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MOHID River Network (MRN), a 1D hydrodynamic model for river networks as
part of MOHID Water Modelling System, which is a modular system for the simulation of water bodies
(hydrodynamics and water constituents). MRN is capable of simulating water quality in the aquatic and
benthic phase and its development was especially focused on the reproduction of processes occurring in
temporary river networks (flush events, pools formation, and transmission losses). Further, unlike many
other models, it allows the quantification of settled materials at the channel bed also over periods when the
river falls dry. These features are very important to secure mass conservation in highly varying flows of
temporary rivers. The water quality models existing in MOHID are base on well-known ecological models,
such as WASP and ERSEM, the latter allowing explicit parameterization of C, N, P, Si, and O cycles. MRN can be
coupled to the basin model, MOHID Land, with computes runoff and porous media transport, allowing for the
dynamic exchange of water and materials between the river and surroundings, or it can be used as a
standalone model, receiving discharges at any specified nodes (ASCII files of time series with arbitrary time
step). These features account for spatial gradients in precipitation which can be significant in Mediterranean-
like basins. An interface has been already developed for SWAT basin model.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Modelling of water flow and transport processes are, nowadays,
common tasks for research, planning and monitoring activities. The
research and management advantages of a model increase with
interdisciplinary integration. MOHID is an integrated modelling
system maintained and developed by the MARETEC (Marine and
Environmental Technology Research Centre) group of Technical
Superior Institute at the Technical University of Lisbon (www.mohid.
com). Its range of applicability has been continuously widened. It was
initially developed to simulate the flow in estuarine and coastal
waters (Neves, 1985) and then extended to include water quality and
sediment transport processes. In 2000, the systemwas reorganised to
be able to simulate the flow using general coordinates (Martins et al.,
2001) and in any type of environment, such as groundwater, basins
and river networks, due to its modularity and object oriented
structure (Miranda et al., 2000; Braunschweig et al., 2004). Since
then, it has been constantly enhanced by additional features and
modules. Currently, MOHID is a water modelling system that can
simulate 1D river networks to 2D basins and 3D estuarine and coastal
waters and soil processes.
351 218 417 365.
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MOHID has been used in several Portuguese estuaries to simulate
transport processes, sediment dynamics and water quality (Cancino
and Neves,1999b; Pina et al., 2003; Trancoso et al., 2005; Saraiva et al.,
2007). It has also been applied to ocean circulation (Santos et al., 2002;
Coelho and Santos, 2003) and to oil spill modelling (Montero et al.,
2003).

The present paper describes MOHID River Network (MRN), which
arose from the necessity of having improved inland boundary
conditions for the estuary and coastal waters models, and to help
manage environmental problems posed by interior waters. From its
earlier development stages, MRN took into consideration the need to
simulate basins which can be classified as semi-arid, and are
characterised by:

(a) long periods with a partial or complete dry river network,
(b) pools formation in river transects where water remains even

after surface flow has ceased,
(c) intense flush events resulting from typical Mediterranean

storms, and
(d) transmission losses due to permeable river beds and soils

(infiltration) and high temperatures in summer (evaporation).

Modelling these semi-arid basins and, more generally, temporary
waters, poses a numerical challenge due to the high spatial and
temporal gradients and proximity of zero value. These conditions are
not well handled or not simulated at all in most of the currently
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available watershed models, as reviewed in, for example, Borah and
Bera (2004) or Kalin and Hantush (2006). The widely-used SWAT
model (Arnold et al., 1998) allows the user to include pools.
Transmission losses are also accommodated, but since SWAT uses a
daily and monthly time step, it is not suitable to simulate the extreme
flush events of interest in temporary waters. HSPF (Bicknell et al.,
1993) uses a coarse routing approach and does not allow time steps
shorter than 1 hour. It also does not allow pools and transmission
losses to be simulated. All models classified by Borah and Bera (2004)
as “Single Event”, such as MIKE SHE (Refsgaard and Storm, 1995), have
a time step controlled by numerical stability, making them suitable for
describing flush events. Of these models, only KINEROS (Woolhiser
et al., 1990) allows the inclusion of pools. These examples demonstrate
some of the limitations of existing models.

MOHID River Network (MRN) is a hydrodynamic model that
considers a network of tributaries and allows for dynamic time step. It
can also compute properties transport, such as nutrients and
sediments. Being part of the general MOHID framework, it can use
the 0D water quality models included in MOHID. MRN can compute
water storage in pools, transmission losses and evaporation fluxes
with the fine spatial and temporal discretisation required by
temporary waters.

It was developed as a companion module of the basin model
MOHID Land (Braunschweig et al., 2004) in order to allow dynamic
exchange of water and material carried between the river and the
river banks. In normal conditions runoff carries material (i.e. water,
sediment, nutrients etc) to the river and during floods the river
exports material across the river bank onto adjacent floodplain areas
when the level of the water inside the river channels exceeds full bank
storage. MRN can however be used independently of MOHID Land, as
a standalone model. In that case this module imports results of the
basin as point sources in the format of time series.

In MOHID Land, different processes occurring in a basin are
programmed in different modules, allowing simulation of the desired
ones only. The processes simulated, depicted in Fig. 1, can be 2D
overland flow, 1D drainage network transport, and 3D infiltration and
saturated and unsaturated porous media transport.

Due to this structure, MRN can be used as a standalone model,
importing basin material as point sources in the format of time series,
or integrated into MOHID Land where the interactions between the
different processes (e.g. water exchange between aquifer and MRN)
are calculated dynamically by the model, using hydraulic gradients. In
this case, each node in the drainage network corresponds to a cell in
the grid used by the other compartments, where there is flow
exchange.
Fig. 1. Schematic representation of MOHID Land modules for hydrodynamic calculus.
MOHID Land was developed within three EU projects: EcoRiver,
TempQsim and ICReW for the simulation of water flow in watersheds
with pathways for river and groundwater flow. Porous media module
was developed in close collaboration with soil scientists from EAN-
INIA (Portuguese National Agronomic Station).

This paper begins with a description of MRN model (Section 2)
presenting its main equations (Section 2.1) and how they are handled
by the model (Sections 2.2 and 2.3), specific processes formulation,
such as water quality, sediment dynamics, pools and transmission
losses along river channels, and coupling to run-off models (Sections
2.4 to 2.7). Next, verificationexamples arepresented in a schematic river
and in a real long term simulation of the Trancão basin (Section 3),
followed by the main conclusions (Section 4).

2. MRN model description

2.1. General description of MOHID

The MOHID Water Modelling System (www.mohid.com) has been
constructed using an object oriented approach to facilitate integration
of new processes and models. The numerical algorithms are based on
the finite volume approach, a flux-driven strategy that facilitates the
coupling of different processes and allows conservation of mass and
momentum.

MOHID is programmed in ANSI FORTRAN 95, a language where
object creation is not achieved by class instantiation but through
module instantiation (Braunschweig et al., 2004). Since the start of
MOHID, more than 72 modules with over 300 k codes lines have been
written. Further developments can take advantage of these existing
modules, limiting the requirements for new coding. The hierarchical
structure of the MOHID framework is presented in Fig. 2. The lower
level models (Base 1) are grid independent (i.e., 0D or 1D) and produce
the MRN and Water Quality models (executables in the figure). The
Base 2 modules are grid dependent and produce among others,
MOHID Surface water model, which can be 2D or 3D, and MOHID
Land, which is 2D for runoff and 3D for porous media processes.

MOHID I/O formats are in the form of time series at a given point
(ASCII files) and/or matrix data in HDF5 binary format. There are
several tools to produce, convert to and from, and to visualize these
files, such as MOHID GIS and MOHID GUI (Braunschweig et al., 2005).
These interfaces can use the Triangulation, TidePreview and Digital-
TerrainCreator executables in Fig. 2.

In the case of MRN, the model needs an ASCII file of the drainage
network, time series of arbitrary time step of solar radiation, air
temperature, cloud cover, relative humidity and wind speed for the
run period. The drainage network consists of nodes and reaches and
can be constructed from the digital elevation model with MOHID GIS.
Point discharges, pools and time series outputs can be specified along
the network. For every point discharge, flow, temperature or
constituents can be either constant or given as external time series.
Variables initialization and needed parameters (e.g., growth rates, half
saturation constants) for the sub models can be either specified in
ASCII files by keyword/value pairs or left to the default value preset in
the model.

The next sections describe the equations solved by the MRN to
model fluid flow (continuity and momentum) and the fate of water
constituents, by means of transport, reactions with other constituents
(water quality processes), erosion and deposition to river beds and
accumulation in pools.

2.2. Governing equations of MRN

Fluid flow is governed by conservation equations for mass,
momentum, energy and any additional constituents. The numerical
algorithm is based on the finite volume approach and for that reason
equations are presented in their integral form. Following this strategy
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Fig. 2. Hierarchical structure of the MOHID framework.
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it is easier to build conservative transport models and coupling
between modules (MRN and runoff or MRN and ground water) is also
simpler because it is based on fluxes.

Transport equations are derived directly from conservation principle
stated in Eq. (1). In the case of momentum bottom shear is also dealt as
diffusive flux.

Accumulation Ratef g = FlowIn−FlowOutf gAdvection
+ FlowIn−FlowOutf gDiffusion + Sources−Sinksf g

ð1Þ

Applying this conservationprinciple to a generic volumeV contained
into a surface A for a generic property with specific (per unit of volume)
value β, one obtains Eq. (2).

A

At
∫ ∫
V
∫βdV + ∫ ∫

A
β v→: n→

� �
dA = Diffusionð Þ + Sources−Sinksf g ð2Þ

In a 3D model the surface of finite volumes can have up to 6
permeable faces, while in a purely 1D model volumes have only 2
Fig. 3. Reference and main variables used: zb is channel bottom level (m); h is water
column (m); H=zb+h is the free surface level (m).
permeable faces. In the case of nodes with tributaries, an extra
permeable face is considered per tributary.

For the 1D case described in this text the equations are written in
the rectangular reference described in Fig. 3, where axis “x” is aligned
with the river channel. In the figure are also defined the variables
required for computing the driving forces.

The model can consider a generic cross section as presented in
Fig. 4. In the figure Pw represents the wet perimeter (m), AV the
vertical cross sectional area (m2) and dx the length of a volume (m).
The area and the wet perimeter of the top areas of the finite volume
are generally different.

When the property being transported is water, the value of β in Eq.
(2) is constant and consequently its gradients are null. Treating lateral
exchanges as sources/sinks of water the equation gives the continuity
equation (Eq. (3)) where V is water volume (m3) and Qj, j={in, out, l}
are inflow, outflow and lateral flow to the control volume (m3 s−1).

AV
At

=Q in−Q out +Q l ð3Þ

In the case of momentum, the value of β in Eq. (2) is ρv, where ρ is
thewater specific mass (kgm−3) and v is the horizontal velocity (m s−1).
The sources/sinks in case of momentum are the horizontal components
Fig. 4. Generic cross section used by the MRN.



Fig. 5. Unstructured grid of MRN: Nodes (black dots) and reaches (solid line) that
connect them. The dashed lines are control volumes, for nodes (top) where scalar
variables are computed, and reaches (bottom) where vector variables are computed.
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of pressure forces in the solid and open surfaces of the control volume
and shear at the bottom and at the surface. Integrating Eq. (2) in the
vertical and the transversal dimensions, and neglecting surface shear
because (i) it is much smaller than bottom shear and (ii) because the
wind velocity is generally not aligned with the river, the St. Venant
equation is obtained (Eq. (4)) where Q is water flow (m3 s−1), AV is the
flow (m2), g is gravity (m s−2), h is water depth (m), S0=−dzb/dx is the
bottom slope (–) and Sf is the bottom friction slope (–).

AQ
At

+
A

Ax
vQð Þ + gAV

Ah
Ax

−S0 + Sf
� �

= 0 ð4Þ

Several formulations exist in the literature to compute bottom
friction slope, the most common being the Manning–Strickler
resistance law, given by Eq. (5), where n is the Manning roughness
coefficient (s m−1/3), Rh=AV/Pw is the hydraulic radius (m) and Pw is the
wet perimeter of the active cross-sectional area (m).

Sf =
n2

R4=3
h

Q jQ j
A2
V

ð5Þ

In steep slope channels with no backwater effects, longitudinal
gradient of water depth is negligible and thus gravity forces and
pressure forces balance each other. In these conditions Eq. (4) is
reduced to the kinematic wave, Eq. (6).

So = SffQ =
AVR

2=3
h

ffiffiffiffiffi
So

p

n
ð6Þ

This formulation is a simple solution but has some limitations, e.g.,
it's not valid when bottom slope is positive and doesn't allow for
backwater effects. Applicability criteria for this and other simplifica-
tions of the St.Venant can be found in Vieira (1983). Currently, in MRN,
the user has to choose the appropriate formulation.

In the case ofwater constituents, longitudinal diffusion associated to
sheardiffusion is of the sameorder ofmagnitude as advection andhas to
be considered. Diffusion is quantified by Fick's law of diffusion. Its
contribution for Eq. (2) is given by Eq. (7), whereD is diffusivity (m2 s−1).

Diffusion = ∫ ∫
A

D ∇
→
β �n→

� �
dA ð7Þ

In a 1D case, Eq. (2) becomes Eq. (8), where FS and FB represent the
fluxes of the property (kg s−1) through the free surface (e.g.
evaporation) and the bottom (e.g., infiltration, erosion and deposi-
tion), respectively.

A

At
∫ ∫
V
∫βdV + ∫ ∫

A
β v→: n→

� �
dA = ∫ ∫

A
D ∇

→
β: n→

� �
dA + FB−FSð Þ + Sources−Sinksð Þ

ð8Þ

In the case of gases the flux across the free surface is a major term
in the equation, while in the case of suspended sediments it is
negligible compared with bottom flux due to erosion and/or
deposition. Eq. (8) can include a settling term in case of particulate
suspended matter (Section 2.5).

2.3. Computational aspects of MRN

2.3.1. Discretisation
MRN is based in a tree-like unstructured grid of nodes connected by

reaches. Each node can be assigned several upstream reaches and one
downstream reach, and each reach is identified by one upstream and
one downstreamnode. Due to the finite volume approach, scalarfluxes
are computed at the nodes control volumes, and vector properties
(fluxes) are computed at the faces of the nodes control volumes,
constituting what can be called reach control volumes (Fig. 5).
Cross-sectional properties are assigned for each node control
volume. By default, the reach control volume cross-sectional proper-
ties are the ones given by the upstream node. Each reach has length
and slope based on the extremity nodes coordinates and altitude. Each
node longitudinal length is computed by the sum of half the upstream
reaches length and half of the dowsntream reach length.

The continuity equation (Eq. (3)) is discretised for each node control
volume as in Eq. (9), where V is volume (m3), t is the previous computed
time instant (s), t+Δt is the current time instant (s), Q is flow (m3 s−1)
and j varies from 1 to the number of upstream reaches of node i.

Vt + Δt
i � Vt

i

Δt
= ∑

j
Qt + Δt

i�1=2;j � Qt + Δt
i + 1=2 ð9Þ

The momentum equation (Eq. (4)) is discretised for each reach
control volume, being explicit on advection, pressure and gravity
terms, and semi-implicit in the friction term. This approach was
chosen because a full implicit algorithm in all terms would require the
resolution of a sparse matrix and would be too slow. The friction term
is semi-implicit for stability reasons.

The advection term is discretised with the upstream stepwise
approachwhere it is assumed that the concentration C at left face (i-1/2)
is:

Q iN0Z Ci−1=2 = Ci−1
� �

Q ib0Z Ci−1=2 = Ci
� �

This approach states that advection can transport properties only
downstream and respects the transportivity property of advection,
preventing the formation of negative concentrations. The linear
approach doesn't respect this property because volume “i” will get
information of downstream concentration through the average
process. The violation of this property can generate instabilities and
will create conditions to obtain negative values of the concentration.
The upstream discretisation avoids that limitation but can introduce
unrealistic numerical diffusion. In MRN this is avoided by the use of
“Compute Point” flags and a dynamic time step (Section 2.3.3).

Eqs. (10)–(13) present the discretisation of momentum equation,
where v horizontal velocity (m s−1), AV is the cross sectional flow area
of the control volume (m2), H is the free surface level (m) and L is the
longitudinal control volume length (m).

Qt + Δt
i + 1=2 � Qt

i + 1=2

Δt
= advection + pressure + friction ð10Þ
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advection =
1
L
½ðuQÞti � ðuQÞti + 1�

ðuQÞi = ∑
j

(
ui�1=2; jQ i j ; if Q i jz0
ui + 1=2Q i j ; otherwise

Q i j =
Qi�1=2; j +Qi + 1=2

2

ðuQÞi + 1 =

(
ui + 1=2Qi + 1 ; if Q i + 1z0
ui + 3=2Qi + 1 ; otherwise

Q i + 1 =
Qi + 1=2 +Qi + 3=2

2

ð11Þ

pressure = gAt
V ;i

Ht
i � Ht

i + 1

Li + 1=2

� �
ð12Þ

friction = � gAVSf = � g½n2QtQt + Δt �i + 1=2=½ðRt
hÞ4=3At

V �i ð13Þ

If the kinematic wave approach is used, the momentum discretisa-
tion is simply Eq. (14).

Qt + Δt
i + 1=2 =

At
V ;iðRt

h;iÞ2=3
ni + 1=2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
zi � zi + 1

L

r
ð14Þ

The scalar properties transport equation is discretised in node
control volumes, and is explicit in time, using upstream stepwise
approach for advection and central differences for diffusion.

βVð Þt + Δt
i − βVð Þti
Δt

= advection + diffusion + FB−FSð Þ + sources−sinksð Þð15Þ

advection = ðβtQt + ΔtÞi�1=2 � ðβtQ t + ΔtÞi + 1=2

ðβQÞi�1=2 = ∑j

(
βi�1;jQi�1=2;j ; if Qi�1=2;jz0
βiQi�1=2;j ; otherwise

ðβQÞi + 1=2 =

(
βiQi + 1=2 ; if Qi + 1=2z0
βi�1Qi + 1=2 ; otherwise

ð16Þ

diffusion =D
Aβ
Ax

AV

� �
i�1=2

� Aβ
Ax

AV

� �
i + 1=2

" #

Aβ
Ax

AV

� �
i�1=2

= ∑j
βi � βi�1; j

L1�1=2; j

� �
AV ;i + AV ;i�1; j

2

� �
Aβ
Ax

AV

� �
i + 1=2

=
βi + 1 � βi

L1 + 1=2; j

� �
AV ;i + 1 + AV ;i

2

� � ð17Þ

In order to guarantee mass conservation for scalar properties the
discretisation of the advection diffusion equation and of continuity
equation must be consistent. When lateral affluences exist, they must
also be accounted in the continuity equation and in the advection–
diffusion equation on the same time instants.

Currently, MRN can compute cross sectional flow area, water
depth, wet perimeter and hydraulic radius from volume for rectan-
gular, trapezoidal, given height, bottom and top width, and irregular
cross sections, given station and elevation coordinates.

2.3.2. Downstream boundary condition
Without user restrictions, the outlet reach flow is computed with

the kinematic wave because its downstream node is not a compute
point of themodel (it only defines outlet location and slope). However,
user can impose a constant flow at the outlet (e.g. no flow) or time
variable water depth at the outlet (e.g. tide).

2.3.3. Dynamic time step
MRN uses a dynamical time step in its main hydrodynamic cycle.

Within an iterative cycle, if the water volume of any reach varies more
than a user defined percentage during two consecutive time steps, the
model automatically decreases the time step and recalculates the
current solution with a smaller time step. This process is repeated until
the volume variation is less than the user defined value mentioned
above. The time step dynamically increases again when the model
verifies that flow is “stable”. Simulations made with MRN have shown
that timestepmaybe reduced tovery short intervals duringflushevents.

This procedure avoids negative volumes and optimizes simulation
time cost, without compromising model stability. This is particularly
important in explicit methods and to avoid numerical dispersion.
Time steps of the processes computed in different sub-models, such as
water quality, can be defined differently, adding more to the
optimization of simulations computational cost.

2.4. Biogeochemical modules

MOHID can simulate the cycles of carbon, nitrogen, phosphorous
and oxygen occurring both in the water column and in the benthos.
Interactions between water constituents (e.g. nutrients, algae, sedi-
ments, pollutants) are modelled through the sources and sinks terms
in Eq. (2). The processes are 0D and were implemented in separate
modules, making them grid-independent and thus accessible to all
MOHID executables. (ocean, estuary, basin, river). The time step used
for these 0D models is also independent from the hydrodynamic time
step thus improving computational costs.

The pelagic processes are programmed in a module called water
quality and were adapted from well-known ecological models such as
WASP (Wool et al., 2001) and CE-QUAL-W2 (Cole andWells, 2003), and
further enhanced with bacterial decay and macroalgae (Trancoso et al.,
2005). The water quality module can be used with Eulerian or
Lagrangian transport modules, and considers 18 properties, including
nutrients and organic matter (nitrogen, phosphorus and silica biogeo-
chemical cycles), oxygen and organisms (phytoplankton, zooplankton
and heterotrophic bacteria in the water column).

Recently, a new, more robust, pelagic ecological model was added
toMOHID, ModuleLife, which is based on ERSEMmodel (Baretta et al.,
1995) and, unlike the other models, has a decoupled carbon-nutrients
dynamics with explicit parameterization of C, N, P, Si, and O cycles. It
considers two major groups of producers in the system, diatoms and
autotrophic flagellates. All living and organic matter compartments of
the model have variable stoichiometry (Mateus, 2006).

The benthos module was developed to compute biogeochemical
processes occurring in the benthic compartment, namely at the water-
sediment interface (Fernandes et al., 2006). In this module, as in other
MOHID modules, variables can be considered to have particulate or
dissolved phases. Particulate phases can settle and deposit at the bottom
of the water column, and while they are deposited there are further
biogeochemical processes being computed thatwill determine their fate.
Thus, several processes are computed, including: (i) Algae mortality, if
algae are considered as a particulate property that can sink and deposit,
then if deposited amortality rate is applied; (ii) particulate organicmatter
mineralization (nitrogen and phosphorus biogeochemical cycles); (iii)
biogenic silica dissolution; (iv) oxygen depletion; (v) growth of
heterotrophic bacteria in the river bed (often caused by point source
inputs in dry phases where shear stresses are low).

The benthos module is also readily coupled, in terms of organic
matter mineralization, biogenic silica dissolution and oxygen depletion,
with other pelagic biogeochemical models included in MOHID as
described above.

2.5. Sediments transport model

MOHID is able to partition transported properties between dissolved
and particulate phases through adsorption–desorption mechanisms
with suspended cohesive sediments. These are subject to deposition and
erosion processes, which are also simulated byMOHID, determining the
equilibrium between dissolved and particulate matter (Cancino and
Neves, 1999a,b). This is a very important feature in pollutants fate
modelling, particularly in rivers where, for instance, flush events release



Fig. 7. From top to bottom: time series of discharge, shear stress, suspended and
deposited sediments at the 50th reach. Deposition (A, C) and erosion (B).
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high amounts of sediments and their adsorbed pollutants. The
sediments transport model is fully described in Cancino and Neves
(1999a) but here resumed.

Theerosionanddepositionalgorithmsarebasedon theassumption that
these processes never occur simultaneously. Erosion occurs when the
ambient shear stress exceeds the threshold of erosion. The flux of eroded
matter is given by Eq. (18), whereE is the erosion constant (kgm−2 s−1), τ is
the bed shear stress (Pa),τE is a critical shear stress for erosion (Pa) andCand
CS are the deposited concentrations of the particulate property and
sediments at the water bed interface, respectively (kg m−2).

As with erosion, deposition occurs when the ambient shear stress
is lower than a specified threshold. The flux of deposited matter is
given by Eq. (19), where τD is a critical shear stress for deposition (Pa),
C is the suspended particulate property (kgm−3) andws is the settling
velocity (m s−1), which can be calculated with several formulations.

AME

At
= E

C
CS

	 

B

τ
τE

−1
� �

; if τNτE

0 ; otherwise

8<
: ð18Þ

AMD

At
= Cws 1−

τ
τD

� �
; if τbτE

0 ; otherwise

8<
: ð19Þ

2.6. Coupling of MRN with run-off models

When running as a standalonemodel, MRN needs to import results
from the basin as point discharges in the river heads. For this reason,
MRN can been coupled to SWAT model, through an interface
developed at MARETEC (Chambel-Leitão et al., 2007). MRN imports
surface runoff, lateral flow, groundwater flow and concentrations of
water constituents from SWAT as input discharges. Property concen-
trations can be considered constant (user supplied) or can be an
output of SWAT model.

Nevertheless, MRN can be coupled with any model if their inflows
are transformed into the MOHID discharge files. These are simple
ASCII files with flows and concentration of properties (nutrients,
temperature, etc). For example, Obermann (2007) used results coming
from Mercedes model as inflow for MRN.

2.7. Transmission losses, evaporation and pools

Transmission losses and pools are important features in semi-arid
regions. Transmission losses are due to permeable river beds and soils
Fig. 6. Pool mode
(infiltration) and high temperatures in summer (evaporation). When
coupled to MOHID Land, river channels can loose or gain water,
depending on the hydraulic gradient between the water level in the
channel bed (or pools) and the level of the aquifer. This approach is
possible because MOHID Land explicitly simulates the level of the
aquifer (Galvão et al., 2004). When running MRN as standalone, water
from the channels (or from the pools) can infiltrate the river bed at a
constant user defined rate, defined as the saturated conductivity of the
sediments in the channel bed. This is an approximation, since
conductivity depends on water content and the infiltration capacity of
lling in MRN.
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the sediment. Transmission losses are also important in the accumula-
tion of particulate matter in the channel bed. Evaporation will increase
the concentration of all properties (dissolved or particulate) in thewater
column, since the model considers that only “pure” water evaporates.
MRN computes sensible and latent heat fluxes from water to atmo-
sphere given the necessary atmospheric conditions (solar radiation, air
temperature, wind speed and relative humidity).

Pools accumulate sediments and concentrate pollutants that are
released in the first flood event of the hydrological year. They can be
modelled as storage volumes in specified nodes of the tributary
network, characterized by a pool depth (Fig. 6). The total node volume
increases to account for the pool, but the active flow vertical area of
the cross-section (AV) is not affected by the pool, because flow from
that node only starts when the pool is full and water starts to fill the
“active volume” of the node.

3. Verification examples

In a real river system, all the processes occur and interact to
produce the complex hydrodynamics, sediments and water quality
dynamics. Therefore, in a new model, it is important to verify in
schematic cases if the processes are being well simulated prior to
including them in a real case study. In schematic tests we can control
which processes are occurring andwhat is to be expected. This section
begins with tests on the most important processes for semi-arid
streams, both at the hydrodynamic level (pools and transmission
losses), sediments transport and water quality (specifically coliform
decay). Next, a real case study is presented in Trancão basin where
hydrodynamics in the streams is verified against gauge stations. In this
Fig. 8. From top to bottom: Time series of flow, shear stress, suspended and deposited sedime
1mg L−1 of suspended sediments is made the dry schematic river, in the following conditions
in the 50th reach of the river; TL—without pools but with transmission losses along the river
case, MRN is used within MOHID Land to compute the correct
boundary conditions to the stream network.

The verification examples aim to show MRN's ability to model
stream events. Other features pertaining to modules already validated
(e.g. ecological models) are not included in this paper.

3.1. Processes verification on schematic river

The processes verification tests are based in a schematic river of
length1 km(comprised of 100 reacheswith 10m length each) and slope
0.001, and no tributaries. Cross sections were chosen to be rectangular
with1mbottomwidth.Manning roughness coefficientwaschosen tobe
0.02, which, according to Chow (1959) corresponds to channels with
earth material, smooth irregularities, without cross section variations,
and without obstructions, vegetation or meandering.

3.1.1. Erosion and deposition of sediments
This test case verifies the erosion and deposition processes of

sediments, which is a determinant aspect of ephemeral waters
quality. Sediments were discharged with 1mg L−1 concentration into
the dry schematic river. The discharge flow is not constant as
presented in the top panel of Fig. 7. The other panels show (from top
to bottom) the shear stress, suspended and deposited sediments
concentration. Critical erosion and deposition shear stresses were 0.1
and 0.2 Pa respectively, which are the commonly used values for
cohesive sediments. Settling velocity was considered constant and
equal to 10−4 m s−1. The figure shows that at the arrival of the first
flood event deposition occurs in a small time window when shear
stress is still below 0.1 and there are already some suspended
nts concentration, at the 50th reach when a 3 h discharge of 0.01 m3 s−1 discharge with
: Normal—no transmission losses or pools are simulated; Pool—with is a 0.1m depth pool
. Left panel (a) shows the arrival, and right panel (b) shows the decay of the flood wave.



Fig. 9. Time series evolution of the pool water depth (top panel) and a generic property
concentration,withoutevaporation (“Pool” run) andwithevaporationfluxes (“Pool+Evap”
run).

Fig. 10. Time series of solar radiation (top) and coliform concentration in several nodes
(Node IDs increase downstream).
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sediments. However, these are immediately eroded when the shear
stress increases above 0.2. After the first flood event when the shear
stress drops below 0.1 Pa (point A) deposition of suspended
sediments occurs. When the second flood arrives and shear stress
rises above 0.2 (point B) the deposited sediments are eroded and
suspended sediments concentration increases. The spike in the
suspended sediments concentration occurs in the small timewindow
when there is no deposition or erosion (shear stress between 0.1 and
0.2). Again, after the flood, deposition starts at point C. These results
verify that erosion and deposition processes are correctly simulated.

3.1.2. Pools and transmission losses
This test verifies the effects of pools and transmission losses on the

hydrodynamics and sediment dynamics. A discharge of 0.01 m3 s−1

with 1 mg L−1 of suspended sediments during 3 hours was imposed
upstream the schematic river, without pools or transmission losses,
(“Normal” run), with a 0.1 m depth pool at the middle of the river
(50th reach) initially half filled with “clean” water (“Pool” run),
without pools but with a transmission loss hydraulic conductivity of
0.01 mm s−1 (“TL” run), and with the pool and transmission losses
(“Pool TL” run). The river is initially dry and there are no deposited
sediments. Erosion and deposition parameters for the sediments are
the same as in Section 3.1.1.

Before discussing the implications of pools and TL, it is important
to note that, as evidenced by the “Normal” run, flow and sediments
concentration gradually reach the discharged values (Fig. 8a,b), indi-
cating that the model conserves mass and momentum.

At the arrival of the flood (Fig. 8a) and in the “Normal” run,
sediment deposition occurs only in a small time windowwhile shear
stress is below 0.1 Pa. This small amount of sediment is immediately
eroded as shear stress rives above 0.2 Pa. There is no further erosion
because there are no deposited sediments. With the pool, the flood
wave arrives later due to the time taken to fill the pool with water.
Sediments concentration is diluted by the cleanwater in the pool and
the steady state concentration is attained at a later period. The steady
state concentration is below unity due to deposition occurring in the
pool, as indicated by the shear stress being always below 0.1 Pa, and
the increasing deposited sediments concentration. With TL, the flood
wave arrives even later andwith lowermagnitude, due to infiltration.
After the rise of the flood wave, suspended sediments concentration
is higher than discharged (N1mg L−1) because the infiltration process
only transfers water and dissolved properties, acting as a filter on
particulates, which accumulate in the channels. The simulation of the
pool and TL shows the combined effect of the two previous
simulations, with the pool being determinant for sediment deposi-
tion to occur, and TL for the increase in deposited sediments
concentration.

After 3 hours, when the discharge stops (Fig. 8b) and the shear
stress drops below 0.1 Pa, deposition starts to occur in the “Normal”
run (only after the 4th hour, not shown here) and in the “TL” run. In
the “Pool” and “Pool TL” run, deposition fluxes increase because shear
stress decreases further. As expected, in the “TL” run, suspended
sediments concentration increases while the shear stress is above
0.1 Pa but flow is decreasing. This surge in suspended sediments
concentration is a critical issue in stream water quality studies after
precipitation events.

3.1.3. Pools and evaporation
The effect of evaporation in ephemeralwaters can be better analysed

in an isolatedpool subject to atmospheric heating. To verify this, take the
simulation conditions described in the previous section for the “Pool”
run, and add to the discharge a generic property 1mg L−1 concentration
and 15 °C of temperature. Solar radiation, relative humidity, wind speed
and air temperaturewere taken from themeteorological station used in
the real case study (Section 3.2). In about 4 hours, the discharge leaves
the river empty and the pool filled with this generic property. Fig. 9



Fig. 11. Geographical location of Trancão basin (dark grey enclosed area in the right panel) and location of rain, hydrometric and meteorological stations.

Fig. 12. River network over topography of Trancão basin. The blue polygon at the right is a representation of Tagus Estuary, where Trancão discharges. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Parameters associated with land use categories, from Corine Land Cover data set (2000)

Parameter Urban Crop Forest Reference

Impermeable area (%) 50 0 0 estimated
Leaf area index (m2 m−2) 1.2 1–4 5.0 (Valente et al., 1997;

van Dijk and Bruijnzeel, 2001).
Specific leaf storage (mm) 0,6 0,1–0,6 0,1 (Valente et al., 1997;

van Dijk and Bruijnzeel, 2001).
Manning–Strickler's

roughness coefficient
(s m−1/3)

0,01 0,4 0,8 (Panday and Huyakorn, 2004;
Beeson et al., 2001).

Evapotranspiration
coefficient (–)

1,0 0,3–1,15 1,0 Feddes et al. (2001).

Feddes parameter “h1” (m) −0,1 0,0 −0,1 Feddes et al. (2001).
Feddes parameter “h2” (m) −0,25 −0,01 −0,25 Feddes et al. (2001).
Feddes parameter “h3” (m) −5,0 −7,0 −6,0 Feddes et al. (2001).
Feddes parameter “h4” (m) −30,0 −30,0 −30,0 Feddes et al. (2001).
Root depth (m) 0,5 0,2–0,4 1,0 Feddes et al. (2001).

Table 2
Hydraulic properties of soil types considered in the case study

Parameter Coarse/Medium Medium/Fine Fine/Very fine

Porosity (m3 m−3) 0.3859 0.4323 0.4903
Maximum hydraulic conductivity

(cm day−1)
30.7 6.1 16.9

“Alpha” parameter 2.75 1.37 2.14
“n” parameter 1.390 1.391 1.193
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compares results in thepoolwith andwithout evaporation. As expected,
water evaporates from the pool, decreasing its depth (top panel) and
increasing the concentration of the property (bottom panel).

3.1.4. Coliform decay
The concentration of coliform bacteria in water is one of the most

important parameters to determine its quality. To verify if MRN
correctly simulates coliform decay with atmospheric interaction, a
constant discharge of 0.01 m3 s−1 with 107 100 mL−1 coliforms, 10 °C
Fig. 13. Mean annual precipitation, betwe
and zero salinity was imposed at the upstream part of the dry
schematic river. Coliforms decay followed Cantera's decay formula-
tion (Canteras et al., 1995). Solar radiation was taken from the
meteorological station used in the real case study (Section 3.2) as
shown in Fig. 10 top panel. The bottom panel of Fig. 10 shows the
temporal evolution of coliform concentration at a series of nodes
progressing downstream. As expected, coliform concentration
decreases at mid-day, with less intensity in the third day, which
corresponds to a cloudy day, as indicated by the lower peak radiation.
The troughs of low concentration intensify and widen as the flow
progresses downstream, indicating the correct simulation of coliform
decay.

3.2. Hydrodynamic validation in real case study

MRN hydrodynamics was validated in Trancão basin (Fig. 11),
which is a small heavily industrialized and densely populated
catchment in the northern part of Lisbon that discharges into the
Tagus Estuary, one of the largest in Europe. Although with an overall
reasonable water quality (Saraiva et al., 2007), Tagus estuary has still
some pollution “spots” which is the case of the mouth of Trancão
River. This basin was chosen as a case study due to its environmental
importance and to the existence of long series of both hydrological
andmeteorological data. MRNwas used coupled toMOHID Land, with
runoff, precipitation, evaporation and infiltration processes, in a
4 years simulation (from October 1st 2002 to September 30th 2006).

In this section we present the simulation conditions and hydro-
dynamics validation with water depth measurements at stations A
and B (Fig. 11).

The digital elevation model (DEM) used to delineate Trancão Basin
had 200 m of resolution and was obtained from the Shuttle Radar
Topography Mission (SRTM) DEM data (Hounam and Werner, 1999).
Elevations range from 0 to 421 m above sea level. The total drainage
area is 293 km2. The river network was created with MOHID GIS
(Braunschweig et al., 2005), by assigning an outlet point and an
upstream minimum drainage area, to the drainage directions in the
DEM. Drainage direction in each cell is towards the steepest slope of
en 2002 and 2005, in Trancão basin.
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the 8 surrounding cells. Before this, the software removes DEM depres-
sions by assigning newvalues to the depression pixels having the lowest
value found along the depression boundary (Emaruchi, 1998).

The river network obtainedwith a threshold drainage area of 10 ha
is presented in Fig. 12 over the DEM, being well correlated with the
1:25,000 Military Maps (Portuguese Army Geographical Institute).
Some mismatches occur in plain areas and where there was human
intervention. In streams enclosed by dikes created for irrigation
strategy, the DEM was corrected to produce the correct stream lines.

Proper land usediscrimination in a basinmodel is important because
it determines (i) rain retention by leaves and (ii) flow resistance, which
influences runoff flow, and (iii) permeability of soil which influences
infiltration flow. Land usewas obtained from Corine Land Cover data set
released in 2000 (http://dataservice.eea.europa.eu/dataservICE) and
three categories were used (urban, crop and forest, taken from the
level 1 classes). Table 1 show parameter values associated with the land
use categories. The impermeable area is the percentage of each grid cell
unavailable for infiltration. In pavement areas this value could reach
100% but due to the presence of parks and other green areas, this value
was considered not to be above 50%. Leaf Area Index is a parameter that
quantifies the area occupied by leafs by horizontal square meter.
Together with the Specific Leaf Storage parameter they indicate the
amount of rain intercepted by leaves before reaching the ground.

Soil hydraulic parameters are necessary to compute infiltration
and flow in the saturated and unsaturated zones. The 3 dimensional
soil model of MOHID Land needs these parameters both horizontally
and vertically discretised. As withmany other basins there are no such
measured data for Trancão basin, but they can be estimated from soil
type maps and pedotransfer functions. The soil types were obtained
from the European Environment Agency data center (1:1,000,000)
(Vossen and Meyer-Roux, 1995). The pedotransfer functions (PTFs)
were based on texture producing van Genuchten hydraulic properties
Fig. 14. From top to bottom: time series of precipitation, simulated and observed water
depth at station A.
for retention and conductivity in the soil (van Genuchten, 1980;
Schaap and Leij, 1998). Schaap and Leij (1998) developed neural
network PTFs to predict soil water retention, saturated and unsatu-
rated hydraulic properties from limited or more extended sets of soil
properties. In the present case only texture was available, which
means that the most basic PTF was used. The PTFs developed by
Schaap and Leij (1998) are included in a Windows 95/98 program
called ROSETTA, which was used to obtain the soil parameters. These
soil properties (Table 2) were admitted constant in depth, accounting
however for soil thickness, which was considered to be linearly
proportional to surface slope. Soil had a minimum depth of 2.5 m
where slope was higher than 28% and a maximum depth of 30 m for
slopes of zero. Soil porosity indicates the fraction of empty spaces per
unit of soil volume. These spaces are filled with water when the soil is
saturated, and then freed fromwater in the drying process. Hydraulic
conductivity measures the easiness of water to flow in a porous
medium, thus increasing with porosity. It has a maximum when the
soil is saturated. The “alpha” and “n” parameters are used in the van
Genuchten approximation (van Genuchten, 1980) to the pF curve,
which relates suction power with water content.

Meteorological forcing is given by precipitation, solar radiation, air
temperature,wind speed, relativehumidityand cloudcover. The last four
parameters will determine evapotranspiration fluxesmagnitude. Due its
high spatial variability, precipitation data was horizontally interpolated
with the inverseweighted distancemethod for the 8 rain gauges and the
meteorological station (20C/01C) nearby Trancão basin (Fig.11). All other
meteorological parameters were taken from the meteorological station
and considered constant in space. All this data are publicly available from
the Portuguese National Water Institute (www.snirh.pt). Fig. 13 shows
the spatial gradients of the mean annual precipitation (between 2002
and 2005) and thus the importance of having spatial variable precipita-
tion in Mediterranean basins such as this.
Fig. 15. From top to bottom: time series of precipitation, simulated and observed water
depth at station B.

http://dataservice.eea.europa.eu/dataservICE
http://www.snirh.pt


Table 3
Statistical analysis of the observed and simulated water depth in stations A and B
stations

Hourly Daily Monthly Nov 2003

Station A x obs(m) 0.480 0.476 0.465 0.749
x mod(m) 0.491 0.487 0.480 0.702
σobs (m) 0.208 0.183 0.141 0.358
σmod (m) 0.227 0.195 0.128 0.357
Bias (m) 0.010 (2%) 0.010 (2%) 0.015 (3%) −0.047 (−6%)
rmse (m) 0.149 (31%) 0.111 (23%) 0.070 (15%) 0.230 (31%)
R2 (−) 0.773 0.830 0.873 0.801
η(%) 49% 69% 75% 59%

Station B x–obs (m) 0.448 0.447 0.448 0.599
x–mod (m) 0.449 0.448 0.450 0.530
σobs (m) 0.102 0.098 0.085 0.123
σmod (m) 0.080 0.068 0.039 0.148
Bias (m) 0.002 (0.4%) 0.001 (0.2%) 0.001 (0.2%) −0.069 (−12%)
rmse (m) 0.083 (18%) 0.076 (17%) 0.061 (14%) 0.114 (19%)
R2 (−) 0.608 0.635 0.739 0.795
η (%) 34% 40% 47% 15%

Observations and model results are referred with subscript obs and mod respectively.
Values in parenthesis are relative to the observed mean.

Fig. 16. Time series of precipitation at station A and B (top panel), station A modelled
and observed water depth (middle panel) and station B modelled and observed water
depth error (bottom panel) for November 2003.
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The simulation (4 years, 300×300 grid cells, 13 soil layers and 2748
nodes in the drainage network) was complete in approximately
7.5 hours in a 2.4 GHz processor with 2 GB RAM.

Figs. 14–16 and Table 3 show the comparison of model results
with measured data. In Table 3, observations and model results
are referred with subscript obs and mod respectively, values in
parenthesis are relative to the observed mean, x is mean value, σ

is standard deviation, bias=x mod−x obs is the mean error, rmse =ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑ xmod−xobsð Þ2=N

q
is the root mean square error, N is the total number

of data points, R2 is the correlation coefficient, and η = 1−∑ xmod−xobsð Þ2=
∑ xobs−xobs
� �2 is the Nash–Sutcliffe coefficient (or model improvement

over climatology).
For station A, Fig. 14 shows that the model simulates the timing

of water level peak events and their relative intensity. This was
expected due to the relatively small size of the basin and discrete
rainfall events. Flow decay after precipitation events is also properly
simulated. This is corroborated by the high correlation coefficients
and low relative bias and rmse (Table 3). The model overestimates
water depth in less than 31% of the mean observed value for this
location, having an efficiency of approximately 50%, revealing an
adequate spatial interpolation for precipitation and runoff para-
meterization. Because water losses take place mainly trough infil-
tration, the above sustains that soil parameterizations are adequate
and the infiltration process is well simulated.

For station B, Fig. 15 shows that the timing of the water level peaks
is in accordance with observations but their intensity is over-
estimated. Also, base flow retained in this site after the several rainfall
events is not simulated. These last two aspects can be due to the
complex river cross section nearby this station. The station is located
in a valley where the river bed is highly irregular and filled with large
rocks. Water retained in these irregularities can be released when
there is no precipitation. This is supported by the lower correlation
coefficients and lower model efficiency (34%) compared to station A.
rmse has lower relative values in this station because standard
deviations and bias are also lower.

To verify model's performance on shorter time scales, three
precipitation events that occurred in November 2003 were analysed
separately. The top panel in Fig. 16 shows precipitation at the two
stations,withpeaks occurring at the same time, butwith lower intensity
in station B. From themiddle and bottom panels, the correct simulation
of timing of the water level peaks can be clearly verified, as well as the
approximate simulationofflowdecayafter eachprecipitation event. The
model slightly underestimateswater level in these occasions, which can
be due to unaccounted irregularities at the station's cross section. The
differences inprecipitation in the two stations and the good level results
enfatize the importance of the spatial variability of precipitation in semi-
arid basins, even as small as this one.

In summary, for station A, the model can simulate the real rating
curve and that there is an adequate relationship between precipita-
tion/infiltration/flow processes. For station B, the rating curve is not
well simulated by MRN most probably due to the complexity of the
cross sections nearby this station. However, this is not a strong
conclusion for station B because there is no measured data for two of
the three main flood events.

4. Conclusions

This paper describes MRN model as 1D hydrodynamic model for
river networks whose development was especially focused on the
reproduction of processes occurring in temporary river networks
(flush events, pools formation, infiltration and evaporation). Unlike
many other models, it allows the quantification of settled materials at
the channel bed also over periods when the river falls dry. These
features are very important to secure mass conservation in highly
varying flows of temporary rivers. MRN accommodates several
numerical hydrodynamic momentum approximations (from the
simple kinematic wave to the full St. Venant equation), being
discretised on finite volumes, guaranteeing mass and momentum
conservation. It has a dynamic time step that adapts to the actual flow
conditions, guaranteeing numerical stability. The river network can be
easily constructed from a DEM using MOHID GIS, where cross
sectional properties, such as geometry and friction parameters, can
be assigned to nodes.



3016 A.R. Trancoso et al. / Science of the Total Environment 407 (2009) 3004–3016
MRN is part of MOHID Water Modelling System, which is a
modular system for the simulation of water bodies (hydrodynamics
and water constituents). As such, MRN is capable of simulating water
quality in the aquatic and benthic phase and have a 2-way interaction
with MOHID Land, which computes runoff and porous media
transport, allowing for the dynamic exchange of water and materials
between the river and surroundings. These features account for spatial
gradients in precipitation which can be significant in Mediterranean-
like basins. Nevertheless, MRN can receive discharges at any specified
nodes thus allowing it to be used as a standalone model, resolving
transport given by other basin models. An interface has been already
developed for SWAT basin model.

MRN's specific processes for ephemeral waters were verified in
schematic tests and hydrodynamics was validated in a 4 years
simulation in Trancão basin, coupled to MOHID Land. Results were
promising, with Nash–Sutcliffe coefficient above 34% in hourly time
series of water depth, indicating that the model is able to correctly
simulate location and intensity variations in water depth. However,
further validation is needed in basins with different characteristics
and with more available data to quantify how much error is due to
inaccuracies in the boundary datasets compared to the model's ability
or inability to capture the processes.
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