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ABSTRACT: Simulating unsteady flow in open channel networks requires balancing computational efficiency with
physical accuracy, particularly at junctions where one-dimensional (1D) Saint-Venant equations are invalid. This paper
presents IberlD, a novel hybrid model integrating a 1D finite volume solver with Ro€’s approximate Riemann scheme for
channel reaches and a physics-based two-dimensional (2D) formulation for junctions. Junctions are treated as storage
volumes with rigorous mass and momentum conservation, while hydraulic structures (gates and weirs) are modeled
as internal boundary conditions. The model was validated against the established Iber 2D shallow water solver across
gradually varied flow profiles (M and S curves), hydraulic jumps, flow regime transitions, and complex multi-reach
networks. Results demonstrate excellent agreement with the 2D reference for macroscopic variables (water depths and
boundary discharges). While the 1D formulation inherently averages out localized intra-junction eddies, it successfully
resolves the aggregate flow distribution through confluences and bifurcations. The proposed approach provides a
computationally efficient tool for flood forecasting, irrigation network management, and urban drainage analysis.

KEYWORDS: 1D hydrodynamic modeling; Saint-Venant equations; channel networks; junction modeling; finite
volume method; Roe solver

1 Introduction

The management of water resources in engineered and natural channel networks has transitioned
to a predictive, simulation-driven approach, which is now essential for predictive flood risk assessment
[1-3], real-time operational control [4,5], and long-term strategic planning [6]. This evolution is driven by
specific hydrological mechanisms, such as flow regime responses to increased imperviousness in urbanized
landscapes [7,8], alongside the shifting frequency and intensity of extreme precipitation events, which
collectively intensify complex hydraulic challenges [9-12]. Urban drainage systems, for example, require
sophisticated “dual drainage” models to accurately simulate pluvial flooding, manhole overflows, and
combined sewer overflows (CSOs) [13-17]. Concurrently, agricultural networks depend on robust modeling
to optimize water allocation for global food security [18,19] and to manage pervasive issues like sediment
transport [20,21], aquatic vegetation growth [22,23], and the cumulative hydrological impacts of numerous
small-scale structures [24,25]. A fundamental tension exists between the physical realism of computationally
expensive multi-dimensional models and the efficiency of simplified traditional 1D models [26-28].

The choice of model dimensionality in any hydraulic study represents a fundamental trade-oft between
computational cost and the required physical realism. One-dimensional (1D) models, which solve the
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Saint-Venant equations averaged over discrete cross-sections, are exceptionally efficient [29-31]. This makes
them ideal for simulating large-scale networks, conducting long-term continuous simulations [32,33], and
handling hydraulic structures, for which they often have mature, robust modules [34,35]. Their primary
limitation, however, is an inherent inability to simulate lateral or multi-directional flow, rendering them
unsuitable for complex floodplains. Conversely, two-dimensional (2D) models solve the depth-averaged
shallow water equations over a continuous mesh [36-38], providing physically realistic, detailed spatial
maps of water depth and velocity, which is critical for understanding complex, multi-directional flow in
urban areas or overbanks [39,40]. This accuracy comes at the cost of being computationally expensive and
requiring high-resolution topographic and bathymetric data—typically defined as sub-meter grid resolutions
or mesh elements significantly finer than the channel width [41]. Furthermore, acquiring this data introduces
significant collection trade-offs [42]. While Terrestrial Laser Scanning (TLS) provides the necessary sub-
centimeter topographical precision, it is highly labor-intensive to execute over large river reaches. Conversely,
while standard Unmanned Aerial Vehicle (UAV) LiDAR is highly efficient for wide-area floodplain mapping,
its near-infrared pulses cannot penetrate the water surface to capture the accurate sub-aqueous bathymetry
essential for 2D modeling. As a pragmatic compromise, coupled 1D-2D models have emerged, using
1D for the efficient simulation of the main channel and 2D for the accurate representation of adjacent
floodplains [43-45]. While this hybrid approach offers an optimal balance for many riverine flood studies,
its overall accuracy is highly dependent on the complex formulation of the 1D-2D coupling interface [46]. A
summary of primary hydrodynamic modeling approaches is presented in Table SI (Supplementary Material).

For any 1D model applied to a network, the treatment of channel junctions represents the single greatest
challenge and the most significant potential source of error. The 1D Saint-Venant equations are not valid at the
junction itself, which must instead be treated as a complex internal boundary condition [47,48]. A junction is
not a simple, zero-dimensional point but a complex hydrodynamic zone where the fundamental assumptions
of 1D flow—such as unidirectional, parallel streamlines—break down completely [48]. In confluences, the
merging of flows with different momentum vectors creates shear layers, flow separation from boundaries,
and large-scale turbulent recirculation [49-52]. These processes induce significant, localized energy losses
that are not accounted for by standard 1D bed friction formulas. Similarly, in a diffluence where flow divides,
the geometry forces rapid changes in flow direction, leading to water surface superelevation and complex
secondary currents [53]. This flow behavior is inherently two- or even three-dimensional, and accurately
modeling its effect on energy dissipation and flow distribution is critical for the simulation of the entire
network [45,53].

The treatment of hydraulic junctions in network models has evolved through several paradigms
with progressively increasing physical rigor (Table S2 (Supplementary Material)). The simplest and most
widespread approach is the equal-level node model, as implemented in widely used software such as the
EPA Storm Water Management Model (SWMM) [54]. In this framework, the junction is treated as a zero-
dimensional point where only mass conservation is enforced, assuming a uniform water surface elevation
across the node and at the proximal ends of all connected conduits. While computationally efficient, this
approach neglects momentum conservation entirely: the transition at the node is essentially a transformation
of kinetic energy into potential energy, ignoring directional changes of the flow and the internal turbulence
generated by merging or dividing streams. This leads to inaccuracies in the energy grade line prediction,
particularly in high-velocity flows where directional momentum changes are significant.

A second paradigm addresses junction energy losses through empirical loss coefficients (K), which relate
the head loss to the velocity head via Ah = Kv?/2g [55,56]. These coefficients depend on the Reynolds
number, discharge ratios, junction geometry, and flow regime, and their determination typically requires
extensive experimental data or three-dimensional CFD modeling. While this approach corrects the energy
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grade line, it remains a descriptive rather than predictive method: the K-factors are regime-dependent,
often unavailable for irregular geometries encountered in practice, and may create numerical discontinuities
during flow reversal —making them a mandatory yet uncertain input for dynamic simulations.

More physically based formulations have sought to resolve the junction physics directly. The Junction
Riemann Problem (JRP) treats junctions as discontinuities in the 1D domain and solves a generalized
Riemann problem for the resulting wave patterns, providing robust solutions across flow regimes without
empirical coeflicients [57]. Alternatively, the integrated 1D-2D coupling approach, notably developed by
Ghostine et al. [48], discretizes the junction as a fully resolved two-dimensional mesh, solving the shallow
water equations on a fine grid within the junction area. This permits explicit computation of 2D flow dynam-
ics, including flow separation, recirculation zones, and internal shock waves [58]. However, the requirement
for a detailed junction mesh significantly increases the computational cost and mesh generation complexity,
limiting the scalability of this approach for large-scale network simulations with numerous junctions.

The global objective of this work is to develop and validate a robust 1D hydrodynamic module
integrated within the Iber software suite [37], addressing the need for efficient yet physically accurate network
simulations. In contrast to the existing approaches summarized in Table S2 (Supplementary Material),
the proposed model introduces the following specific contributions: (i) a control-volume-based junction
formulation that conserves both mass and two-dimensional momentum without requiring a resolved 2D
mesh at the junction, deriving energy dissipation as an emergent property of the momentum balance rather
than relying on pre-defined empirical coefficients; (ii) the use of Roe’s approximate Riemann solver at both
the 1D channel interfaces and the 1D-2D junction boundaries, ensuring numerical consistency and flux
continuity across domains; (iii) the inclusion of a hydrostatic wall thrust term (S,,,;;) that accounts for
the reaction forces exerted by the physical boundaries of the junction on the flow, providing a physical
mechanism for head losses at junctions with finite area without empirical calibration; and (iv) full integration
within the Iber software suite, enabling large-scale network simulations with the enhanced junction physics
at practical computational costs. By validating this complete model against the established Iber 2D shallow
water solver, this work demonstrates that the proposed approach achieves routing accuracy comparable to
fully resolved 2D simulations at a fraction of the computational cost.

2 Materials and Methods

This section details the mathematical formulation and numerical implementation of the developed one-
dimensional (1D) hydrodynamic model. The model is designed to simulate unsteady free-surface flow in
complex channel networks, employing a robust finite volume framework that ensures conservation of mass
and momentum both along the channels and at their junctions.

2.1 Hydrodynamic Module

The core of the model solves the one-dimensional Saint-Venant equations [59,60], which describe the
conservation of mass and momentum for unsteady open channel flow. These equations are expressed in their
conservative vector form as:

a_U N JF(U)
ot ox

= H(U) 1)

where t represents time, x is the longitudinal spatial coordinate, U is the vector of conserved variables, F is
the flux vector, and H is the source term vector. These are defined as:
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A Q 0
U: S F = Q2 ) H-= (2)
Q X-’-Il gA(S()—Sf)-i-Iz

Here, A represents the wetted cross-sectional area, Q is the discharge, g is the acceleration due to gravity,
So is the bed slope, and Sy is the friction slope calculated using Manning’s formula:

n’Q|Q|
AR

Sf= (3)

where n is Manning’s roughness coefficient and Ry, is the hydraulic radius.

The terms I; and I, represent the hydrostatic pressure force integral and the pressure force component
due to longitudinal variations in channel width, respectively. They are formulated to account for arbitrary
cross-sectional shapes:

L= [ h-motenyan @)
Iz-f (h- a”(" do(x.n) 4, (5)

where h is the water depth, # is the vertical integration variable, and o(x,#) is the channel width at
elevation 7.

Numerical Scheme

The detailed numerical discretization, explicit integration scheme, C-property preservation, and Roe’s
approximate Riemann solver for the 1D reaches are presented in Section S1 of the Supplementary Material.

2.2 Junctions

A critical component of the model is its capability to simulate complex channel networks where multiple
reaches converge or diverge [59]. The implementation treats junctions as distinct nodal elements that connect
the boundaries of the adjacent 1D channel segments.

2.2.1 Junction Model Formulation

The junction is modeled as a 2D horizontal storage volume ; where both mass and momentum
conservation are enforced. Unlike simple point-node approximations, this model accounts for the finite
surface area of the junction and its physical boundaries. The spatial discretization of the junction and its
connection to 1D channels is illustrated in Fig. 1.

Let U = [hy, hjuj, hyv;]T be the 3 x 1 state vector representing the water depth and the unit-width
momentum components in the x and y directions within the junction. For a junction J connected to N 1D
channels, the integral form of the balance equations over the junction domain yields:

510
o

NL'
3 J+ > @ Awg =S + Sy (6)
t k=1

where Awy is the width of the interface connecting channel k to the junction. To properly couple the 1D
channels with the 2D junction dynamics, ®} ; is defined as a 3 x 1 numerical flux vector representing the
projection of the 1D fluxes into the 2D coordinate system of the junction:



Rev Int Métodos Numér Calc Disefio Ing. 2027;43(1):3 5

F*

mass,k
*
(I)kJ = F;om,knx»k (7)
*
Fmom,kn)’»k
Here, F; . . and F; . are the scalar mass and momentum fluxes computed by the 1D Roe solver

at interface k, and ny = (n,x,n,x)" is the outward unit normal vector of the interface k pointing out of
the junction.

1D Pipe
1D SWE solved for unknowns Apipe and Qpipe:
du | OF _
o to; =H

\

\
\
A

2D Junction

In the junction, a 2D Nu-
merical Scheme is solved
for unknowns h, g, and gy:

ou | 9F | G _
9 towta =8
Figure 1: Schematic representation of the spatial discretization: 1D channels connected to a 2D junction domain.

The term S; contains internal source terms (e.g., bed friction and external mass inflows). Crucially, the
term S,,,;; represents the hydrostatic thrust acting on the solid, impermeable walls of the junction (i.e., the
portions of the junction perimeter I, ,;; not connected to any channel). It is formulated as:

0
Swalr = frwa” Ilnxdl (8)
frwa” Iln},dl

If the junction is conceptualized purely as a point-node connecting pipes without physical solid walls
(where all edges are inflow or outflow boundaries), S,,,;; is explicitly zero. However, for junctions with
finite areas and defined solid boundaries, excluding this hydrostatic thrust would result in an unphysical
momentum imbalance.

2.2.2 Numerical Treatment of Junctions

The numerical treatment, flux projection, Roe solver application at the interfaces, and the time-stepping
updates for the junctions are detailed in Section S2 of the Supplementary Material.

2.3 Boundary Conditions

The numerical treatment of boundary conditions is based on the method of characteristics and the ghost
cell approach. The model supports inlet, outlet, and internal boundary conditions.
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2.3.1 Inlet and Outlet Boundaries

At the inlet and outlet, the number of physical conditions to be imposed depends on the flow regime
(subcritical or supercritical), determined by the Froude number Fr.

o  Subcritical Inlet (Fr < 1): One physical condition is required. Typically, the discharge Q(¢) is imposed.
The water-level in the ghost cell is extrapolated from the interior domain (zero-order extrapolation
hghost ® Rinternar) or computed using the backward Riemann invariant J~ = u — 2¢ [61].

o  Supercritical Inlet (Fr > 1): Two physical conditions are required. Both discharge Q(¢) and water-level
h(t) (or energy head) must be imposed.

o  Subcritical Outlet (Fr < 1): One physical condition is required, such as a fixed water-level i(¢) or arating
curve Q(h). For a free overfall, the critical depth condition is imposed if the flow attempts to become
supercritical at the boundary: hgposr = max(hinsernats ic)-

o Supercritical Outlet (Fr >1): No physical conditions are required. All flow variables are extrapolated
from the interior domain (transmissive boundary).

2.3.2 Internal Conditions

Hydraulic structures like gates and weirs are modeled as internal singularities where the standard
momentum equation is replaced by specific discharge laws [60].

Gates: The flow through a gate is calculated based on the gate opening h, and the upstream (H,) and
downstream (H,) heads.

»  Free Flow: When the downstream level is low (Hy < zgaze + %h ¢)» the discharge is:
Q= Cdbhg zg(Hu _Zgate) 9)
+  Submerged Flow: When the gate is submerged (Hy > zgas + %h g):

Q = Cd,suhbhg\/ 2g(Hu - Hd) (10)

o  Transition Flow: For intermediate conditions, a transition formula is applied:

Q = Cabhy\/6g(H, — Hy) (11)

Weirs: Flow over a sharp-crested weir is modeled using the Poleni formula [60] and a Villemonte-type
correction for submergence [62].

. Free Flow:
Q=CyL(H, - zy)"’ (12)

«  Submerged Flow:

chwL%g\/Hu—Hd(Hd—zw) (13)

where Cy, Cj 5,5, Cy are discharge coeflicients, b and L are the width of the gate and weir, respectively, and
Zgate» 2y are the sill elevations.
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Flux Limiter: This internal boundary allows the user to define a maximum discharge threshold, Qax.
The model enforces this constraint by limiting the flow through the cross-section:

Qcomputed ilecamputed| < Qmax

. (14)
Qumax Sgn(Qcomputed) 1f|Qcomputed| > Qmax

Q:

where Qcomputed is the discharge calculated by the Riemann solver before the limitation is applied.

3 Validation

The newly developed 1D hydrodynamic module has been systematically validated against the previously
implemented and widely tested 2D module of Iber, which has been extensively applied from fundamental
open-channel hydrodynamics [37,63-65] to complex eco-hydraulics and urban hydrology [66-68]. The latter
has already been employed in numerous applications involving both simple and complex channel geometries,
and therefore serves as a robust reference for comparison. The validation has been carried out under a variety
of flow conditions and geometric configurations that are representative of phenomena typically observed in
open channel networks. In all cases, the results of the 1D model show excellent agreement with those of the
2D model, confirming its reliability.

3.1 Hydrodynamics

The following test cases illustrate the model’s performance in simulating key hydraulic phenomena,
including backwater curves, gradually varied flow profiles on moderate and steep slopes, transitions between
flow regimes, and local phenomena around structures and bed forms. Table | synthesizes the ID and
main characteristics of the models simulated, the ID describing the kind of flow regime (GVF: gradually
varied flow; RVEF: rapidly varied flow; LP: local phenomenon). Both 1D and 2D models discretized the
computational domain using one-dimensional elements with the same variable width and a length of 1 m,
making the results directly comparable.

Table 1: ID and main characteristics of the hydrodynamics test cases.

ID Main Characteristics
GVF_Mla Backwater curve (M1)
GVF_MIb Backwater curve (M1)
GVF_M2a Backwater curve (M2)
GVF_M2b Backwater curve (M2)

GVF/RVF_M3a Backwater curve (M3) and 1 hydraulic jump
GVF/RVF_M3M2a Backwater curves (M3, M2) and 1 hydraulic jump
GVF/RVF_M3M2b Backwater curves (M3, M2) and 1 hydraulic jump

GVF/RVF_Sla Backwater curve (S1) and 1 hydraulic jump

GVF/RVFE_SIb Backwater curve (S1) and 1 hydraulic jump

GVF_S3a Backwater curve (S3)
GVF_S3b Backwater curve (S3)
GVF_M2S2 Backwater curves (M2, S2)

GVF/RVF_M2S2 Backwater curves (M2, S2) and 1 hydraulic jump
GVEF/RVF_S2S1IM2 Backwater curves (S2, S2, M2) and 1 hydraulic jump
GVF/RVF_S3S1M2 Backwater curves (53, S2, M2) and 1 hydraulic jump

LP_1 Local phenomenon (stair) and backwater curve (M2)

LP_2 Local phenomenon (stair) and backwater curve (M1)

LP_3 Local phenomenon (stair) and backwater curves (M1, M2, M2) and 1 hydraulic jump
LP 4 Local phenomenon (stair) and backwater curves (S2, S2) and 1 hydraulic jump

LP_5 2 local phenomena (narrowing, stair), 1 hydraulic jump and, backwater curves (M1, M2)
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A comprehensive validation is performed for various Gradually Varied Flow (GVF) profiles on mod-
erate slopes, where normal depth is greater than critical depth (y, > y.). The simulations reproduce the
experimental setup of a rectangular channel with length L = 200 m, width B = 0.5 m, slope Sy = 0.002, and
Manning’s roughness 7 = 0.015 s/m'/? [64]. This configuration allows for the generation of three distinct
backwater curves by varying the boundary conditions as summarized in Table 2: the M1 and M2 profiles,
which occur in the subcritical regime, and the M3 profile, which occurs in the supercritical regime. The
results presented in Fig. 2 show excellent agreement between the 1D and 2D models across all test cases,
justifying the use of the computationally efficient 1D model for a wide range of practical engineering problems
on such slopes. This set of tests confirms the model’s capability to reproduce all three M-curve profiles:

o Ml profiles (subplots a, b): These represent classic backwater curves where the flow depth is above
the normal depth (y > y,, > y.). This condition is typically caused by a downstream obstruction, such
as a dam or weir, which forces the water level to rise. The flow is subcritical and decelerating in the
upstream direction. The near-perfect match between the 1D and 2D results indicates that, for this type
of gradually varied, subcritical flow, the cross-sectional velocity distribution is sufficiently uniform that
a one-dimensional approach is sufficient to capture the flow physics accurately.

o M2 profiles (subplots ¢, d): These are drawdown curves where the flow depth is between the normal and
critical depths (y, > y > y.). This profile occurs as subcritical flow accelerates towards a downstream
control point, such as a free overfall or a transition to a steeper channel slope. The ability of the 1D model
to precisely replicate the 2D simulation validates its performance in handling accelerating subcritical
flows and predicting the water surface as it approaches a critical flow condition.

« M3 profiles (subplots e, f, g): These profiles are formed when supercritical flow (y < y. < y,) enters a
moderate slope, a condition which is inherently unstable. The moderate slope cannot sustain the high
velocity, causing the flow depth to increase. This increase continues until the flow abruptly transitions
to its stable subcritical state through a hydraulic jump, a region of rapidly varied flow with significant
energy dissipation. The fact that the 1D model accurately captures the location and the sharp rise
in water level of the hydraulic jump is a critical validation of its shock-capturing capabilities and its
formulation for energy loss in such discontinuous flows. The minor discrepancies observed between
the 1D and 2D results in subfigure (g)—specifically regarding the exact steepness and spatial extent of
the jump’s face—stem from differences in cross-sectional momentum distribution [69]. The fully 2D
model inherently captures lateral velocity gradients and two-dimensional wave reflections, leading to
a slightly diffused transition. Conversely, the 1D model averages the momentum over the cross-section
(implicitly assuming a uniform velocity distribution with a Boussinesq coefficient 3 = 1), causing the
Riemann solver to capture the hydraulic jump as a sharper, idealized discontinuity [70].

Table 2: Boundary conditions and hydraulic parameters for the moderate slope GVF profiles.

Curve Inlet Q (m3/s) Inlet v (m/s) Outlet Condition ¥n (m) y. (m)
M1 0.04 - Level = 0.4 m 0.135 0.087
M2 0.50 - Critical 0.980 0.470

M3 0.50 15 Critical 0.980 0.470
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Figure 2: Comparison of 1D and 2D results for test-case group ID GVE_GVFRVF_M-type. Subfigures correspond to:
(a,b) Water depth and flow variables for the M1 profile; (c,d) for the M2 profile; and (e-g) for the M3 profile, including
the hydraulic jump.
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Similarly, the model is validated for steep slope conditions (y, < y. and Sy = 0.05), where the normal
depth is less than the critical depth, and the flow is predominantly supercritical. The geometry is otherwise
identical to the moderate slope case (L = 200 m, B = 0.5 m, # = 0.015 s/m'/?). By modifying the boundary
conditions as summarized in Table 3, the model reproduces the S1, S2, and S3 profiles. The SI and S2
curves are generated with a downstream level imposition, while the S3 curve represents a supercritical flow
transition. The results in Fig. 3 confirm that the 1D model accurately reproduces all three S-curve profiles,
correctly predicting the water surface elevation from the downstream boundary condition (S1, S2) and the
supercritical inlet condition (S3), in close agreement with the 2D reference.

Table 3: Boundary conditions and hydraulic parameters for the steep slope GVF profiles.

Curve Inlet Q (m?>/s) Inlet v (m/s) Outlet Condition ¥u (m) y. (m)
S1, S2 1.0 2.70 Level =8 m 0.45 0.74
S3 1.0 20 Critical 0.45 0.74

GVF / GVF-RVF, S-type
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Figure 3: Comparison of 1D and 2D results for test-case group ID GVE_GVFRVF_S-type. Subfigures correspond to:
(a,b) Sl and S2 profiles; (c,d) S3 profile.



Rev Int Métodos Numér Calc Disefio Ing. 2027;43(1):3 11

The tests include:

« Sl and S2 profiles (subplots a, b): A backed-up water surface profile on a steep slope, forced by a
downstream subcritical condition, which terminates in a hydraulic jump.

«  S3profiles (subplots ¢, d): A profile where flow entering at a depth below normal depth accelerates and
gradually approaches y,,.

A crucial aspect of hydrodynamic modeling is the ability to handle transitions between flow regimes.
The geometry for these cases, depicted in Fig. S1 (Supplementary Material), consists of two connected 200 m
reaches with a width of 0.5 m. Subplots (a) and (b) show the transition from a moderate (Sy = 0.002) to
a steep (Sp = 0.05) slope, where the model accurately captures the passage of the flow through the critical
depth at the break in grade. Conversely, subplots (c) and (d) show the transition from a steep to a moderate
slope, where the model correctly predicts the formation of a hydraulic jump to dissipate energy and establish
subcritical flow. The corresponding results in Fig. 4 validate the model for these scenarios.

GVF / GVF-RVF, M/S-type
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Figure 4: Comparison of 1D and 2D results for test-case group ID GVF_GVFRVF_MS-type. Subfigures correspond
to: (a,b) transition from a moderate to a steep slope; (c,d) transition from a steep to a moderate slope.

As a final GVF/RVF benchmark before the local-phenomena cases, the model’s ability to simulate
backwater curves over a complex, multi-sloped channel bed is assessed. The geometry, illustrated in Fig. S2
(Supplementary Material), consists of a 10 m wide rectangular channel (B = 10 m) with a constant Manning’s
roughness of # = 0.015 s/m"/>. The channel is divided into four 500 m reaches with slopes of 0.001, 0.02,
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0.06, and 0.001, respectively. This profile, typical of subcritical flow, is caused by a downstream control that
raises the water surface elevation above the normal depth. The results in Fig. 5 show that the 1D model
perfectly reproduces the smooth water surface profile predicted by the 2D model, demonstrating its accuracy
in capturing the upstream propagation of downstream boundary conditions.

GVF/RVF_M3M2S2S1

16 A == Channel
— 2D

1D

14 i

12 A

10 A

Elevation (m)

0 250 500 750 1000 1250 1500 1750 2000
Distance (m)

Figure 5: Comparison of 1D and 2D results for a backwater curve.

Finally, the model’s performance in resolving local phenomena is assessed, with the case definitions
adapted from Goémez et al. [64]. The detailed geometries for IDs LP_1 to LP_4 are presented in Fig. S3
(Supplementary Material). Fig. 6 then demonstrates the corresponding response of flow to small-scale bed
forms in rectangular channels (B = 5 m, n = 0.015) under varying regimes.

Panel (a) depicts a channel with a moderate slope where the bed rises abruptly in a long step
(Ay =0.04 m) under subcritical flow. Panel (b) introduces a short-length step (10 m long) where the
bed rises and immediately descends. Panel (c) examines a similar geometry with a free discharge outlet
downstream. Panel (d) presents a steep channel in a supercritical regime interacting with a significant bed rise
(Ay = 0.50 m). As predicted by energy conservation principles, the water surface in the subcritical scenarios
dips over the crest of the humps as velocity increases, while the supercritical case captures the necessary
hydraulic transitions.

For ID LP_5, the geometry is first presented in Fig. S4 (Supplementary Material). This complex,
composite channel profile includes variable widths (B; =10 m, B, = B; =8 m) and slopes (1%, 0.12%,
0.12%) with a central step of Ay = 0.40 m and reach lengths sufficient to observe asymptotic trends. The
corresponding results in Fig. 7 show that this single case successfully simulates a sequence of phenomena:
supercritical flow on an initial steep reach, a forced hydraulic jump caused by a sill, subcritical flow over a
flat section, and a subsequent transition back to supercritical flow at a channel drop.
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3.2 Channel Operation Tools

Furthermore, the introduction of common hydraulic structures is validated in Fig. 8. The base geometry
of the simulated models consists of a 200 m long rectangular channel with a constant width of 0.5 m, where
the bed elevation decreases uniformly from 10 m at the inlet (x = 0 m) to 0 m at the outlet (x = 200 m). Table 4
synthesizes the ID, main characteristics, boundary conditions (BCond), and internal conditions (ICond) of
the simulated channel operation tools (COT) models.

Internal Conditions (IC)
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Figure 8: Comparison of 1D and 2D results for internal boundary conditions (gates and weirs) for COT_1 to
COT_4 (a-d).

Table 4: ID, main characteristics, boundary conditions (BCond), and internal conditions (ICond) of the channel
operation tools test cases.

ID Maln' . Inlet BCond ICond Elev. Outlet BCond
Characteristics
COT_1 Sluice gate Subcritical (Q = 0.5 m>/s) Gate Supercritical
- & R (z = 0.45 m) p

(Continued)



Rev Int Métodos Numér Calc Disefio Ing. 2027;43(1):3 15

Table 4 (continued)

ID Maln' . Inlet BCond ICond Elev. Outlet BCond
Characteristics
COT_2 Weir Subcritical (Q = 0.5 m?/s) Weir Supercritical
(z=1.20m)

. Supercritical (Q =1.0 m?/s, Gate .

COT_3 Sluice gate v =10 m/s) (z=525m) Supercritical
. Supercritical (Q = 1.0 m%/s, Weir »

COT_4 Weir ~ 10 m/s) (z = 6.00 m) Supercritical

In the case of the sluice gate (COT_1 and COT_3), the model successfully captures the entire mixed-
flow sequence. Upstream of the gate, a significant backwater effect creates a pronounced M1 profile. The gate
then discharges a high-velocity jet, initiating a supercritical M3 profile downstream. This profile eventually
terminates in a hydraulic jump to match the tailwater condition. The model’s ability to seamlessly handle
the subcritical upstream, the internal boundary condition of the gate, and the supercritical-to-subcritical
transition downstream justifies its use for analyzing and operating channels with gate controls.

Similarly, for the weir (COT_2 and COT_4), the model accurately reproduces the M1 backwater profile
upstream of the structure caused by the obstruction to flow. The close agreement between the 1D and
2D models validates the implementation of the weir equations within the 1D framework. This confirms
the model’s reliability for applications involving weirs for flow measurement, water level control, and
energy dissipation.

3.3 Channel Network

This section presents the validation of the model using the hypothetical non-looped channel network
proposed by Akan and Yen (1981) [54]. This benchmark is of particular importance as it evaluates the model’s
capability to handle complex interactions between multiple reaches and the mass and momentum transfer
through junctions, which are critical components in large-scale irrigation networks. By comparing the 1D
model results against a fully hydrodynamic 2D simulation, we can assess the validity of the simplified junction
formulations described in Section 2.

3.3.1 Test Case Description
The network configuration consists of two junctions and six channel reaches, as illustrated in Fig. S5
(Supplementary Material). The system is discretized into computational cells with a length of Ax =10 m.

The geometric and hydraulic properties of the channels are detailed in Table 5. The initial condition
is a steady flow state derived from the initial discharges (Q;,;) specified in the table, with a corresponding
normal depth of 0.6 m established throughout all channels.

3.3.2 Boundary Conditions and Junction Modeling

Unsteady inflow hydrographs are imposed at the upstream inlets of Channels 1, 2, 3, and 5. The shape
and timing of these hydrographs are presented in Fig. 9. At the downstream boundary, a constant water depth
of 0.6 m is maintained at the outlet of Channel 6.



16 Rev Int Métodos Numér Calc Disefio Ing. 2027;43(1):3

Table 5: Geometric and hydraulic properties of the channel network.

ID L [m] So [-] B [m] n [s/m'/?] Qini [m*/s] hini [m]
1 600 0.0005 5 0.0207 2 0.6
2 600 0.0005 5 0.0207 2 0.6
3 600 0.0005 5 0.0138 3 0.6
4 600 0.0010 8 0.0141 7 0.6
5 600 0.0005 5 0.0138 3 0.6
6 600 0.0010 10 0.0125 10 0.6
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Figure 9: Input hydrographs imposed at the upstream boundary nodes.

The network contains two junctions (Nodes 4 and 6) with a bottom elevation of 0 m. Node 4 has a
plan area of 50.265 m? and an initial depth of 0.6 m, while Node 6 has an area of 78.540 m? and an initial
depth of 0.9 m. To validate the results, the 1D model is compared against a 2D reference simulation. In
the 2D model, junctions are meshed as rectangular elements (8 m x 6.283 m for Node 4; 10 m x 7.854 m
for Node 6) with a Manning’s coefficient of 0.010 s/m'/>. In contrast, the newly developed 1D model treats
these junctions as storage volumes with an equal water surface elevation assumption, as detailed in the
mathematical formulation in Section 2.

3.3.3 Results and Analysis

The discharge hydrographs computed by both the 1D and 2D models are compared in Fig. 10. The
results indicate a high degree of similarity between the two approaches, confirming the 1D model’s ability to
propagate water waves through a network structure.

For the upstream branches (Channels 1, 2, 3, and 5), the 1D model (orange line) captures the peak
magnitude and timing almost identically to the 2D model (blue line). The rapid variations in discharge,
particularly the sharp drops and recoveries observed in Channels 1 and 2, are reproduced with high fidelity.
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This suggests that the inlet boundary condition handling and the Roe solver’s shock-capturing capabilities
are functioning correctly. However, minor discrepancies are observed in the downstream reaches, specifically
Channels 4 and 6, which are located immediately after the junctions. In Channel 4, the 1D model predicts a
slightly lower peak discharge compared to the 2D model, with a marginally faster recession limb. Similarly,
in Channel 6, the peak discharge in the 1D model is slightly attenuated compared to the 2D reference.

Comparion of Discharge values for Channels of a Hypotetical Channel network
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Figure 10: Comparison of discharge hydrographs between the 1D and 2D models.

These differences are attributable to the simplified treatment of junction dynamics in the 1D framework.
As described in Section 2, the 1D junction model utilizes a volume-balance approach where the water level
is assumed to be horizontal across the junction surface. The 2D model, conversely, solves the full Shallow
Water Equations within the junction, allowing for sloping water surfaces, recirculation zones, and complex
momentum transfer. The “equal level” assumption in the 1D model essentially implies infinite wave celerity
across the junction node, which can lead to slight damping of peak flows and minor phase shifts when high-
momentum flows merge, as observed in the transition to Channels 4 and 6.

Despite these minor deviations, the 1D model successfully reproduces the network’s macroscopic
behavior at significantly reduced computational cost, validating its suitability for operational hydraulics in
complex canal systems.
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3.4 Street Crossing Network

This section details the validation of the 1D junction formulation using the experimental and numerical
data from the “street crossing” test case presented by Blade (2005) [71]. The experimental data were originally
obtained by Nania (1999) [72] at the Laboratory of Reduced Models of Universitat Politécncia de Catalunya
(UPC), designed to analyze flow distribution in urban intersections. This benchmark is crucial for validating
the model’s ability to handle flow confluence and bifurcation in orthogonal junctions, a common feature
in channel networks and urban drainage systems. Here, the proposed 1D model is compared with spatially
averaged results from a rigorous 2D shallow-water simulation.

3.4.1 Test Case Description

The geometry consists of two intersecting channels forming a cross (+) shape, as illustrated in Fig. S6
(Supplementary Material). The setup includes two inlet channels and two outlet channels.

The geometric characteristics are uniform across the intersection. Both channels have a width of
W = 1.5 m. The two upstream (inlet) reaches have a length of 2.0 m, while the two downstream (outlet)
reaches extend for 5.0 m. The channel bottoms are horizontal within the intersection zone, though the
incoming and outgoing reaches may have variable slopes depending on the specific experimental run. For
the numerical validation presented here, a Manning’s roughness coefficient of 7 = 0.010 s/m"/? is applied
globally, consistent with the smooth concrete finish of the experimental flume.

3.4.2 Modeling Strategy and Boundary Conditions

In the 1D numerical framework, this domain is discretized into four distinct channel reaches connected
to a single central junction node. Discharges are imposed at the upstream boundaries of the North and West
arms (Inlets), while free flow conditions or controlled levels are applied at the South and East boundaries
(Outlets). The intersection itself is modeled as a storage node with a plan area of 2.25 m* (1.5 m x 1.5 m).

The computational mesh is defined consistently for both approaches. The 1D representation uses 126
linear elements (63 for each channel) along the channel centerlines. The 2D reference model discretizes the
same domain using 2,116 quadrilateral elements. The characteristic mesh size is approximately 0.10 m, which
ensures a nearly uniform spatial resolution across the cross-shaped junction and branch reaches.

3.4.3 Validation Methodology

The validation focuses on the flow properties within the junction itself. While standard 1D models
provide a single sequence of variables for the junction node, 2D hydrodynamic models resolve the complex
free-surface gradients and recirculation patterns inside the intersection. To ensure a consistent comparison
between a 0D nodal outcome and a 2D mesh, the results from the reference 2D simulation (Bladé, 2005)
were post-processed by spatially averaging the variables (water depth and velocity components) across the
entire confluence area (the central 1.5 x 1.5 m square).

It is critical to acknowledge the inherent limitation of this validation workflow. Comparing the 1D
model against “confluence-zone averaged” 2D results evaluates the model’s accuracy in predicting the bulk
macroscopic properties of the junction (i.e., its overall mass and momentum retention and the resulting
transfer to the outlet boundaries). It does not, however, validate the model against the complex, resolved
2D flow structures (such as shear layers or recirculation eddies) that exist within the intersection. While
this spatially-averaged ground truth confirms the robustness of the storage-volume mass and momentum
conservation approach at the network scale, it inherently masks the localized, high-resolution hydrodynamic
phenomena that fully 2D models are designed to capture.
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3.4.4 Results and Analysis

The predictive capability of the proposed 1D junction formulation is evaluated by comparing the
computed hydraulic variables against spatially averaged results from the 2D reference simulation. To
rigorously quantify the model performance, the Nash-Sutcliffe Efficiency (NSE) metric is utilized. The NSE
is defined as:

N
Y (0; - P;)? (15)

NSE =1- £ &
Yin(0i-0)?

where O; are the observed (2D reference) values, P; are the predicted (1D) values, and O is the mean of the
observed data. An NSE value of 1.0 indicates a perfect match.

The performance of the model across three different slope configurations (S, — S,:1%-1%, 1%-2%, and
2%-2%) is summarized in Fig. 11.
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Figure 11: (Continued)
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Figure 11: Nash-Sutcliffe Efficiency (NSE) scores for hydraulic variables (water depth, specific discharge, outlet
discharges, and flow direction components) across different slope configurations.

The analysis reveals the following performance characteristics:

«  Water Depth (h;): The model demonstrates excellent accuracy, with NSE scores consistently exceeding
0.99 for all slope configurations. This confirms that the storage-based continuity equation effectively
captures the total mass balance and determines the correct nodal water surface elevation.

+  Outlet Discharge Distribution (Qut,x> Qout,y): Contrary to the specific discharge results, the bulk
flow splitting into the outlet branches is predicted with high precision, achieving NSE scores between
0.992 and 0.998. This high performance is directly linked to the accuracy of the water depth (/;). In the
1D framework, the discharge into an outlet channel is primarily a function of the hydraulic head at the
junction node. Since the 1D model correctly predicts the nodal water level, the driving head for the outlet
branches is accurate, resulting in correct discharge partitioning. The symmetric configurations (1%-1%
and 2%-2%) show nearly perfect agreement (NSE ~ 0.998). A very slight reduction is observed in the
asymmetric case (1%-2%, with NSE ~ 0.992), indicating that while geometric asymmetry introduces
complex 2D diffraction effects, the 1D approximation remains robust for routing purposes.

+  Specific Discharge (q;), and Flow Direction (n,,n,): The specific discharge magnitude (q;) shows
moderate agreement (NSE ~ 0.43-0.67), while flow direction components perform better (NSE ~ 0.72-
0.81). This highlights a distinction between internal junction variables and boundary fluxes. The 1D
model simplifies the complex internal velocity field (averaging the momentum vector), leading to lower
scores for q;. However, this simplification does not propagate errors to the boundaries, as evidenced by
the excellent Q,,; results.

3.4.5 Summary of Limitations and Capabilities

The validation demonstrates that the 1D model is exceptionally reliable for macroscopic variables: water
levels and branch discharges. The simplified junction formulation successfully conserves mass and correctly
partitions flow based on nodal head, making it ideal for large-scale network modeling. The limitation is
confined to the resolution of the internal velocity vector field (q;) within the junction element itself, which
does not negatively impact the routing accuracy for downstream reaches.

4 Discussion
4.1 Channel Network Modelling

The research presented in this study addresses the critical trade-off in hydrodynamic modeling between
the computational efficiency of one-dimensional (1D) schemes and the physical accuracy required to
simulate complex flow behaviors at channel junctions. While traditional 1D models are indispensable for
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simulating large-scale channel networks, they inherently fail to capture the multi-directional flow dynamics,
energy dissipation, and momentum transfer that occur where channels converge or diverge. This limitation
has historically necessitated the use of empirical coefficients or computationally expensive two-dimensional
(2D) models to resolve junction hydraulics [55,56].

The core of the developed methodology lies in its consistent numerical implementation. The 1D channels
are solved using the Saint-Venant equations discretized with a first-order Finite Volume Method, employing
Roe’s approximate Riemann solver to accurately capture shock waves and discontinuities. This is seamlessly
coupled to the junction model, which updates the water level and velocity components within the junction
based on the flux balance from connecting channels.

4.2 Hydrodynamics and Section Shape

The hydrodynamics are overall well captured. For gradually varied flow, the model accurately repro-
duced standard backwater curves (M1, M2, M3) and steep-slope profiles (S1, S3), confirming its ability to
handle both subcritical and supercritical regimes. Crucially, the model successfully captured rapidly varied
flow phenomena, including the formation and location of hydraulic jumps, which are notoriously difficult for
traditional schemes to resolve. The validation extended to hydraulic structures, where the model effectively
simulated the complex mixed-flow regimes induced by sluice gates and weirs, or by abrupt changes in
the channel geometry. While the model demonstrated high precision for macroscopic variables (achieving
Nash-Sutcliffe Efficiency scores above 0.99 for water levels and branch discharges in junction tests),
the approximation yields moderate agreement (NSE ~ 0.43-0.67) for the specific discharge immediately
within the junction domain. This performance profile proves that the model correctly distributes flow and
propagates waves through multiple bifurcations and confluences, prioritizing network routing accuracy over
high-resolution localized physics.

To illustrate the localized hydrodynamics at the orthogonal crossing, Fig. 12 maps the detailed 2D water
depth and specific discharge. Subplot (a) reveals upstream water accumulation, with depths peaking near
0.125 m and rapidly dropping below 0.025 m in the downstream lateral branches. Subplot (b) highlights
a primary diagonal flow corridor reaching specific discharges up to 0.075 m?/s, contrasting sharply with
downstream low-momentum recirculation zones where values fall below 0.015 m*/s. While the proposed 1D
methodology inherently averages out these complex intra-junction gradients by treating the node as a single
macroscopic storage volume, it successfully translates the aggregate mass and energy transfer downstream.
This demonstrates the 1D model’s key advantage: exchanging the computational cost of resolving sub-meter
eddies for the high efficiency required in large-scale network applications.

The 1D module of Iber also includes circular and trapezoidal cross-sections. To demonstrate hydro-
dynamic performance for these geometries, a straight channel was simulated with both the 1D and 2D
approaches, using an inlet discharge of 1m?/s, a critical/supercritical outlet condition, and a Manning
coeflicient of n = 0.015. The channel slope was set to 0.00175 m/m for the circular section and 0.0175 m/m for
the trapezoidal section. In both cases, the channel length was selected to ensure steady conditions without
boundary-condition interactions.

The numerical results from both approaches were compared with the analytical solution based on
Manning’s equation for a circular section with diameter D = 6 m and a trapezoidal section with bottom and
top widths of 1 and 3 m, respectively. Table 6 summarizes the hydraulic variables, showing good agreement
between numerical and analytical results. Both numerical approaches provide a close fit, while the small
differences in the 2D simulations are attributed to geometric discretization: flow-boundary interactions and
the associated energy dissipation are computed element by element, rather than over the full wetted section
as in the 1D approach.
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Figure 12: Detailed 2D hydrodynamic flow fields at the orthogonal street crossing. Subplot (a) maps localized water
depths, highlighting upstream accumulation peaking near 0.125 m. Subplot (b) depicts specific discharge and flow
vectors, showing a primary flow path up to 0.075 m*/s alongside low-momentum recirculation zones. The 1D network
model replaces these localized gradients with an efficient volume-balance approach.

/' 0.0611 m?/s i 0.0490 m?/s

"

Table 6: Hydraulic comparison for circular and trapezoidal sections (1D, 2D, and analytical solutions).

Shape Depth (m) Wet Perimeter (m) Top Wet Width (m) Wet Area (m?)
Circular (1D) 0.411 3.195 3.032 0.843
Circular (2D) 0.391 2.962 3.095 0.784

Analytical (circ.) 0.418 3.200 3.044 0.861
Trapezoidal (1D) 0.268 1.757 1.535 0.340
Trapezoidal (2D) 0.250 1.707 1.480 0.310
Analytical (trap.) 0.268 1.757 1.535 0.340

4.3 Performance

This section analyses the numerical performance of the new 1D approach in comparison with the 2D
solution used as a reference for hydrodynamic purposes. The observed computational speed-up is fundamen-
tally driven by two factors. First, for standard straight channels where the number of computational elements
is comparable between both approaches, the 1D model is inherently faster because it solves a reduced set
of governing equations per element compared to the full 2D shallow-water equations. Second, in complex
configurations involving junctions or abrupt width variations, the 2D approach requires a significantly higher
element density to resolve local flow features. In these cases, the 1D approach maintains its efficiency by
computing a unified macroscopic mass and momentum balance for the entire junction volume, completely
bypassing the need for a high-density internal computational mesh. The speed-up was calculated as the
quotient between the computing time of the 2D approach and the 1D approach. Fig. S7 (Supplementary
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Material) summarizes the results, dividing the test cases into a 2 x 2 grid categorized by their specific
hydrodynamics and network configurations.

Test cases based on a straight channel, in which the computational domain was discretized with the
same number of elements in both approaches, consistently exhibited a speed-up between 2.10 and 3.57. As
illustrated in Fig. S7 (Supplementary Material), these base cases span across the Gradually Varied Flow
(GVF), the combined Gradually and Rapidly Varied Flow (GVF/RVEF), and the standard Local Phenomenon
(LP) test cases.

An outlier within the straight channels is test case LP_5. Despite being a straight channel, the section
width reduction at the end of the first third of the channel implied the utilization of a significantly greater
number of elements in the 2D approach (13,000 surface elements vs. 1500 line elements). In such a case, the
speed-up spiked to 13.16 due to the larger element count and the inherent performance advantages of the 1D
model over the 2D.

A similar, yet more pronounced behavior was observed for the complex network configurations. As
shown in the Channel Networks subplot, the standard channel network (CN) and the street crossing models
(ST 1%-1%, ST 1%-2%, and ST 2%-2%) yielded massive speed-ups ranging from 15 to over 22 times. The
independent vertical scales in Fig. S7 (Supplementary Material) clearly highlight this distinct performance
bracket compared to the standard straight-channel flows.

These results highlight not only a notable improvement in terms of computing time for the 1D approach
in standard straight channels (averaging a 2.5-times speed-up), but also the substantial benefits of employing
a 1D approach in varying geometrical situations, with or without junctions. This is especially advantageous
in scenarios where the detailed 2D hydrodynamics within a junction are not the primary subject of study.

Overall, this evidence underscores the significant contribution of this research: a computationally
efficient tool that does not compromise on physical realism where it matters most. The ability to simulate
complex networks with the accuracy of a 2D model at junctions but at a fraction of the computational
cost represents a major advancement for operational flood forecasting and the management of extensive
irrigation systems. However, the current implementation is not without limitations. The use of an explicit
time integration scheme imposes a strict constraint on the time step via the CFL condition, which can impact
simulation times for very fine meshes. Additionally, while the junction model captures the bulk 2D effects,
it does not resolve the detailed internal velocity distribution, which may be relevant for localized sediment
transport studies.

4.4 Beyond Current Implementation

Future research lines will focus on addressing these limitations and expanding the model’s capabilities.
A primary objective is the implementation of an implicit or semi-implicit time stepping scheme to relax the
stability constraints and further accelerate simulations. To enhance the model’s applicability to comprehen-
sive flood risk management, future work will also involve coupling the current 1D network model with a 2D
floodplain module, creating a fully integrated 1D-2D system. Finally, the modular nature of the finite volume
framework allows for the incorporation of transport equations, opening the door to simulating sediment
transport and water quality dynamics within the same efficient computational structure.

5 Conclusions

This work has developed and validated a novel hybrid hydrodynamic model, based on Iber, that
integrates a robust 1D finite volume solver for channel reaches with a physics-based 2D coupling formulation
for junctions. The proposed methodology treats the junction not as a simple point node, but as a storage
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volume where mass and momentum are rigorously conserved, allowing for the simulation of complex flow
patterns without relying on regime-dependent empirical parameters. By treating the junction variables as
a 2D flow field and applying Roe’s flux difference splitting at the interfaces, the model effectively resolves
the “scale mismatch” problem. This approach ensures that the macroscopic 2D momentum transfer and
associated head losses are inherently captured in the junction’s mass and momentum balance, bypassing
the need for regime-specific empirical factors, while the rest of the network benefits from the speed of the
1D solution.

The validation of the proposed model was conducted through a rigorous comparative analysis against
a well-established 2D shallow water model (Iber), covering a comprehensive range of flow conditions and
geometric configurations, both in straight channels and channel networks. The quantitative benchmarking
demonstrated robust performance for all macroscopic variables. In junction and network scenarios, the 1D
model achieved excellent agreement (NSE > 0.99) with the spatially-averaged 2D reference for water depths
and boundary discharges. However, as expected for a simplified control-volume approach, agreement was
moderate (NSE 0.43-0.67) for internal velocity vectors. These findings confirm the model’s suitability for
large-scale network routing and operational hydrology, where bulk mass and momentum transfer govern
the flow distribution. The primary limitations of the current framework are its inability to resolve complex,
localized 2D hydrodynamics (such as recirculation eddies) within the junction volumes and the strict time-
step constraints imposed by the explicit integration scheme via the CFL condition.
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