SPRING). Some features of this model have been adapted from Merwade

(2004).

SPRING first creates bathymetry for each individual reach (Step-1) following the
procedure of Merwade (2004), and then these reach-scaled bathymetry datasets are joined by
creating bathymetry at river confluences (Phase-2). The end result from SPRING is a 3D
representation of the entire river network which can be burned into the DEM. The bathymetry

generation process for each reach and confluence is briefly described below.

14
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4.1 Bathymetry generation for individual reaches

To estimate the bathymetry of individual reaches, this study adapted the meandering
thalweg based approach of the River Channel Morphology Model (RCMM: Merwade, 2004)
because of its ability to account for channel anisotropy. The meandering of the thalweg is
primarily caused by sediment deposition on the inner bank and erosion at the outer bank of a
river bend. This process is conceptualized to create a set of equations (Equations 1-3) that can
approximate a channel cross-section (Figure 3). The inputs, in this case, are channel centerline,
banks, DEM, and depth of the river at multiple locations along the channel network. The
methodology, adopted from Merwade (2004) and Dey et al., (2019), is described briefly in

Appendix Al.

*\—b __ *
t* = {a(r ) 0.5, 7" =2 (Equation 1)

0, r*>2
z'(n*) = {f(n"|ay, B1) + f(n"|ay, B2)} X k (Equation 2)
zM* X W) = Zpgne — 2°(n*) X depth (Equation 3)

where, r*is the normalized radius of curvature of a river segment (r* = r/w), t* is the
normalized thalweg location at a cross-section (t* = t/w), w is the average width of the river
segment, a and b are constants, z* is the normalized depth of the channel bed at a distance n*
along the cross-section from the center of the channel, f(n*|a;,;) is the beta probability
distribution function (pdf) with parameters a,;and B;, f(n*|a,, B;) is the beta pdf with
parameters a, and [, and k is a scaling parameter. Using a linear combination of two beta pdfs
enables SPRING to model asymmetric cross-section shapes by varying its parameters. The
parameters of SPRING (a, b, a4, a5, 1, ;) are calibrated using surveyed cross-sections using the

Particle Swarm Optimization technique.

15
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Figure 3. Workflow of SPRING to estimate bathymetry at individual reaches. (a) The input
datasets; (b) estimating meandering thalweg from the radius of curvature of river centerline using
Equation (1); (c) Estimating asymmetric cross-sections using Equations (2) and (3); and (d)
creating a mesh to generate 3D representation of individual reaches. Note: Part of the figure is
adapted from Dey, (2016).

In the curvilinear axes adopted in this study, the lateral axis (running from left to right
bank perpendicular to the centerline) is positive on the right side and negative on the left side

when looking down the direction of flow of the river Merwade (2004). The center and radius of

curvature (r) are determined by the three-point arc method. If the center of curvature lies to the

16
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left of the centerline, it means the river at the meander is turning to the left and the thalweg is
located to the right side of the centerline (positive t*) and vice-versa. The elevation of the
thalweg along the channel is estimated by linearly interpolating the thalweg elevation between
“reference points” which are specified at locations where such information is available.
Therefore, SPRING creates a piecewise linear thalweg profile with the reference points acting as
points where the thalweg slope changes. Usually, reference points should be provided at the
upstream and downstream ends of each reach, but SPRING can accommodate multiple

references points along the same reach as well.

4.2 Bathymetry generation at confluence

Once the bathymetry for individual reaches has been estimated, the next step is to connect
these individual reaches by estimating the bathymetry at the river confluences. Figure 4 depicts
the methodology for estimating the confluence boundary. First, SPRING locates the confluence
as the point of intersection of three or more reach centerlines. It, then, categorizes the three
centerlines as “downstream mainstem”, “upstream mainstem” and “tributary” channels (Figure
4(a)). This is decided based on the start and end point of the three centerlines and the drainage
areas of each of the reaches draining into the confluence. The stream with the lowest drainage
area is designated as a tributary. The reach downstream of the confluence is designated as the
downstream mainstem. Next SPRING joins the banks of each stream to create the “confluence

boundary” (Figure 4(b)). The region enclosed by the confluence boundary is used for estimating

bathymetry at the confluence.
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Figure 4. Figure showing the workflow for estimating channel geometry at confluences. (a) The
input for Phase-2 (output of Phase-1); (b) estimating confluence boundary; (c) creating grid
across confluence area; (d) interpolating geometry for Case-1 (Equation 4) for points on the other
side of thalweg as the tributary; (e) interpolating geometry for Case-2 (Equation 4) for points on
the same side of thalweg as the tributary, and (f) final output with hydraulically connected

confluence geometry.

To estimate the bathymetry at the confluence, a variation of the inverse distance

weighting (IDW) algorithm is used. SPRING creates a mesh of equidistant longitudinal lines

18

Mainstem



325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

manuscript submitted to Water Resources Research

running parallel and transverse to the mainstem thalweg inside the confluence boundary (Figure
4(c)). For each point on the mesh, SPRING locates the closest point on each boundary cross-
section. The elevations of these points on the boundary cross-sections are known from the reach
bathymetry estimated in the first step (Section 3.1). The boundary cross-sections are expected to
differ in geometry and maximum depth, due to the differences in drainage areas upstream and
downstream of the confluence for the mainstem as well as variations in river characteristics
between the tributary and the mainstem. SPRING is designed to account for these variations in
the geometry of boundary cross-sections while interpolating the bathymetry at confluences.

If the mesh point is on the other side of the mainstem thalweg as compared to the
tributary (Figure 4(d)), a two-point IDW is implemented between the upstream and downstream
boundary cross-sections of the main stem (Case 1 in Equation 4). For mesh points lying on the
same side of the mainstem thalweg as the tributary (Figure 4(e)), a three-point IDW is
implemented to estimate the elevation of the mesh point as shown in Equation 4 (Case 2).

2201 +25d3" Case 1
dyt+dz? ’ .
z= - _ _ (Equation 4)
z1d7 +z,d5  423d3?t C 2
diraytvayt 0 "¢
1 2 3

where z is the elevation of the current point in confluence mesh for which elevation is
being estimated, z;, z, and z; are the elevations of the points closest to the current point on the
cross-sections upstream of confluence in the main river, downstream of the confluence in the
main river and in the tributary just upstream of the confluence respectively, and d;, d, and d; are
the distances of these three points from the current point. This process is repeated for all points in
the confluence mesh to create a 3D representation of the confluence bathymetry.

The 3D mesh of the individual reaches and confluences together create a synthetic

representation of bathymetry for the entire river network. The 3D mesh is converted to a DEM
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using the Natural Neighbor interpolation technique. The final step involves burning this 3D
mesh-derived raster into the raw DEM (Lidar) to generate a DEM with improved bathymetric

representation.

5 Physically-based Distributed Model Description

In this study, physically-based Interconnected Channel and Pond Routing (ICPR) model
(Saksena et al., 2019, 2020) that incorporates flood-related processes such as rainfall-runoff,
infiltration, and SW-GW interactions in addition to surface routing is used (Figure 5). ICPR uses
a flexible mesh structure to represent both the surface and the subsurface. The surface mesh
comprises of 1D elements in the river channel and 2D elements elsewhere, and the subsurface is
divided into three layers with each layer represented by a 2D mesh. The soil parameters
governing the subsurface are tabulated in Table 2. At each timestep, the hydrology and
hydraulics are simulated across each element of the surface mesh. Simultaneously, it computes
the subsurface processes across the subsurface mesh and the interactions between the surface and
subsurface meshes. Therefore, it can capture the interplay among surface hydrology, river
hydrodynamics and subsurface processes, making it ideal for this study. For more information on
ICPR and its implementation, please refer to the Appendix A-2 or the “C3” configuration in

Saksena et al., (2019) or Saksena et al., (2020).
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Figure 5. Conceptual illustration of physically based distributed modeling in ICPR (adapted
from Saksena et al., (2019))

Table 2: Table of initial soil parameters in ICPR (adapted from Saksena et al., (2019)). K, is
vertical hydraulic conductivity, MC is the moisture content (fraction), PSI is the pore size index
(dimensionless), and ¥ is the soil matric potential.

Vadose | Soil K, | Saturated | Residual | Initial | Field Capacity Wilting PSI g
Zone Type | (mm/hr) MC MC MC MC | Point MC (cm)
A 15.24 0.300 0.069 | 0.128 0.128 0.107 | 0.518 | 38.3
Layer 1 B 6.20 0.540 0.061 | 0.200 0.200 0.138 | 0.620 | 25.5
50 cm C 2.34 0.458 0.051 | 0.300 0.300 0.225 |1 0.296 | 59.2
D 1.40 0.620 0.053 | 0.240 0.240 0.118 | 0.161 | 197.9
A 8.38 0.277 0.040 | 0.125 0.125 0.063 | 0.296 | 59.2
Layer 2 B 3.10 0.280 0.070 | 0.170 0.170 0.135 | 0.316 | 67.5
50 cm C 1.17 0.320 0.078 | 0.220 0.220 0.155 | 0.270 | 106.8
D 0.80 0.360 0.080 | 0.200 0.200 0.090 | 0.161 | 197.9
A 2.10 0.120 0.030 | 0.090 0.090 0.060 | 0.540 | 30.7
Layer 3 B 0.77 0.200 0.040 | 0.100 0.100 0.040 | 0.226 | 99.8
50 cm C 0.29 0.180 0.045 | 0.120 0.120 0.075 | 0.161 | 168.4
D 0.20 0.190 0.045 | 0.090 0.090 0.060 | 0.161 | 197.9
GW Type Effective Porosity, Hydraulic Conductivity, K
Zone Ne (mm/hr)
A 0.175 30.48
. B 0.270 12.40
Aquifer | 0.310 4.67
D 0.360 6.35
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UWR is simulated for two continuous simulations events from 18th February 2016 to
30th April 2016 (72 days) and 10th February 2018 to 15th May 2018 (94 days). WHR is
simulated for a one-month period from 25th May 2015 to 25th June 2015. The first 120 hours (5
days) for each simulation are used as model warmup period. The model parameters have not
been calibrated and have been kept consistent across all four bathymetric configurations. Earlier
studies using ICPR (Saksena et al., 2019, 2021; Saksena and Merwade, 2017) have shown that
the model is capable of producing accurate results without parameter calibration when the
watershed’s physical description is adequately captured in the model with high-resolution input
of surface and sub-surface characteristics. Additionally, model calibration would alter the
parameters to account for any shortcomings in the simulation of hydrologic or hydraulic
processes for the different bathymetric configurations, thus affecting the model’s behavior and

rendering comparison of model outputs inconsistent.

6 Results and Discussion

6.1 Bathymetry Incorporation

SPRING, described in Section 4, is implemented at both UWR and WHR to create DEMs
with a complete 3D representation of river network bathymetry. The channel centerline and
banks are digitized manually using the DEM and aerial imagery. The USGS gages provide depth
of channel bed at gaged locations, which are then interpolated to create channel depth at
unknown points along a river. The parameters of SPRING are calibrated using surveyed cross-
sections. Figure 6 shows the change in cross-sections and confluence bathymetry for the two
basins as estimated by SPRING while Figure 7 shows a comparison of the SPRING generated

cross-sections for Control with surveyed cross-sections.
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Table 3 shows the comparison of the channel characteristics, namely channel conveyance
capacity (volume) and surface area of the three bathymetric configurations (M1, M2 and M3)
with Control. Control and M1 have the same channel conveyance capacity but have different
shapes, which leads to a difference of 0.7% in surface areas of these two networks. M1 and M2
have the same surface area but M2’s channel conveyance capacity is 34.7% and 27.5% higher
than Control (and M1) for UWR and WHR, respectively. The significantly larger differences in
channel conveyance capacity as compared to the surface area among the bathymetric
configurations is an effect of the high channel width to channel depth ratio for natural channels.
Since natural river channels are much wider than they are deeper, the cross-sectional perimeter
tends to be similar to the top width of the channel. Finally, M3 has the lowest surface area and
channel conveyance capacity due to incomplete channel representation in the Lidar-derived

DEM:s.

Table 3. Percentage change in bathymetric characteristics of M1, M2 and M3 with respect to
Control for the two study areas.

Study Bathymetric Bathymetric Configuration
Area Characteristic Ml M2 M3
UWR Volume 0.0 34.7 -18.0
Surface Area 3.1 3.1 -0.7
WHR Volume 0.0 27.5 -27.5
Surface Area 6.4 6.4 -0.7

Table 4 shows the change in longitudinal channel slope because of the incorporation of
bathymetry. Except for Wildcat Creek in UWR, the change in slope is less than 4% for all other
streams. SPRING generated channel networks have a piece-wise linear longitudinal profile with

the upstream and downstream ends of the reaches having different depths due to differences in
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drainage areas at the two ends. Therefore, Control, M1 and M2 have identical slopes for each
reach which is higher than the slopes of the reaches in M3.

Table 4. Change in longitudinal slope for each river due to bathymetry incorporation (Control,

M1 and M2)
River Name Slope g/l[zc ?:(ltigl_’%/[ l'and Sl(ofiz)n_i\gl 3 % Change
UWR
Wabash River 3.24 3.23 0.4
nPpecanoe 5.02 4.90 2.4
Deer Creek 12.33 11.94 33
Wildcat Creek 7.09 6.39 10.9
WHR
White River 4.13 4.08 1.3
Fall Creek 9.57 9.49 0.9
Williams Creek 30.85 30.82 0.1
Crooked Creek 22.57 22.32 1.1

6.2 Validating Control

The model structure and parameters adopted in this study are validated by comparing the
outlet streamflow and water table elevations estimated by Control against observed data. Figure
8 shows the comparison of outlet hydrographs of Control for the three events and the observed
hydrographs from USGS gauges at those locations. The performance of Control is also
quantified using four performance metrics — the Nash-Sutcliffe Efficiency (NSE) (Nash and
Sutcliffe, 1970), Percent Bias (PBias), ratio of the root mean square error to the standard
deviation of measured data (RSR) and error in magnitude of highest peak flow, which are

tabulated in Table 5. RSR is a ratio of error in model estimate to variation in observed time-
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series which helps in comparing RMSE across different bathymetric configurations and
hydrologic outputs (timeseries). Control exhibits high NSE and low PBias, RSR and error in
peak streamflow which indicates the acceptable performance of Control for all three events
across the two basins.

Table 5: Performance statistics for validating Control using USGS gauge measured streamflow
at outlets and GWT timeseries

Simulation Timeseries NSE PBias (%) RSR PeE;r(O(r%r)l *
UWR (2016) Outlet Hydrograph 0.95 -7.2 0.23 -13.3
UWR (2018) Outlet Hydrograph 0.96 -2.9 0.21 4.3
WHR (2015) Outlet Hydrograph 0.95 -4.9 0.23 -8.7
WHR (2015) GWT Elevation 0.77 -0.08 0.48 0.05

*Error in peak corresponds to the highest peak in the simulation period

The GW component of Control is validated by comparing GWT elevation estimates
against GWT measurements (Figure 9). For WHR, GWT elevation timeseries observed at a
USGS well is compared with the GWT estimates at that location for the 2015 simulation (Figure
9(b)) and the performance statistics are tabulated in Table 5. In the absence of USGS gauges
measuring GWT in UWR, GWT is measured at 17 select locations in the floodplains of UWR by
using 2m deep piezometers. Control was simulated for 21 days including the day of
measurements and the GWT estimates were compared against those obtained from the
piezometers. Out of these 17 datapoints, one measurement was reported as flooded (water table
at the surface), and the water table was found to be deeper than 2 m (depth of piezometers) for
seven cases. In all these eight cases, Control results corresponded with the observed situations.
Comparison of the observed and estimated GWT elevations for the remaining nine observations
where the GWT depth was within 2m is shown in Figure 9(a). RMSE for the simulated water

table elevations is 0.43 m.
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The aim of the validation is not to demonstrate that the model structure and parameters
are accurate; rather the validation demonstrates that the model structure and parameters
reasonably characterize the surface and subsurface hydrological processes. The overall
performance with respect to the water table and outlet hydrograph suggests that Control can
realistically approximate the surface and subsurface hydrological processes. Additionally, the
SW-GW model structure (mesh resolution) adopted in this study follows the guidelines proposed
in Saksena et al (2021) for effectively capturing SW-GW interactions in tightly coupled models
by considering the intrinsic scales of the surface and subsurface processes in the model structure.
It should be noted that the surface and sub-surface parameters are uncalibrated and are identical
across different bathymetric configurations to avoid biasing the parameters towards any
particular configuration. Therefore, changing the bathymetric representation while keeping the
model structure and parameters constant enables consistent comparison across different
bathymetric configurations and provide insights into the role of bathymetry in simulating SW-

GW interactions.
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Figure 9. Figure showing (a) the comparison of observed and simulated GWT for 9 locations in
UWR where GWT depth is less than 2m, and (b) the comparison of observed and simulated
GWT elevation timeseries for WHR at a USGS well.
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6.3 Effect on Overland Flow

To analyze the effect of bathymetry on surface routing, the streamflow hydrographs
estimated at the outlets and the maximum inundation area estimated by M1, M2 and M3 are
compared with those estimated by Control. While streamflow at the outlet is not entirely
representative of the watershed response, especially for medium to large watersheds, it is a useful
indicator of the overall water balance across different simulations. Figure 10 shows the
streamflow hydrographs at the outlet for all three events corresponding to all four configurations.
The relevant performance metrics for quantifying the performance of M1, M2 and M3 with
respect to Control are tabulated in Table 6.

Table 6: Performance metrics comparing the inundation area and outlet hydrographs estimated
by M1, M2 and M3 with respect to Control

Error in Hydrograph Comparison at Outlet
Simulation  Configuration Inundation PBias Error in Peak
: Area (%)  NSE - on RSRO 0 o)
UWR Ml -1.62 1.00 0.22 0.03 2.46
(2016) M2 -6.84 1.00 0.24 0.05 2.58
M3 25.36 0.81 6.19 0.44 39.76
UWR Ml -2.78 0.97 -3.68 0.16 -10.87
(2018) M2 -4.41 0.94 -5.56 0.24 -19.36
M3 -0.31 0.93 0.62 0.27 -20.98
WHR Ml 1.11 0.99 1.90 0.09 6.76
(2015) M2 -5.11 0.98 2.04 0.13 1.73
M3 19.37 0.02 40.43 0.99 40.37

“Error in peak flow corresponds to the highest peak in the simulation period

29



manuscript submitted to Water Resources Research

UWR: 2016 Simulation

1000
s Control A== ML e M2 =--=M3
é’ 800 T l.
S A\
= 600 -
=
% 400
=
2 200
0 } } } } i }
0 10 20 30 40 50 60 70
Day of Simulation
(a)
2400 UWR: 2018 Simulation
Control ===cM]  cccoeee M2 = - =M3
= 2000
=
21600
2
= 1200
g 800
2
@ 400
\-’h—
0 t } } } } } } }
0 10 20 30 40 50 60 70 80 90
Day of Simulation
(b)
700 WHR: 2015 Simulation
_ 600 4+ Control ===-MI
5 500 -
Z 400 A
=
g 300 1
g 200 o
“2 100 o
0 t t t t t t t t
0 3 6 9 12 15 18 21 24 27
Day of Simulation
497 (c)
498 Figure 10: Comparison of outlet hydrographs of M1, M2 and M3 against Control of UWR for
499 (a) 2016 simulation, (b) 2018 simulation and (c) WHR for 2015 simulation

500

30



501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

manuscript submitted to Water Resources Research

The performance metrics (Table 6) and the outlet hydrographs (Figure 10) show that the
model performance depreciates with a reduction in bathymetric detail. In all cases, there is a
decrease in NSE and an increase in RSR and Error in Peak Flow as the bathymetric
representation changes from M1 to M2 and M3. The difference in performance levels is highest
between M2 (depth information only) and M3 (no additional bathymetric detail). The addition of
accurate channel conveyance in addition to depth (M1 vs M2) leads to a small but not
insignificant change in performance, especially in terms of maximum inundation area. Finally,
the difference between the estimates of Control and M1 is small for both inundation area and
outlet hydrographs.

Incorporating accurate representation of thalweg elevation for M1 and M2 (with respect
to Control) leads to an increase in the longitudinal slope of the river network (Table 4) as
compared to M3. This increase in slope increases the flow velocities in the direction of river flow
for Control, M1 and M2. Additionally, the channel conveyance capacity plays an important role
in determining the volume of water that overflows the riverbanks into the floodplains as the
flood wave propagates along the river network. The main river channel and the floodplains can
have significantly different roughness characteristics, due to the different landuse and land cover
in the watershed.

UWR has a higher roughness in the floodplains because its floodplains are dominated by
forests, shrubs and agricultural lands which have Manning’s n in the range of 0.18 — 0.24.
Therefore, the water inundating into the floodplains experiences higher frictional forces thereby
reducing the flow velocity in the floodplain when compared to the water in the main channel
(Manning’s n: 0.035). The difference in channel conveyance capacities of M1, M2 and M3 lead

to differences in the partitioning of flood wave between the main channel and the floodplains,
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which in turn leads to differences in the flow hydrographs at the outlet. For example, the 2016
simulation in UWR is a relatively small event where most of the water stays within the banks for
Control, M1 and M2. However, M3’s inadequate conveyance capacity leads to a higher volume
of water flowing through the floodplains. Figure 10(a) shows that the peaks for M1 and M2 are
similar to those of Control, whereas M3’s peak is delayed by 24 hours as compared to Control
(for the peak observed on 15™ March 2016 (day 22)) due to slow propagation of the excess
water flowing through the floodplains. In the case of WHR, 89% of the floodplains (Table 1) are
developed and have a smaller roughness (Manning’s n: 0.011 — 0.015). A higher percentage of
developed (impervious) region causes the rainfall-induced surface runoff to travel through the
floodplain faster before reaching the river channels, thereby, resulting in increased flow at the
outlet as shown in Figure 10(c).

It is expected that the configuration with higher bathymetric detail should perform better
and that the performance should reduce with decreasing levels of bathymetric detail. However,
for small within-channel events (< 2-year return periods) such as those in the 2016 simulation at
UWR and the 2015 simulation at WHR, the decrease in model performance from M1 to M2 is
negligible as compared to the decrease in model performance from M2 to M3. The additional
channel conveyance in M2 as compared to M1 (and Control) does not adversely affect model
performance since most of the flow is confined to the channel and the volume of water flowing
through the floodplains is minimal. For medium-sized events (> 2-year events but < 25-year
event) such as the 2018 event in UWR, the partitioning of water becomes more important and
both overestimated (M2) and underestimated (M3) channel conveyance leads to poorer model
performance. For example, the RSR (Table 6) is 0.24 and 0.27 for M2 and M3, respectively

while M1 has a better RSR of 0.16. In the case of events with much higher magnitude of
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streamflow (>50-year return period), the impact of additional channel conveyance and increased
slope is less significant as the proportion of water in the main channel is relatively small when
compared to the floodplains. Therefore, for high magnitude flow, it can be argued that the
difference in the volume of water routed through the floodplains for different configurations
becomes insignificant resulting in similar model performance.

In terms of maximum inundation extent, estimates of M1 are close to those of Control.
M2 has a higher channel conveyance capacity than Control which leads to a smaller inundation
area whereas M3 has a smaller channel conveyance capacity than Control leading to an
overestimation in the maximum inundation area. This behavior is consistent with previous
findings on the effect of bathymetry on inundation extent (Dey et al., 2019; Grimaldi et al.,
2018). One notable exception is M3 for 2018 simulation in UWR, where the overestimation in
inundation area due to low channel conveyance capacity is countered by the lower peak in outlet
hydrograph leading to similar inundation area estimates for M3 and Control.

Overall, the results indicate that depth (slope) and channel conveyance (cross-sectional
area), irrespective of the shape, act as important controls for overland flow especially for
medium-sized events and that the error due to overestimating channel conveyance reduces for
small within bank events. Typically, hydrologic and hydrodynamic model parameters are
calibrated against observed hydrographs at gauged locations. In the absence of bathymetry and
adequate model physicality, such calibration would have resulted in the lack of channel storage
in the river network being compensated by parameter values that characterize other physical
processes. For example, in the absence of river bathymetry, an alternate approach is to assume
simplified cross-sectional shapes to develop a hydrodynamic model and calibrate the depth of

these cross-sections and the roughness characterization in the hydrodynamic model using
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observed hydrographs, stage or rating curves (Gichamo et al., 2012; Grimaldi et al., 2018; Neal
et al., 2015; Price, 2009). Such an approach will not account for the effect of river bathymetry
(depth) on streamflow generation processes such as infiltration and lateral seepage. Instead, the
calibrated values of depth and roughness try to compensate for the inaccurate representation of
fluvial processes which may lead to additional error in the model when simulating different
events. To further investigate these issues, the subsequent sections compare the estimates of
infiltration, lateral seepage, backwater flow and inundation area between different bathymetric
configurations. This will determine if the difference in watershed response to bathymetric
representations is limited to surface routing only or if its effect extends to other fluvial processes

such as SW-GW interactions.

6.4 Effect on Infiltration

Results, presented in Figure 11 and Table 7, show that difference in infiltration rates
estimated by M3 with respect to Control is the highest, followed by M2 and M1 which indicate
that increasing bathymetric detail also improves the estimation of daily infiltration rates. M3’s
performance is particularly poor which is reflected in the negative and near-zero NSE values.
The estimates of daily infiltration rate improve drastically from M3 to M2, with a relatively
smaller improvement from M2 to M1 as indicated by the increasing values of NSE and
decreasing values of RSR (Table 7), which is similar to the behavior of SW fluxes during a flood
event (Section 6.3).

Table 7. Performance metrics comparing the daily infiltration rates in the floodplain estimated
by M1, M2 and M3 with respect to Control

Simulation Configuration NSE Pbias (%) RSR Error in Peak (%) "
Ml 0.98 2.2 0.14 -5.24
UWR (2016) M2 0.86 -8.9 0.38 5.94
M3 -3.19 59.3 2.03 74.14
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M1 0.86 -14.8 0.37 -11.95
UWR (2018) M2 0.71 -22.0 0.54 -14.51
M3 0.02 37.3 0.98 14.26
Ml 0.84 1.6 0.39 21.96
WHR (2015) M2 0.47 7.3 0.71 20.75
M3 -0.40 23.5 1.16 35.70

“Error in peak corresponds to the highest peak in the simulation period
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Figure 11: Daily infiltration rate in the floodplains of UWR for (a) 2016 simulation, (b) 2018
simulation and (¢) WHR for 2015 simulation. The observed outlet hydrograph is shown in grey
line on secondary axis.
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Initially, as seen in Figure 11, the infiltration rates are similar for all configurations
because the flow is confined to the saturated river channels. As the flood waves travel through
the stream network, the lateral SW flux from the river channels to the floodplains increases. As
demonstrated using a conceptual diagram in Figure 12, the SW flux into the floodplains is
controlled by the channel conveyance capacity of the river network. High conveyance capacity
not only leads to lower floodplain storage but also reduces the total volume of water available for
infiltration into the subsurface leading to lower rates of infiltration and vice-versa. This effect
can be seen in all three events, where M3 (lower channel conveyance capacity) is consistently
overestimating the infiltration rate whereas M2 (higher channel conveyance capacity) is
consistently underestimating the infiltration rates with respect to Control. M1 has a similar
channel conveyance capacity to Control and is performing the best as evident from its high NSE.

Further, once the flood wave starts receding, the SW fluxes recede from the floodplain
back into the river channels. In this case, higher channel conveyance allows the water to recede
faster from the floodplains leading to smaller residence times for surface water in the floodplains
which further maintains the difference in the total infiltration volume even in the receding part of
the flood event. This effect can be seen in Figure 11(b) where there are differences between the
infiltration rates of the three configurations from Control even after the flood wave recedes, for
example, between Day 30 (24™ March 2016) and Day 36 (30" March 2016) for the 2016 event
and between Day 25 (12™ March 2018) and Day 35 (22™ March 2018) for the 2018 event in

UWR.
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Lateral
Seepage

Seepage

Figure 12. Conceptual figure illustrating the difference in physical processes between two
bathymetric configurations with (a) low and (b) high channel conveyance capacities. Low
channel conveyance capacity leads to a higher inundation area, WSE and infiltration and lower
lateral seepage as compared to a bathymetric configuration with higher channel conveyance
capacity.

In case of WHR (Figure 11(c)), the infiltration rates estimated by M1, M2 and M3 exhibit
a similar trend to that of UWR — M1 is closest to Control with M2 underestimating the
infiltration rate and M3 overestimating the infiltration rate. However, the difference between the
estimates produced by the different bathymetric configurations is smaller for WHR when
compared to UWR. This variation in WHR can be attributed to the different landuse patterns in
the floodplains of WHR. There is a higher percentage of developed area in the floodplains (Table
1) of WHR leading to a lower available subsurface storage and lower infiltration capacity in the
floodplains. Additionally, the water flows faster through the floodplains because of the lower

roughness in developed regions allowing the water in the floodplains to recede faster into the
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main channel after the flood peak passes through the river network. These two factors together
lead to a smaller difference between the estimates of the different bathymetric configurations in
case of WHR than in UWR.

It is evident that the effect of improper bathymetric representation is not limited to SW
processes but also affects SW-GW interactions such as infiltration which can, in turn, affect the
rainfall-runoff in a watershed since there is bi-directional feedback between these two processes.
However, loosely coupled hydrologic and hydrodynamic models (Afshari et al., 2018; Follum et
al., 2020; Rajib et al., 2020; Wing et al., 2017) neglect such feedbacks which may get
compounded by improper bathymetric representation. Errors in bathymetric representation
combined with simplistic routing procedure in the hydrologic model may lead to erroneous

estimates of infiltration and streamflow which can propagate through the hydrodynamic model.

6.5 Effect on Lateral Seepage

The net lateral seepage is calculated as the difference in cumulative lateral seepage
inflow and outflow for each day of the simulation. As such, a negative lateral seepage indicates
that the river network is losing water into the subsurface, whereas a positive lateral seepage
indicates that the river network is gaining water from the subsurface.

As shown in Figure 13, the net lateral seepage is negative during the flood event as a
large volume of water seeps into the subsurface due to higher heads in the river channels.
However, after the flood wave recedes, the net lateral seepage becomes positive as the water that
has seeped into the subsurface during the event starts recharging into the river channels. M1
provides decent estimates of lateral seepage rate when compared to Control, as is evident from

high NSE, low RSR and low error in peak lateral seepage rate. M2’s performance is even worse

39



manuscript submitted to Water Resources Research

655 than M3's. It has a negative NSE for the 2018 event in UWR and exhibits large biases in the

656  positive direction for all three events.

657 Table 8. Performance metrics comparing the daily net lateral seepage rate in the floodplain
658 estimated by M1, M2 and M3 with respect to Control
Simulation Configuration NSE Pbias (%) RSR Error in Peak (%) )
M1 0.97 20.8 0.16 17.44
UWR (2016) M2 0.32 183.0 0.82 57.83
M3 0.61 -69.8 0.62 26.71
M1 0.99 -7.2 0.10 -3.13
UWR (2018) M2 -1.01 258.6 1.41 53.39
M3 0.90 -6.1 0.32 5.70
M1 0.87 -24.3 0.35 -3.91
WHR (2015) M2 0.30 -65.0 0.82 -23.10
M3 0.40 -50.0 0.76 -50.00

659 Error in peak corresponds to the highest peak in the simulation period

660
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Figure 13: Daily lateral seepage rate in the floodplains of UWR for (a) 2016 simulation, (b)
2018 simulation and (¢) WHR for 2015 simulation. The observed outlet hydrograph is shown in
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The lateral seepage is controlled by the saturated area available for the exchange of fluxes
between the river channel and GW and the head distribution in the channel and floodplains. As
the flood wave propagates along the channel network, it pushes the old water in the channel as
well as the GW in the floodplains away from the river channel. Similarly, as the water in the
channel recedes, it creates a pulling effect that forces water from the surrounding GW in the
floodplains to rush to the river channel. This leads to a high correlation between GWT elevation
in the river channel and river channel heads (Jung et al., 2004). The WSE in the river channel is
governed by both the volume of water flowing through the channel and the channel geometry
(bathymetry). The overall channel bed elevations for M2 are lower than that of Control. It also
has the highest channel conveyance capacity. WSE in the channel is lowest for M2, followed by
those of Control and M1 and finally, M3 has the highest WSE. Lower the WSE in the channel,
lower the SW head in the channel driving the lateral seepage. This leads to a less negative (more
positive) lateral seepage rate for M2. This also explains the more negative estimates of M3 which
has the lowest channel conveyance capacity and highest WSE of the three configurations. A
similar scenario is observed for WHR, but a smaller difference in net lateral seepage is observed
between the different bathymetric configurations due to WHR having a primarily developed
landuse leading to limited SW-GW interactions.

The saturated surface area in the river network (wetted perimeter in a cross-section)
available for SW-GW exchange also plays a role in controlling the lateral seepage. M1 and M2
have the same surface area but different channel conveyance capacity leading to significantly
different performance in terms of lateral seepage rates. Also, as shown in Table 3, the difference
in surface areas between the configurations is not as high as the difference between channel

conveyance capacity. This indicates that incorporating channel geometry with accurate channel
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conveyance capacity may suffice in accurately capturing the SW-GW processes for medium to
large watersheds.

In this study, Control incorporates the thalweg variability along a river network leading to
better representation of thalweg-gegenweg and side slopes as recommended by Chow et al.,
(2018) and Doble et al., (2012), respectively to model the lateral seepage. The differences
between estimates of Control and M1 (vertical side slopes and symmetric river channel
geometry) are relatively small which indicates that these two bathymetric characteristics play a
minor role in lateral seepage across large river networks. More importantly, the stark difference
in the performance of M1 and M2 relative to Control indicates that channel conveyance capacity
has a greater effect on the SW-GW fluxes at larger spatial domains incorporating river corridor

or river networks (and beyond).

6.6 Effect on Groundwater Table

As shown in the previous sections, the incorporation of river bathymetry, specifically the
channel conveyance, has a significant impact on subsurface processes such as infiltration and
lateral seepage. Since both these processes are related to available subsurface storage, which is
subsequently dependent on the water table depth, the effect of incorporating bathymetry on GWT
elevation is analyzed in this section by comparing the maximum GWT elevation estimated by the
three configurations with Control as shown in 13. The differences in maximum GWT elevations
(AGWT,,,,) has been corrected for biases due to initial conditions as per the following equation
(Equation 5).

AGW Tiaxmi = GWTcontrotmax = GW Tmimax — (GWTcontrotimitiat = GWT miinitiar)

(Equation 5)
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where AGW Tpax mi 1S the bias-corrected difference in maximum water table elevations
estimated by the bathymetric configuration Mi (M1, M2 or M3) and Control, and
GWTcontrovinitiat ad GW Ty iniriqr are the initial water table elevations for Control and Mi
(M1, M2 or M3) respectively. Areas with a positive value of AGWT, 4y for a given
configuration have a higher change in water table elevation for Control as compared to that
configuration while negative values of AGW T, »; indicate that the region has a higher change
in water table elevation for that configuration compared to Control. If |AGWTmax,Ml-| <
threshold, then that region is said to have no meaningful difference in the maximum water table
elevations estimated by M1 and M2. The threshold is implemented for filtering out small
differences caused due to model discretization and conversion between unstructured mesh and
gridded data. In this study, the threshold is set to 0.15m (6 inches) — an arbitrarily chosen value
based on prior modeling experience. Since the only difference in the different configurations is
the bathymetric representation, analyzing AGWT,,,, across the study area demonstrates the
spatial distribution of the effect of river bathymetry on GW processes.

Figure 14 shows the areas in UWR where the maximum water table elevations are
significantly different for the three configurations compared to Control for the 2018 simulation.
M1 has the least differences in AGWT,,,, compared to M2 and M3 as evident with a lesser
percentage of green and red zones in Figure 14. M2 and M3 have contrasting distributions of
AGWT,,qx 1n the floodplains. M2 has a higher percentage of areas with positive AGW T,
whereas M3 has a higher percentage of negative AGWT,,,,, in the floodplains with the positive
AGWT, 4 mostly confined to the main river channel. This difference in the distribution of
AGW Ty, 4y for M2 and M3 can be attributed to differences in infiltration and lateral seepage rates

of M2 and M3 (Section 6.4 and 6.5). The infiltration rate of M2 is lower than Control which
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means M2 has a lower volume of water infiltrating into the GW leading to lower changes in
GWT elevation as compared to Control leading to positive AGWT,,4,. On the other hand, M3
has a higher infiltration rate than Control leading to higher changes in GWT with respect to
Control leading to negative AGWT,,,,. The difference in lateral seepage also further enhances
the difference between Control and M2 or M3. M2 has a more positive lateral seepage which
indicates that the river channel is gaining more (losing less) water from the GW, leading to
smaller changes in GWT whereas M3 has a more negative lateral seepage indicating the stream
losing more water, which causes higher changes in GWT in the floodplains. However, the
volume of water being lost/gained due to lateral seepage is small as compared to the volume of

water being gained through infiltration.

Legend

: ﬁ WT Difference

?
?
£ —

Bl VT < —0.15m
[ AWTpq Negligible
AWTygy > 0.15m

0 5 10

e Kilometers

Figure 14. Figure showing the spatial distribution of differences between change in water table
elevations estimated by the different bathymetric configurations and Control at Wabash River
Basin (UWR). Green regions have a positive AW T,,,,, which indicates that those regions have

lower changes in water table elevation from initial water table elevations for a given bathymetric
configuration as compared to Control, and vice-versa for the red regions.

The spatial distribution of AGW T4, also highlight the fact that the effect of bathymetric

configuration on GWT is spread throughout the network and is not limited to the main stem of

the river. Additionally, it highlights the fact that there is a need for incorporating the channel
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conveyance capacity accurately since both underestimation (M3) and overestimation (M2) of
channel conveyance capacity leads to significant differences in estimates of GWT elevation. This
may be particularly relevant in the field of contaminant transport, wetland modeling and stream
restoration (Banks et al., 2011; Cienciala and Pasternack, 2017; Czuba et al., 2019; Osman and

Bruen, 2002).

Traditional hydrodynamic modeling cannot reflect the change in flow volume due to
within-reach hydrologic processes. Therefore, hydrodynamic models have only been able to
highlight the effect of poor bathymetric representation on SW fluxes. However, flooding-related
physical processes are codependent on each other; they continuously influence each other
directly or indirectly through feedback loops. The results presented in this study show that the
impact of bathymetry is not limited to surface fluxes but also extends to subsurface processes
and SW-GW interactions. Effective incorporation of bathymetric representation in data-sparse
regions should focus on accurately estimating bathymetric characteristics rather than on the
overall shape of the channel geometry. Specifically, the focus should first be on incorporating
accurate estimates of channel conveyance capacity and thalweg elevation, followed by side
slopes and channel asymmetry for accurately simulating the SW-GW processes in floodplains for

river networks at large spatial domains.

6.7 Effect on Backwater Flow at Confluence

At a river confluence, the two streams draining to the confluence may not have similar
thalweg elevation, especially when lower order streams meet a higher order stream. Usually, the
main river is deeper than the tributary, and the difference in thalweg elevation increases as the
difference in the stream orders of the main river and its tributaries increases. This difference in

thalweg elevation can affect the flow patterns near a confluence but this effect is usually ignored
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in traditional hydraulic models. To investigate this effect, the streamflow hydrograph just
upstream of the confluence is compared for M1, M2 and M3 against Control. Figure 15(a) shows
the hydrograph at the downstream end of Wildcat Creek as it drains into the Wabash River. The
figure shows that Wildcat Creek experiences backwater flow (negative flow) from the Wabash
River on days 22 to 24 of the simulation (16™ March 2015 to 18" March 2015) in case of M3,
whereas M1 and M2 do not exhibit this backflow — same as Control. This indicates that the

backwater is spuriously induced by the incomplete representation of bathymetry in M3.
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150
Control ===-M]1 _ ccccee- M2 = =M3

=
L
2
o
o
£
<
g
)

-100 , ,

Day of Simulation
(a)
30 DS end of Crooked Creek: WHR 2015
Control ===-M]1 ccccee- M2 = =M3

=» 20

=
L

- 10

@]
o]

£ 0

S ¢ 3 6 9 12 15 18 20 M o
ﬁ'lo [} '

. 1.
veq 1
-20

Day of Simulation

(b)

Figure 15. Figure showing hydrographs at the downstream (DS) end of tributary at (a) the
Wildcat Creek — Wabash River confluence (UWR) and (b) the Crooked Creek — White River
confluence (WHR) for all three configurations.
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All three configurations (M1, M2 and M3) have differences in bathymetric
characteristics. M3 is based on the original Lidar where the entire river network is characterized
by a flat surface with a very mild longitudinal slope. The thalweg elevations are the same for
Control, M1 and M2 but are different from those of M3. The fact that only M3 is exhibiting such
a behavior can be attributed to the difference (or lack thereof) in thalweg elevation of the main
stem and the tributary. In case of Control, M1 and M2, the thalweg is higher for Wildcat Creek
(155.7 m) as compared to Wabash River (154.8 m) at the confluence, which acts as a barrier to
the flow of water from Wabash River to Wildcat Creek, thereby reducing the backwater flow in
the channel. This elevation difference between Wabash River and Wildcat Creek is not present in
M3 where the thalweg elevation for both the channels is 156.2 m. This allows the water from the
Wabash River to travel upstream along Wildcat Creek, thereby leading to backwater flow. A
similar effect can also be observed in WHR at the confluence of Crooked Creek and White
River, as demonstrated by Figure 15(b) where Control, M1 and M2 have a difference of 0.7 m in
the thalweg of Crooked Creek and White River at the confluence but M3 has no difference in
thalweg elevation at the confluence.

This difference in flow patterns is not observed at every confluence. For example, the
difference in flow at the downstream end of the Tippecanoe River (just upstream of the Wabash-
Tippecanoe confluence) is negligible. The Wabash River — Tippecanoe River confluence has a
smaller difference in thalweg elevation at the confluence (0.5m) than the Wabash River —
Wildcat Creek confluence (0.9 m). Figure 15 also shows that the backwater flow exists for only
one of the peaks at the Wabash River — Wildcat Creek confluence. This difference in behavior

can be explained by the relative difference in magnitude of flow along the tributary and the main
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channel. Surface routing of water is governed by the total head of water, which in turn, depends
on the thalweg elevation and water depth. The water depth depends on the volume of water
flowing through the channel. If the flood wave traveling along a tributary is comparable to the
flood wave of the main river at the confluence, the flood wave in the tributary may act as a
further barrier to backwater flow. This may compensate for the lack of difference in thalweg
elevation in M3 and impede backwater flow. Therefore, the relative size of the channels meeting
at a confluence and the difference in flow through them may be responsible for the backwater
effect to be important at confluences.

If two streams at a confluence have a large difference in thalweg elevations of main
channel and tributary or the events are of different magnitudes, the absence of bathymetry at
confluences can result in highly erroneous streamflow at the watershed outlet due to backwater
flow. The spurious backwater flow in the absence of bathymetry can lead to erroneous localized
flooding around the confluence. Therefore, confluence geometry with appropriate representation
of differences in thalweg elevations between the tributary and main river at the confluence must
be incorporated to ensure accurate hydrodynamic connectivity along the river network,
particularly for large-scale applications spanning large networks which have confluence between
rivers with markedly different bed elevations (Mejia and Reed, 2011; Tran et al., 2020; Trigg et

al., 2009).

7. Summary and Conclusion

Bathymetry is critical for accurate modeling of fluvial systems. However, traditional river
modeling has focused on evaluating the effect of bathymetry on surface routing processes along
single reaches, usually the main stem of the river network. Fluvial systems comprise of co-

dependent surface and subsurface physical processes which affect hydrodynamic variables
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significantly, especially at large watershed scales. This study evaluates if the effect of river
bathymetry extends beyond surface processes to subsurface processes such as seepage and
infiltration. Additionally, the study analyzes the bathymetric characteristics that control these
processes to provide insights into effective ways to incorporate bathymetry across large river
networks in data-sparse regions. To answer these research questions, a conceptual bathymetric
model, SPRING, which can generate bathymetry for entire river networks, is implemented on
two watersheds with distinct physical characteristics (agricultural and urban). Physically-based
distributed models are created for four different bathymetric configurations with successively
reduced bathymetric detail: Control (highest level of detail — calibrated asymmetric cross-
sections with realistic side slope), M1 (depth, channel conveyance capacity and vertical side
slope), M2 (depth and vertical side slope) and M3 (original Lidar with no additional bathymetric
detail). Analysis of hydrologic and hydrodynamic outputs from the four configurations leads to
the following conclusions:

1) The application of SPRING in the Wabash (UWR) and White River (WHR) basins
demonstrate its ability to estimate bathymetry for tributaries as well as the main river stem in a
river network. Additionally, it can maintain hydraulic connectivity among channels with proper
representation of bathymetry at confluences. Bathymetry incorporation can lead to a significant
increase in channel conveyance capacity across the river network and overall longitudinal slope
of the channel but the change in the surface area remain relatively small.

2) A comparison of the streamflow prediction at the outlet using the four configurations
indicates that depth (slope) and channel conveyance (cross-sectional area), irrespective of the
shape, play an important role in accurately simulating flood events across river networks.

Channel conveyance capacity controls the partitioning of the flood wave between the main
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channel and the floodplains. Because of a significantly different roughness distribution in the
floodplain compared to the main river channel, the water routed through the floodplains can
either slow down or speed up (depending on the land use in the floodplain). While the absence of
bathymetry leads to poor performance for all events, small events may be captured accurately by
incorporating accurate channel depth (thalweg elevation) only. However, for medium-sized
events, both channel conveyance and depth need to be incorporated for adequately capturing the
watershed response.

3) The impact of bathymetry on subsurface processes is demonstrated by the difference
in infiltration rates across the four configurations. The infiltration rates remain similar when the
channel conveyance capacity and depth are adequately incorporated. In the absence of adequate
bathymetric detail, lower (higher) channel conveyance capacity causes higher (lower) influx of
water into the floodplain during flood events, which increases (decreases) the floodplain
residence time, thereby increasing (decreasing) the infiltration. The influence of bathymetry in
infiltration is also affected by the landuse of floodplains, with developed regions showing lesser
but still significant differences in infiltration.

4) Lateral seepage depends on the head distribution in the river network and the saturated
area available for SW — GW interaction. A higher channel conveyance capacity lowers the water
surface elevation and may increase the wetted area in the river network. Therefore, it leads to
increased seepage from the GW into the channel, and its underestimation leads to overestimation
in seepage from the channel into the GW. Lateral seepage is particularly sensitive to bathymetric
detail as the result demonstrated that incorporating inaccurate channel conveyance can lead to
even poorer estimates of lateral seepage as compared to not incorporating any bathymetric

information.
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5) The differences in infiltration and lateral seepage rates due to bathymetric
configurations contribute to significant differences in water table elevations throughout the river
network. Lack of bathymetry, especially underrepresenting the channel conveyance capacity can
lead to overestimation in water table elevations and vice-versa. This indicates that errors in
bathymetry can propagate to surface and subsurface processes as well as the interaction between
these processes.

6) The overall performance of the bathymetric configurations across both watersheds
indicate that channel conveyance capacity and thalweg elevation (longitudinal slope) play a
critical role in accurately capturing both surface and subsurface processes in H&H models.
Therefore, in estimating conceptual bathymetry for data sparse regions, the focus should be on
incorporating accurate channel conveyance and thalweg elevation. Additional information
regarding channel side slope and channel asymmetry may further improve the accuracy of H&H
model.

7) The bathymetry at river confluences plays a critical role in determining the flow
patterns in the region. In the absence of bathymetry, the tributary may experience significant
backwater flow. After bathymetry incorporation, the thalweg elevations of the main channel and
tributary just upstream of the confluence may be significantly different. This acts as a barrier to
backwater flow from the main channel moving upstream of the tributary. This effect seems to be
localized to the vicinity of the confluences and the extent of backwater flow also depends on the
relative size and timing of the flood wave arriving at the confluence from the tributary and main

river.
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8. Limitation and Future Work

This study demonstrates the effect of incorporating bathymetry across large river
networks on watershed processes using physically-based distributed modeling. There are certain
limitations to the results presented here. While the proposed framework for generating
bathymetry (SPRING) can be applied to every reach including lower-order streams, this study
only analyzes the effect on the main stem and three of its major tributaries at both sites. This is
primarily due to the lack of accurate thalweg elevations and channel volumes across the river
network. Since accurate depth and channel volume are critical to generating accurate bathymetry,
future studies should focus on estimating these bathymetric characteristics for all channels in a
network. In this regard, remote sensing-based methods such as the FREEBIRD algorithm,
hydraulic modeling based depth/volume calibration, or remote sensing-based at-a-station
equations may be particularly useful (Grimaldi et al., 2018; Legleiter et al., 2011; Price, 2009).
Additionally, implementing SPRING for large-scale application across river networks spanning
hundreds or even thousands of kilometers requires the automated generation of input datasets
such as river centerline and banks. While public datasets such as the National Hydrography
Database (NHD) do exist, they suffer from inaccurate spatial correspondence with the DEM.
Such large-scale implementation necessitates the use of high-performance computing and
parallelization. Therefore, future work also includes developing an automated and efficient
algorithm that can create these input datasets for SPRING and use parallelization methods for
computational efficiency at large scales. Additionally, large-scale application of SPRING also
requires evaluation of the data requirements of calibrating the parameters of SPRING as well as

spatial transferability of the parameter set across different river networks.
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The results presented here indicate that the difference due to bathymetry incorporation
may be dependent on the scale of the main river, its tributaries, the magnitude and intensity of
the event, and overall spatial extent and landuse distribution of the watershed. Future forays in
this direction should consider researching the appropriate spatial scales at which the impact of
bathymetry becomes more or less significant in the context of hydrologic and hydraulic
processes. This may provide insights into when and where bathymetry incorporation is necessary
and if there exist circumstances where bathymetry incorporation may be neglected for certain
streams. This is particularly important in the context of developing large-scale accurate flood
models. Finally, the H&H models used in this study do not include water loss from the watershed
due to evapotranspiration and anthropogenic activities such as pumping from GW which may
affect GWT. While these losses may not significantly affect the conclusions of this study, future
research in this direction should incorporate these losses for a better representation of the GWT

across the watershed.
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Appendix Al: Estimating river bathymetry at individual reaches

This section gives a brief explanation of the procedure followed by SPRING to estimate
river geometry for individual reaches. For more details, please refer to Dey, (2016) or Merwade,

(2004).

For each river reach in the network, the channel centerline is divided into small segments,
which are 10-14 times the width of the channel. The depth at each of these segments is estimated
by linearly interpolating between the known depth at the USGS gage locations within the river
network. For each segment, a normalized cross-section is created which has unit width and unit
depth. First, the radius of curvature (r) of the centerline segment is estimated using the three-
point arc method. Then the width of the channel (w) is calculated by measuring the average
distance between the banks for that centerline segment. The thalweg position (t), which is the
distance of the thalweg from the channel centerline along a river cross-section, is determined
using an exponential function relating the normalized radius of curvature (r* =r/w) to
normalized thalweg position (t* = t/w) as shown in Equation 1. The sign of the thalweg
position (left of centerline: negative, right of centerline: positive) is determined by the direction
in which the river meanders. If the river meanders (turns) to the left, there is more erosion on the
right bank (outer bank) and more deposition on the left bank (inner bank). Consequently, the
thalweg is positioned on the right side of the centerline (positive thalweg location). SPRING
determines the position of the thalweg by locating the center and radius of curvature of the
meander using the three-point rule. If the center of curvature of the meander is to the left of the
centerline, the thalweg is located on the right side of the centerline, that is, the thalweg position

is positive and vice-versa. In summary, the position of the center of curvature of the meander
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relative to the centerline determines the sign (direction) of the thalweg position and the radius of

curvature determines the distance between the centerline and the thalweg position.

Finally, asymmetric cross-sections having unit depth and unit width are estimated based
on the thalweg position, using a linear combination of beta-functions as shown in Equation 2.
The scaling parameter, k, in Equation 2 is introduced in the equation to remove the constraint of
total area in a cross-section. The area under a pdf is always equal to 1, so the area under the sum
of two pdfs cannot be greater than 2. However, this constraint is not applicable to a normalized
river cross-section of unit width and unit depth. The introduction of scaling parameter in the
equation removes the area constraint and increases the flexibility of SPRING to create cross-
sections of different shapes. The parameters of SPRING can be estimated from surveyed cross-
sections available for a different section of the same river or from a different river with similar
characteristics as the river in question. Finally, the width and bank elevation of the river channel
for that segment is estimated using the bank lines and DEM. These are used to rescale the
normalized cross-section shape to actual cross-section using Equation 3. After creating cross-
sections for each centerline segment using SPRING, longitudinal 3D lines (called profile lines)
are drawn along the channel intersecting the cross-sections. Channel bed elevations are
interpolated between the estimated cross-sections along these profile lines in a channel centered
curvilinear coordinate system (Glenn et al., 2016; Merwade et al., 2006) to create a 3D mesh

depicting the channel bathymetry.
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Appendix A2: Integrated Channel and Pond Routing

This section provides supplementary information on the computational framework used
in Integrated Channel and Pond Routing (ICPR), a physically based tightly coupled distributed
model capable of simultaneously estimating flooding related surface and subsurface processes in
a watershed. Information provided in this section has been adapted from Saksena et al., (2021,

2020, 2019) and Streamline Technologies, (2018).

The basic modeling framework consists of 1D nodes and links to represent overland flow
along the river network, a 2D flexible mesh for simulating surface water (SW) flow in rest of the
watershed (including the floodplains), a 2D flexible mesh for modeling groundwater (GW) flow
and a storage layer between the overland and groundwater meshes representing vadose zone
processes. All these elements can interact with each other which allows for a single fully-
integrated system of equations. Precipitation received by the overland region is partitioned
between the overland region and vadose zone. The water in the overland region is routed through
the overland mesh while the water that enters the soil column is stored in the vadose zone. Water
from the vadose zone flows into GW from where it can either remain stored in GW, move to the

overland region through seepage or return to vadose zone.

The river network is discretized in the form of 1D nodes which are connected by 1D links
which transport water from one node to another. The links can be modified to include hydraulic
structures such as weirs, culverts or bridges. The 1D river network interacts with the overland
flow in the floodplains (and the rest of the watershed) through the 1D-2D interface along the
channel boundary (banks). The 2D overland flow is characterized by a triangular mesh of
flexible resolution also known as a triangular irregular network (TIN). The modeler ensures that
all topographic features relevant to overland flow of water are adequately represented in TIN.
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Each vertex of the TIN has a honeycomb shaped subbasin which is created by joining the
midpoints of the triangle sides to the geometric center of the triangular element in the TIN. These
honeycombs are further divided into control volumes (CV) by intersecting them with the
geospatial datasets used for parametrization. This ensures that the sub-grid variability in the
geospatial datasets within each element of the TIN is conserved. Each CV acts as a subbasin
where all hydrologic computations occur. The 2D overland flow occurs along the edges of the
TIN. ICPR implements a finite volume discretization for conservation of mass as depicted in

Equations A1-A4.

dz = (M) dt (Equation A1)
surface
Zigar = Zy +dz (Equation A2)

Qin = Z Qlinkm + Z Qrunoff + Z Qexternal + Z Qseepage (Equation A3)

Qout = X Qlinkout +2 Qirrigation (Equation A4)

where, dz = incremental change in stage (L); dt= computational time-step (T); Q;,=
total inflow rate (L*T™); Q,,= total outflow rate (L’T™); Agurface = Wet surface area (LY; Zysar
= current water surface elevation (WSE) (L); Z; = previous WSE (L); . Qjink,,= sum of all link
flow rates entering a control volume (L’T™); ¥ Qlink,,,~ sum of all link flow rates leaving the
control volume (L*T™); ¥ Qruno 7f = sum of catchment area runoff LT ¥ Quxternar = sum of

all inflows from external sources such as streamflow gages (L’T™); ¥ Qseepage= sum of lateral
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seepage inflow from groundwater model (L’T™); 3 Qirrigation = sum of water pulled out of the

system for irrigation (L*T™).

The overland flow along the 1D link is governed by the energy equation. The flow along
the edges of the 2D TIN is governed by diffusive wave equation. The roughness characterization
(Manning’s n) is governed by an exponential decay function relating Manning’s n to surface

depth. The relevant equations are given below (Equations A6-A9).

RV

— 1742 .

Q= {—Ax c; } (Equation A6)

n = ngpauowe @ (Equation A7)
ln( Ndeep )

k = % (Equation AS)

4Q2

Sfavg = (K1+K2)? (Equatlon A9)

where Q =flow rate (L’T™); Ax =length of channel (L); Z;, Z,= WSE at upstream end of
link, WSE at downstream end of link, respectively (L); Cr= conveyance factor; n = Manning’s

roughness at depth d; ngpqi0, = Manning’s roughness at ground surface; nge., = Manning’s

roughness at depth = dn.x; k£ = exponential decay factor; d = depth of flow; d,, 4, = user specified
maximum depth for transitioning to Ngeep; K; and K, = channel conveyance (L’T™) at two cross-

sections; and Sfavg = average friction slope across two cross-sections.

The vadose zone processes are represented through soil moisture accounting and
recharge. ICPR uses a vertical layer method where the vadose zone (region between the ground

surface and water table (GWT)) is divided into three vertical layers. Each layer has its own
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unique soil characterization which allows ICPR to account for the heterogeneity in soil
properties with depth. Each layer is further subdivided into ten cells (total of 30 cells) to track the
movement of water through the vadose zone. Water enters the vadose zone from the ground
surface (infiltration) and moves in the downward direction through the cells. This movement is
governed by the unsaturated conductivity and moisture content of each cell starting from the top

cell to the bottom cell as per the Brooks-Corey method (Equation A10).

K(6 0-6,\" .
% = (m) (Equation A10)

where, @ = current moisture content; 6, = residual moisture content; ¢ = saturated

moisture content; K(6) = unsaturated vertical conductivity at 6; K; = saturated vertical

conductivity; n =3 + % ; and A = pore size index.

If the moisture content of the bottom cell exceeds its saturation capacity (saturated
moisture content), the extra flux is delivered to the groundwater and the bottommost cell’s
moisture content is set to saturation. Next, a mass balance is performed from the bottommost cell
to the topmost cell to update the moisture content each cell to ensure that the moisture content in
the cells do not exceed saturation capacity. This allows fluxes to move in both direction (surface
to GW and GW to surface) and reflects the drying or wetting of the vadose zone based on the
hydraulic fluxes. If the GWT elevation exceeds the elevation of a cell, that cell is removed from
the vadose zone and becomes a part of the GW. If, on the other hand, the GWT elevation

decreases, additional cells with field capacity may be added to the vadose zone to account for the
drying.

The GW is represented as a TIN (2D flexible mesh) similar to the overland 2D flow. GW

is bounded vertically by the vadose zone at the top and a bedrock layer at the bottom. The
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bedrock layer is assumed to be impenetrable. The movement in water is represented by a finite
element formulation of the continuity equation depicting 2D unsteady phreatic flow (Equation

All)

O_h — d(uh) _ d(vh) .
%= o oy (Equation A11)

where, n is the fillable porosity (or specific yield); 4 is the GW elevation (piezometric
head); u, v are the velocity vector components; ¢ is time, and x, y are the Cartesian coordinates.

The velocity vectors for isotropic media are represented by Equation A12.

oh oh .
u= —K.a ;and, v = —K.a (Equation A12)

where n is the fillable porosity (or specific yield); 4 is the GW elevation (piezometric
head, L); u, v are the velocity vector components (LT™); 7 is time (T). Equation A1l and A12 are
solved simultaneously using Galerkin approximation and Green’s Theorem to develop a set of
partial differential equations. The partial differential equations are solved for six nodes of the
GW TIN (three vertices of each triangular element and midpoint of each side of the triangle)

using a quadratic interpolation function shown in Equation A13.
h=Ax*+ By?+ Cxy+Dx+Ey+F (Equation A13)

where x, y are the Cartesian coordinates (L); K is the permeability (conductivity) of the
porous media; A — F = coefficients of the six-point quadratic function. The set of equation is
solved using the Cholesky method and provides estimates of water transport, storage variation,
and external flows into the vadose zone and overland flow region across the entire GW TIN.

Finally, the seepage rates are calculated using Equation A14.
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(h1—hy)X(A)% .
Useepage = #‘i)fﬂb (Equation A14)

where Qgeepage = S€epage rate (L’T™); hy= calculated GWT elevation (L); h, = ground
surface elevation at node (L); A4y, = groundwater control volume surface area (L?); ¢, = below

ground fillable porosity; and dt,,, = groundwater computational time increment (T).
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