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a b s t r a c t

A new automated workflow based computationally efficient hydrologic modeling application is devel-
oped for soil moisture and runoff simulation. The spatially distributed conceptual framework under-
pinning the Soil Moisture And Runoff simulation Toolkit (SMART) resolves water balance in large upland
catchments where topography and land cover are significant drivers of rainfall-runoff transformations.
SMART's computational efficiency is achieved by delineation of contiguous and topologically connected
hydrologic response units and solving the water balance equation on spatially representative Equivalent
Cross-Sections (ECSs). ECSs are formulated by aggregating topographic and physiographic properties of
the complete or part of the first order Strahler sub-basins, thereby reducing the number of computational
elements. Water balance simulations across the ECSs in two sub-basins illustrated little loss of accuracy
compared to the distributed cross section delineations and soil moisture observations. A 2-dimensional
Richards' equation based hydrologic model in SMART can be augmented with additional functionalities
or replaced with other model structures.

© 2016 Elsevier Ltd. All rights reserved.
Software availability

Name of software: Soil Moisture And Runoff simulation Toolkit
(SMART)

Developers: Hoori Ajami, Narendra K. Tuteja, Urooj Khan, Ashish
Sharma

Available since: 2015
Software required: MATLAB 2014b or later release; Terrain Analysis

Using Digital ElevationModels (http://hydrology.usu.edu/
taudem/)

Availability: https://github.com/hooriajami/SMART
Cost: Free
Program Language: MATLAB and C#
ental Sciences, University of
.
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1. Introduction

Developing hyper-resolution hydrologic prediction systems at a
1 km to 100 m resolution have been recognized as a grand chal-
lenge of hydrologic modeling community (Wood et al., 2011). Pre-
vious studies showed that in distributed hydrologic models
increases in model resolution enhance process representation by
explicitly resolving channel, vegetation and runoff generation
processes (Wood et al., 2011). Moreover, finer inputs resolution
(topography, soil, and vegetation) better captures catchment's
spatial heterogeneity in which impact hydrologic predictions
(Singh et al., 2015). While in some cases simulated output accuracy
increased at a finer spatial resolution (Zhang and Montgomery,
1994), the degree of sensitivity to inputs' spatial resolution de-
pends on the meteorological conditions as well (dry versus wet
periods) (Sulis et al., 2011). Nevertheless, resolving complex terrain
through finer spatial resolution increases computational re-
quirements (Hwang et al., 2014; Kollet et al., 2010; Kumar and
Duffy, 2015; Vivoni et al., 2011), and model parametrization and
initialization become challenging due to limited spatially distrib-
uted observations (Ajami et al., 2015; Band and Wood, 1988).
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Moreover, quantifying predictive uncertainty becomes infeasible
due to high computational demand (Wang et al., 2016).

Resolving fine-scale spatial structure of hydrologic states and
fluxes are important as they influence coarse scale water and en-
ergy budgets (Maxwell et al., 2007; Riley and Shen, 2014). Repre-
senting spatial variability of catchment heterogeneity by
formulating hydrologic response units (HRUs) is one of the most
common approaches in computationally efficient semi-distributed
hydrologic modeling (Arnold and Fohrer, 2005; Beven and Kirkby,
1979; Flügel, 1995; Haghnegahdar et al., 2015; Khan et al., 2013;
Wood et al., 1988). The fundamental principle in the HRU delin-
eation approaches is on the aggregation of hydrologically similar
areas of a catchment using various methods and performing model
simulations for unique HRUs in the catchment. Hydrologically
similar areas are defined using topographic wetness index as in the
TOPMODEL (Beven and Kirkby, 1979), areas with unique land cover
and soil type as in the Soil and Water Assessment Tool (SWAT)
(Arnold and Fohrer, 2005), flexible HRU formulations as in the
Dynamic TOPMODEL (Metcalfe et al., 2015) and PREecipitation-
Runoff-EVApotranspiration HRU model (PREVAH) (Viviroli et al.,
2009), or topologically connected landforms (Khan et al., 2013).
Despite variety of HRU formulation approaches, topological con-
nectivity among the HRUs is not preserved in all the HRU delin-
eation methods, and the degree of connectivity among HRUs varies
for different methods. For example, in SWAT HRUs inside a sub-
watershed are not connected (Neitsch et al., 2002) while in the
Dynamic TOPMODEL, a flux-distributionmatrix based on the slopes
of neighboring cells weights transfer of fluxes among HRUs
(Metcalfe et al., 2015).

Dehotin and Braud (2008) recommend that optimal spatial
discretization of catchments should be based on catchment's
dominant hydrologic processes. As hillslopes are basic functional
units with defined geomorphic and hydrologic boundaries (Band,
1989), developing computationally efficient strategies are
required to incorporate hillslope scale processes in earth system
models, global scale land surface or hydrologic models. Hazenberg
et al. (2015) developed a computationally efficient hybrid-3D hill-
slope model by coupling a 1D vertical soil column model with a
pseudo-2D saturated zone and overland flow model. In a compar-
ison with a 3D Richards' equation model and a 1D land surface
model the hybrid hillslope model simulations were very similar to
the 3D model, while soil moisture distribution and baseflow from a
one column land surface model were inaccurate (Hazenberg et al.,
2015). Khan et al. (2014) formulated the concept of “Equivalent
cross sections” (ECS) to reduce the number of computational ele-
ments in the 2D semi-distributed hydrologic modeling approaches.
Their study reported a 3.7 to 22.8 times reduction in the number of
computational units used to model the hydrologic fluxes over the
first order sub-basins while reasonable accuracy in simulated fluxes
were obtained. Although this reduction is specific to the size and
topography of a catchment and sub-basin's soil heterogeneity, a
similar order of efficiency can be expected in other applications as
they impact the number of delineated sub-basins and ECSs,
respectively.

While various catchment discretization and HRU delineation
schemes are available, no comprehensive assessment of HRU
delineation approaches on simulating catchment response in areas
with different topography, vegetation and soil types using alternate
model physics exist to make general conclusions. In addition,
existing sensitivity analysis studies are catchment and model spe-
cific (Arnold et al., 2010; Han et al., 2014; Her et al., 2015). One of
the main challenges in performing such comprehensive analysis is
the lack of a framework for prototyping model simulations given
changes in prior parameters or discretization in distributed or
semi-distributed models (Bhatt et al., 2014).
Here we present development of a computationally efficient
semi-distributed hydrologic modeling toolkit, Soil Moisture And
Runoff simulation Toolkit (SMART). This toolkit delineates topo-
logically connected HRUs (Khan et al., 2013) using a Digital Eleva-
tion Model (DEM), and formulates the distributed cross sections or
ECSs as simulation elements. Compared to previous HRU delinea-
tion approaches based on overlay analysis of soil and land cover
data, SMART uses changes in geomorphic and topographic prop-
erties of the catchment to develop HRU delineation thresholds.
Aggregation of catchment properties is performed for each HRU in
ECSs and distributed landform based cross section delineation ap-
proaches, and the HRU size does not depend on predefined
thresholds. A distinctive feature of the HRU delineation approach
underpinning SMART is the capability to realistically simulate
hillslope processes at the first order Strahler's sub-basin scale
whilst providing measurable savings in computational costs asso-
ciated with process-oriented semi-distributed and distributed
models. SMART simulates runoff, hillslope lateral and vertical flow
dynamics, soil moisture and evapotranspiration. Further, its work-
flowmodules derive input parameters and geomorphic descriptors
from geospatial data (DEM, soil and land cover), and post-process
the outputs to generate spatially distributed maps and time series
plots. Themainmotivation for developing SMART is two folds: 1) to
provide a modular toolkit for computationally efficient hydrologic
modeling that resolves hillslope lateral flow processes, and 2) to
develop a flexible workflow structure for HRU and ECS delineations
to assess the impact of spatial aggregation of catchment properties
on simulating water balance.

In this paper, we first discuss design criteria for developing in-
tegrated modeling frameworks and introduce SMART's framework
and functionalities to users and illustrate software workflow for
semi-distributed hydrologic modeling. SMART's capabilities are
highlighted by presenting simulation results of two first order sub-
basins in the Krui River catchment, Australia. Model performance is
evaluated against three years of daily soil moisture observations.

2. Development of a modeling toolkit

Designing a hydrologic modeling toolkit requires implementa-
tion of several criteria. The design should: 1) facilitate imple-
mentation of a hydrologic model by any user (Kneis, 2015), 2) easy
to understand, 3) expandable, and 4) allow rapid improvement of
various components. Catchment scale hydrologic modeling sys-
tems should be designed as “reproducible-research systems” to
facilitate model implementation by providing input and output
analysis tools and allow comparison of various model solutions
(Formetta et al., 2014). Given increasing availability of geospatial
data, the spatial data analysis and extracting model parameters
from online databases should be an integral component of these
frameworks.

A modular workflow approach for an integrated hydrologic
modeling framework implements the above criteria. Further, it
provides user friendly environment for understanding of the
modeling process and facilitates model implementation. The
SMART framework is model independent, and it provides aggre-
gation capability at large catchment scale whilst retaining appro-
priate representation of the hydrologic response at a hillslope scale
and its design features allow considerable savings in numerical
costs. A particular useful design element in SMART was creating
database files to store geospatial information of modeling ele-
ments. These databases have been used extensively in model
parameterization, implementation and post-processing which
reduce data processing times. We also took advantage of existing
geospatial processing tools for DEM analysis. We used the com-
mand line version of the Terrain Analysis Using Digital Elevation
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Models (TauDEM) tools for topographic analysis (Tarboton, 2013)
by calling its executables in SMART. Water balance simulations in
SMART are performed using a 2D Richards' equation based hydro-
logic model, U3M-2D (Tuteja et al., 2004). However, hydrologic
models written as MATLAB functions or compiled as executables
can be easily implemented in this semi-distributed modeling
framework.

3. Overview of SMART

SMART is a GIS-based semi-distributed hydrologic modeling
application based upon the delineation of topologically connected
HRUs. HRUs capture heterogeneity of catchment's topography and
are formed by delineating 1) first order sub-basins and 2) land-
forms (Khan et al., 2013). Landforms represent macroscopic
changes in land surface shape and pattern (Summerell et al., 2005)
and aggregate spatial variability of sub-basin properties to reduce
the number of computational elements (Khan et al., 2014). Major
advantage of this HRU delineation approach is in preserving the
topological connectivity across a hillslope and adequately repre-
senting runoff generation processes. In SMART, water balance
simulations in each first order sub-basin are performed across a
series of almost perpendicular cross sections to a stream or ECSs
(Fig. 1). ECSs are representative of a part or an entire area of a first-
order sub-basin and their formulation reduces the computational
time while maintaining reasonable accuracy in simulated
Fig. 1. Hydrologic modeling with SMART consists of four major workflow tasks (a, b, c an
sections or ECSs, and generating hydrologic model inputs (climate time series, cross section
are completed, post-processing modules generate time series and spatiality distributed out
hydrologic fluxes (Khan et al., 2014). Runoff and evapotranspiration
from every cross section or an ECS are weighted by their contrib-
uting areas to obtain sub-basin scale fluxes.

SMART's main features are summarized in Table 1 and high-
lights major characteristics of the current version in MATLAB.
Future enhancements are focused on making SMART platform in-
dependent, and adding groundwater, dynamic vegetation and river
routing modules.

SMART performs data processing, numerical modeling and post
processing of results, and its' modular structure facilitates model
implementation and data analysis. Semi-distributed hydrologic
modeling with SMART consists of four major tasks (Fig. 1): (1)
catchment scale topographic and geomorphic analysis (Fig. 1a), (2)
cross sections or ECSs delineation in each sub-basin and derivation
of model input parameters (topography, soil, land cover and
climate) for every cross section or ECS (Fig. 1b), (3) model simula-
tions (Fig. 1c) and (4) post-processing of outputs to create spatially-
distributed time series of soil moisture and evapotranspiration
(Fig. 1d). Depending on the modeling objectives, tasks 2 to 4 are
performed for a single first order sub-basin or the entire catchment
consisting of multiple first order and intermediate sub-basins.

SMART workflow scripts are written in MATLAB for automating
catchment, sub-basin, HRU and cross section delineations, simul-
taneous model simulations across multiple cross sections using
MATLAB Parallel Processing Toolbox, and post-processing of out-
puts (Fig. 1). SMART implements the command line version of the
d d) that consist of delineating first order sub-basins, hillslopes, landforms and cross
properties files, and soil parameter files) (Tuteja et al., 2004). Once model simulations
puts.



Table 1
SMART main features.

Current features
1) Delineating topologically connected HRUs
2) Aggregating spatial variability of first order sub-basin properties at a landform scale
3) 2-dimensional Richards' equation based hydrologic modeling at the scale of perpendicular cross sections to a stream or equivalent cross sections
4) Tools for spatial mapping of soil moisture and evapotranspiration
5) Modular framework for alternate delineation of HRUs or cross sections
6) Reducing computational time
7) Extendable to other hydrologic models and HRU delineation frameworks
8) Written in MATLAB
Future enhancements
1) Platform independent
2) Adding a river routing component
3) Including a groundwater flow module
4) Including a dynamic vegetation component
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TauDEM tools for topographic analysis (Tarboton, 2013). TauDEM
command line version is called by SMART to analyse the DEM of a
catchment. All geo-spatial data processing of SMART are performed
in MATLAB using in-built or custom MATLAB functions
(Supplement A.1, Table A.1 and A.2). SMARTmodules guide the user
through the modeling process and they should be performed in a
sequential manner (Supplement A.1, Fig. A.1) as a particular step
(module) outputs are subsequent steps' inputs (Fig. 2).

Modules 1 to 5 perform topographic and geomorphic analysis of
a catchment and the rest of modules derive model parameters and
perform model simulations across all cross sections or ECSs in an
individual sub-basin or the entire catchment. Each module has
multiple custom functions (Supplement A.1, Table A.1 and A.2).
Fig. 2. SMART workflow modules. Modules 1 to 5 are for the topographic analysis of a cat
ulations. Type refers to cross section delineation option in SMART (1 ¼ distributed pixel ba
ECSs); 4 ¼ ECS soil type).
SMART stores outputs of each module in the designated folders as
shown in Fig. 3.

SMART simulates water balance in gauged as well as ungauged
catchments, and ascertains the soil hydraulic parameters needed
for the 2-D Richard's equation are based on established global
parameter sources. While SMART has ROSETTA class average soil
hydraulic parameters for twelve USDA textural classes (Schaap
et al., 2001), this parameterization can be changed by a user
depending on available soils data and pedotransfer functions to
translate information about soil texture, morphology and structure
to soil hydraulic properties (McBratney et al., 2002). SMART as an
integrated modeling framework (Kneis, 2015) supports addition of
new modules for catchment discretization and HRU delineation.
chment. Modules 6 through 13 are for a single sub-basin or an entire catchment sim-
sed; 2 ¼ distributed landform based; 3 ¼ 3 ECSs (headwater, left bank and right bank



Fig. 3. SMART folder structure. Toolbox_Input folder contains a DEM (GeoTiff format), catchment outlet file (ESRI Shapefile format), land cover, percent sand and clay (soil texture)
and soil thickness maps (GeoTiff format), and input climate time series files (comma delimited format). Outputs of terrain analysis (delineate first order sub-basins, delineate
hillslopes, delineate landforms), soil texture and soil thickness files, and cross section database files are stored in the Toolbox_Output folder. Model input and output files for
different cross section delineation options are stored in the respective folder inside the Model_Input and Model_Output folders respectively.
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Moreover, any hydrologic model can be incorporated in SMART to
perform simulations across cross sections or ECSs. However, new
modules should be added to write model specific parameter files.
SMART's workflow modules are described using the Krui River
catchment data in New South Wales, Australia.
4. Hydrologic modeling with SMART

4.1. Study site

The Krui River catchment (562 km2) is one of the sub-catchment
of Goulburn River catchment in Australia (Rüdiger et al., 2007). Two
sub-basins within the Krui River catchment are selected (Fig. 4) for
detailed modeling experiments because of availability of daily soil
moisture observations.

Sub-basin averaged daily precipitation and potential
Fig. 4. Krui River catchment and the Stanley and Burnbrae sub-basins in Australia. SMART de
moisture probes in (c) are used for model comparison.
evapotranspiration (PET) are obtained from the Australian Water
Availability Project (AWAP) gridded time series reanalysis products
at 0.05� (5 km) resolution (Raupach et al., 2009, 2012). AWAP PET is
calculated based on the Priestley-Taylor equation (Raupach et al.,
2009), and it is available at a monthly time scale. Daily PET values
are obtained by interpolation of the monthly values. Average
monthly leaf area index (LAI) for each land cover class is obtained
fromMODIS LAI product (ORNL DAAC, 2008). Percent sand and clay
data are from the Soil and Landscape grid of Australia (http://www.
clw.csiro.au/aclep/soilandlandscapegrid/). Properties of the Stanley
and Burnbrae sub-basins with the area of 1.5 and 1.4 km2 respec-
tively are summarized in Table 2.
4.2. Topographic and geomorphic analysis of a catchment

SMART delineates the Krui River catchment and its sub-basins
lineates (a) first order sub-basins (b) hillslopes and (c) landforms of the catchment. Soil

http://www.clw.csiro.au/aclep/soilandlandscapegrid/
http://www.clw.csiro.au/aclep/soilandlandscapegrid/


H. Ajami et al. / Environmental Modelling & Software 85 (2016) 319e331324
(Fig. 4a) from a 30-m DEM by employing the TauDEM tools
(Tarboton, 2013) in MATLAB. TauDEM's Stream Reach and Water-
shed tool delineates sub-watersheds across the stream network
and ensures connectivity of the sub-watersheds for accumulating
and routing of the stream flow (Tarboton, 2013). Topographic at-
tributes such as slope, distance from the stream and topographic
wetness index (Beven and Kirkby, 1979) are produced in this step
(Fig. 2).

SMART's hillslopes module delineates headwater and side
slopes in first order sub-basins (Fan and Bras, 1998). Headwater
hillslopes are the zero-order basins (convergent slope units at the
channel head (Tsukamoto and Minematsu, 1987)) that drain to-
wards the channel head (Bogaart and Troch, 2006). SMART de-
lineates a headwater hillslope with the D-Infinity flow direction
tool using the channel head as an outlet. Side slopes are the lateral
flow units to the left or right of a stream segment (Noel et al., 2014),
and are delineated once a headwater hillslope is delineated in a first
order sub-basin. Hillslopes are for computing contributing areas of
cross-sections in the distributed modeling cases (Fig. 1) and
formulating right bank, left bank and headwater ECSs in the three
ECSs delineation. SMART only delineates the side slopes in the in-
termediate sub-basins (Fig. 4b).

The landform delineation module subdivides each first order
sub-basin into multiple contiguous landforms to transfer fluxes
from the upper part of a hillslope to the lower regions. To obtain
appropriate landform delineation thresholds, variation in topo-
graphic and geomorphologic descriptors of the entire catchment
(Khan et al., 2013) in relation to distance from the stream towards a
ridgeline is used. These thresholds correspond to areas within a
certain distance from a stream where substantial changes in
topographic properties such as slope have occurred. SMART uses
TauDEM DinfDistDown tool to compute distance downslope to a
stream in each sub-basin based on the D-Infinity flow direction
grid. A slope-distance to stream curve is obtained by classifying the
distance to stream grid to equal intervals based on the DEM reso-
lution and calculating average slope and distance of all pixels
within a given class interval. In SMART, the second derivative of the
slope-distance from the stream curve is calculated using a finite
difference scheme to find break points or inflection points along the
curve (Fig. 5). Four landforms are delineated in the Krui River
catchment at the following distances from the stream: 0e30 m,
30e164.6 m, 164.6e464.5 m and greater than 464.5 m.

Khan et al. (2013) classified landforms to alluvial flats, footslope,
midslope and upslope based on their proximity to a stream.
Landform alluvial flats are closest to the stream and landform up-
slope are the farthest. According to this approach a particular
landform has a constant width across the catchment (Fig. 4c). Users
can use topographic properties other than slope for landform
delineation in SMART. Outputs of topographic analysis of a catch-
ment are stored in multiple file formats so users can visualize
Table 2
Stanley and Burnbrae sub-basin properties for hydrologic modeling. Precipitation
range and mean potential evapotranspiration data are for 2003e2006 period.

Input Stanley Burnbrae

Precipitation (mm) 351.7e585.2 (mm) 388.4e731 (mm)
Mean potential evapotranspiration

(mm)
1507.5 (mm) 1478 (mm)

Mean elevation (m) 378.7 (m) 549.3 (m)
Mean soil depth (m) 0.8 (m) 0.8 (m)
aSoil texture classes 4 types 4 types
Land cover types Tree (65.9%) Tree (76.5%)

Crop (31.6%)
Pasture (2.5%) Pasture (23.5%)

a Details of soil texture classes are presented in Table A4.
outputs in MATLAB or import them to commercial and open-source
GIS software packages like ArcGIS and QGIS respectively.

4.3. Cross section delineation and derivation of input model
parameters

In SMART, modeling elements are either distributed cross sec-
tions (Fig. 6a) or ECSs (Fig. 6b) formulated at the first order and
intermediate sub-basin scale. Two main approaches for cross sec-
tion delineation are available. Differences among these approaches
are in the cross section formulations (distributed or ECSs) and ag-
gregation scale of cross section spatial properties (pixel level or
landform level). SMART stores cross section properties for the
distributed and ECS delineation approaches in a MATLAB file. This
database file is used in the rest of the SMART modules for deriving
model input parameter files and processing of model outputs.

4.3.1. Distributed cross section delineation approaches
In the distributed cross section delineation approaches, each

hillslope is sub-divided to a series of almost perpendicular cross
sections to a stream (Fig. 7a and b). The algorithm in SMART uses
the D8 flow direction grid to classify first order sub-basins based on
their dominant flow direction along a stream. The dominant flow
direction for each sub-basin is specified by overlaying the stream
network with the D8 flow direction grid, and determining the
frequency of flow direction codes (values range from 1 to 8) along
the stream network. In the next step, SMART selects the first stream
pixel in a sub-basin and delineates a perpendicular cross section
along the x or y axis of a grid cell depending on the stream direc-
tion. This approach ensures that cross sections are almost
perpendicular to a stream (Fig. 7a and b). For example, if a sub-
basin with a dimensions of 4 columns by 3 rows has a stream
that flows to the south-east, coordinates of the perpendicular cross
sections to the north and south of the stream grid cell (3, 2), are
[(3,2), (3,3)] and [(3,2), (3,1)] respectively.

Users can control the number of delineated cross sections along
a stream by changing the distance between the cross sections. For
the headwater hillslope, SMART delineates three cross sections:
one along the x or y axis depending on the dominant flow direction
of a sub-basin and two cross sections within a 45� angle from each
side of the channel head in the headwater hillslope. The distributed
pixel based cross section delineation module derives topographic,
soil and land cover properties of each pixel in a cross section
(Figs. 6a and 7a and c) while the distributed landform based
module averages cross section properties (slope and soil depth) on
a landform basis (Figs. 6a and 7b). The dominant soil and land cover
types are assigned to each landform in the distributed landform
approach (Fig. 7d). Land surface elevations of three headwater cross
sections are shown in Fig. 6a for SMART distributed cross section
approaches. As the current version of SMART hydrologic model
does not support variable horizontal discretization, the number of
pixels are the same in the distributed cross section approaches.
However, cross section attributes are assigned on a landform basis
for the distributed landform option. For elevation, maximum
elevation of the upslope landform is assigned to the top pixel of a
cross section and surface elevation of each pixel in a given landform
is adjusted based on the mean landform slope (Fig. 7b). If a hy-
drologic model supports variable horizontal discretization, further
reduction in computational time is achieved using SMART.

In SMART, spatial heterogeneity of climate forcing is incorpo-
rated through a climate zone file. The grid codes in the climate zone
file are linked with cross sections and time series of climate data in
SMART. In the distributed pixel based delineation, individual
climate time series is assigned to each pixel while in the distributed
landform approach, the dominant climate zone per landform is



Fig. 5. Slope-distance from the center of river curve generated in SMART using slope and distance to stream grids. Landform alluvial flat corresponds to the stream cell (0e30 m
distance).

Fig. 6. Cross section properties of a) distributed cross section and b) ECS delineation approaches in SMART for three cross sections in the headwater hillslope of the Stanley sub-
basin. Differences in pixel based and landform based delineations are highlighted by presenting frequency distribution of cross sections' elevation. While in the pixel based
approach, cross section elevation values are obtained on a pixel basis, in the landform based approach elevation values are derived on a landform basis. In the three ECSs approach,
properties of three headwater cross sections are aggregated to form the headwater ECS. In the soil type ECS, cross section properties are aggregated on a soil type basis to form an
ECS.
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Fig. 7. Assigning slope and soil type to pixels (a and c) or landforms (b and d) of the Stanley sub-basin cross sections using distributed cross section delineations. In the landform
based approach, average slope (b) and the dominant soil type (d) are assigned to every landform of a cross section. In the three ECSs delineation, SMART determines the dominant
soil type per landform of each hillslope (The dominant soil type across all the landforms in the left bank and right bank ECSs is soil type 8 while in the headwater hillslope, soil types
7 and 8 are dominant). In the ECS soil type, all landforms in a given ECS have the same soil type. Numbers in c) to e) correspond to soil types.
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considered.
While landforms preserve lateral flow connectivity for a given

cross section in the distributed cross section approaches, lateral
connectivity between cross sections are not considered. It should
be noted that hydrologic fluxes from every cross section are
multiplied by the cross section contributing area to obtain sub-
basin fluxes. In future releases, a streamflow routing component
will be added to route streamflow from every sub-basin along the
stream network in catchment scale applications of SMART.

4.3.2. Equivalent cross section (ECS) delineation approaches
To delineate ECSs, SMART sub-divides a first order sub-basin to a

series of uniformly spaced perpendicular cross sections to a stream.
Then it formulates a single or multiple ECSs by the appropriate
weighting of topographic and physiographic properties of cross
sections on a landform basis in individual hillslopes (three ECSs
delineation) or soil polygons (ECS soil type delineation). In the
three ECSs approach, SMART delineates one ECS for every hillslope.
Therefore, SMART delineates three ECSs for a first order stream sub-
basin (Figs. 1 and 7e), and two ECSs in the intermediate sub-basins
(Fig 4b).

SMART's weighting and aggregation of cross section properties
for ECS formulations are presented for the Stanley sub-basin. In the
Stanley sub-basin SMART delineates 19 cross sections in the right
bank, 19 in the left bank and 3 in the headwater hillslopes. In the
three ECSs formulation, SMART aggregates and weights properties
of 19 cross sections in each bank for the left and right bank ECSs,
and 3 headwater cross sections for the headwater ECS. SMART
calculates the right bank ECS length by the arithmetic averaging of
the length of 19 cross sections using equation (1). The slope and soil
depth of each landform in the right bank ECS are obtained by the
length-weighted averaging of slope and soil depth of 19 cross
sections using equations (2) and (3) respectively (Khan et al., 2014).

Lj ¼
1
n

Xn

i¼1
Li;j (1)

Sj ¼
Pn

i¼1Si;j � Li;jPn
i¼1Li;j

(2)
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Dj;k ¼
Pn

i¼1Di;j;k � Li;jPn
i¼1Li;j

(3)

where i is number of cross-sections (i ¼ 1, 2, …, n); j is number of
landforms (j ¼ 1, 2, …, J), k is number of soil materials or horizons
(k ¼ l to 4) (see section 4.4), Li,j is length of landform j for cross
section i, Lj is average length of landform J across all cross sections
(n), Si,j is slope of landform j of cross section i, Sj is average slope of
landform j across all cross sections (n), Di,j,k is depth of soil material
k of landform j of cross section i, Dj;k is average depth of soil ma-
terial k of landform j across all cross sections (n).

The length-weighted averaging of slope and soil depth is not
used for assigning soil hydraulic properties of an ECS as soil hy-
draulic properties are highly nonlinear. Instead, the dominant soil
type in each landform is considered. In the vertical direction, the
dominant soil type for each soil horizon in a given landform is
considered. For the land cover type, SMART assigns the dominant
land cover class in each landform. For a given ECS, spatially uniform
forcing data is considered as the cross section length is often
smaller than the gridded meteorological data resolution (e.g. 5 km
grid cell resolution of the Australian climate datasets). However, in
a given sub-basin spatial heterogeneity of climate forcing is incor-
porated through a climate zone file. The grid codes in the climate
zone file are linked with cross sections and time series of climate
data in SMART.

In the ECS soil type approach, the number of ECSs in a first order
sub-basin depends on the number of soil types (Figs. 1, 6b and 7f).
The ECS soil type approach aggregates delineated cross section
properties of individual soil types instead of individual hillslopes on
a landform basis. SMART overlays the soil type raster file with the
first order sub-basins layer and obtains ECS properties by aggre-
gating cross section properties on a landform basis for each soil
type in a first order sub-basin. In the Stanley sub-basin with four
soil types, SMART delineates four ECSs. Frequency distributions of
land surface elevation between two ECS approaches are shown in
Fig. 6b. Within an ECS, landforms maintain lateral connectivity and
transfer of fluxes from the upper part of a hillslope to the lower
parts, but ECSs are not connected within a sub-basin. Simulated
fluxes from ECSs in a sub-basin are weighted by the ECS contrib-
uting area to obtain the sub-basin fluxes.

ECS formulation reduces the computational time significantly as
model simulations are performed across ECSs instead of every cross
section in a first order sub-basin. In the Stanley sub-basin, the
number of cross sections in the three ECSs and ECS soil type are 13.6
and 10.2 lesser than the distributed cross section delineations
respectively (Table 3). Users can choose one of the four cross sec-
tion delineation methods of SMART for catchment scale simula-
tions. Presence of multiple cross section delineation methods
allows users to examine the impact of various aggregationmethods
of catchment properties on simulated water balance.

SMART's modules 7 through 9 generate model specific
Table 3
Number of horizontal grids and cross sections in the Stanley and Burnbrae sub-basins. Tot
simulations with one core (2.3 GHz Intel Xeon core).

Cross section delineation type Number of horizontal grids

Stanley Burnbrae

Distributed pixel 505 404
Distributed landform 505 404
Three ECSs 45 51
ECS soil type 52 44
parameter files for every cross section (Fig. 2). These modules can
be modified by the user if another hydrologic model is used in this
framework.
4.4. Model simulations

SMART has the Unsaturated Soil Moisture Movement Model
(U3M-2D) for water balance simulations across a cross section or an
ECS. The U3M-2D is a 2-D Richards' equation based hydrologic
model (Tuteja et al., 2004). In U3M-2D, the maximum unsaturated
zone depth is 10.0 m and the sub-surface is classified to four soil
horizons or soil materials based on changes in soil hydraulic
properties with depth. Vertical discretization is 0.1 m for vertical
water balance calculations and horizontal discretization is set to
the DEM resolution. U3M-2D calculates vertical water balance of
each pixel using 1-dimensional solution of the Richards' equation.
After that, U3M-2D performs lateral transfer of excess soil moisture
of each soil material to the downslope pixel using the unsaturated
form of the Darcy's law. Class average soil hydraulic properties for
12 USDA soil texture classes using ROSETTA pedotransfer functions
are provided in SMART (Schaap et al., 2001). A user defined soil
hydraulic properties file should be stored in the Toolbox_Par-
ameter_Files folder (Fig. 3) to be linkedwith soil texture class maps.

Model inputs are daily rainfall and pan evaporation or potential
evapotranspiration, soil hydraulic properties, land cover type (tree,
crops, and pasture), thickness of soil materials, root biomass dis-
tribution in each soil layer, and monthly leaf area index (LAI)
(Supplement A.2 and Fig A.2). Monthly LAI values are used to
compute potential transpiration demands for tree, crop and pasture
land cover types (Vaze et al., 2004). Model outputs are daily tran-
spiration, soil evaporation, horizontal flow, deep drainage and soil
moisture in the unsaturated zone. The model time step for water
balance calculations is daily. However, the model adapts smaller
time step based on rainfall rate for vertical water balance calcula-
tions. Model simulations can be performed for a user defined sub-
basin or the entire catchment. SMART calls the U3M-2D executable
written in C# (Tuteja et al., 2004) to performwater balance analysis
of a single cross section or ECS. In addition, SMART automates
model simulations across multiple cross sections or ECSs using
MATLAB parallel processing toolbox to reduce computational time.
Although the current version of SMART uses the U3M-2D, any hy-
drologic model can be incorporated in this framework.

Model simulations are performed for the 2002e2006 period in
both sub-basins of the Krui River catchment using U3M-2D with
default vegetation and time step parameters (Supplement A.3,
Table A.3), soil hydraulic properties (Supplement A.4, Table A.4)
and the same initial soil moisture condition. The first year of
simulation is considered as the spin-up year to ensure equilibrium
of subsurface storages.
4.4.1. Computational efficiency in SMART
Computational efficiency in SMART is made at two levels. First,
al computational wall times correspond to SMART's step 6 to 10 for one year of daily

Number of cross sections Computational time (minutes)

Stanley Burnbrae Stanley Burnbrae

41 29 15.9 13.2
41 29 16.2 13.1
3 3 1.8 2.0
4 3 2.0 1.7
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by replacing fully 3D distributed representation of hillslope pro-
cesses with distributed 2-dimensional cross sections. Within a
cross-section one could use distributed pixel based approach or
alternatively aggregate cross section properties on a landform basis
(distributed landform based delineation). The second level of
computational efficiency is achieved by formulating ECSs to
represent hillslope processes and further reducing the number of
computational elements at the catchment scale. Number of hori-
zontal grid cells and cross sections as well as total computational
wall times for step 6 to 10 of each cross section delineation
approach are presented for both sub-basins in Table 3. As can be
seen in Table 3, substantial decreases in the number of computa-
tional units (horizontal grids and cross sections) are achieved once
ECS approaches are implemented. Even the number of computa-
tional grids in the distributed pixel based approach is less than the
3-D distributed model simulations (1679 and 1531 horizontal grids
for the Stanley and Burnbrae sub-basins, respectively). Results
indicate that decreases in computational time are a function of
number of grids as well as internal catchment dynamics. While the
number of pixels in the distributed pixel and landform based ap-
proaches are the same, differences in cross section properties
impact hydrologic dynamics and computational time. Computa-
tional times of individual SMART modules are in Supplement A.5,
Table A.5.
Fig. 8. (a) Comparison of Stanley sub-basin simulated daily soil moisture (uncalibrated, S
averaged raw soil moisture observations of four monitoring probes in (2003e2006), (b) s
ences in daily water balance components of the three cross section delineations from the re
case in the distributed landform delineation.
4.5. Post-processing of simulation results

4.5.1. Temporal response
U3M-2D produces four output files for every pixel in a cross

section. SMART post-processing modules produce simulated
discharge, evapotranspiration, horizontal flowand deep drainage at
a cross section or sub-basin level (Fig. 8). Total runoff is calculated
by adding the sub-basin's horizontal flow and deep drainage. As can
be seen in Figs. 8a and 9a, temporal dynamics of average daily sub-
basin soil moisture from the distributed pixel based delineation is
well captured in comparison to soil moisture observations partic-
ularly in the Stanley sub-basin. Sub-basin averaged raw soil mois-
ture observation is obtained from four monitoring probes at
0e30 cm depth in the Stanley sub-basin (Fig 4c). In the Burnbrae
sub-basin only one monitoring probe exist. It should be noted that
default hydraulic properties based on soil texture classes are used
in these simulations and no calibration of soil hydraulic properties
are performed. While there is an inherent mismatch between the
scale of observations and simulations, previous research has shown
presence of representative locations in a catchment that represent
sub-basin average soil moisture response (Grayson and Western,
1998). Although, identifications of these sites a-priori is chal-
lenging, correlation coefficient between the sub-basin averaged
simulated soil moisture and individual monitoring probes in the
upplement Table A.4) for the distributed pixel based delineation with the sub-basin
ub-basin daily soil moisture of four cross section delineations, (c) to (f) show differ-
ference case (distributed pixel based). Total runoff is slightly higher than the reference



Fig. 9. (a) Comparison of Burnbrae sub-basin simulated daily soil moisture (uncalibrated, Supplement Table A.4) for the distributed pixel based delineation with the soil moisture
observations of a monitoring probe in (2003e2006), (b) sub-basin daily soil moisture of four cross section delineations, (c) to (f) show differences in daily water balance components
of the three cross section delineations from the reference case (distributed pixel based).

Table 4
Performance statistics between the distributed pixel based approach and other cross
section delineation approaches using three years of simulations. Total difference is
computed based on the differences in total simulated fluxes in three years.

Sub-basin MAE (mm) Total difference (mm)

CS
Landform

Three
ECSs

ECS
Soil

CS
Landform

Three
ECSs

ECS
Soil

Stanley
Total runoff 1.2E-04 1.0E-

04
3.8E-
04

0.17 0.15 �0.56

Horizontal flow 1.5E-06 3.2E-
06

1.5E-
06

0.00 0.00 0.00

Deep drainage 1.2E-04 1.1E-
04

3.8E-
04

0.17 0.16 �0.56

Evapotranspiration 2.0E-02 3.0E-
02

5.7E-
02

�1.87 8.74 0.37

Burnbrae
Total runoff 4.2E-04 3.8E-

04
2.1E-
03

�0.61 0.55 �3.12

Horizontal flow 5.4E-07 7.4E-
07

1.1E-
06

0.00 0.00 0.00
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Stanley sub-basin found to be consistent with the results of aver-
aging soil moisture from the four monitoring probes. Moreover, in
both sub-basins correlation coefficients of soil moisture observa-
tions with simulated values at a pixel or a landform where a probe
exists (Fig. 4c) are consistent with sub-basin averaged values
(Supplement A.5, Table A.6). Simulated soil moisture from the ECS
delineations and distributed landform delineation is very close to
the distributed pixel based approach (Figs. 8b and 9b).

Loss of accuracy in simulated fluxes relative to the distributed
pixel based approach is small in both sub-basins (Figs. 8cef and
9cef). Mean absolute error (MAE) values between distributed
pixel based approach and the rest of cross section delineations are
very small (Table 4). For both sub-basins, the least performing cross
section delineation approach is the ECS soil type method as the
accuracy of the ECS delineation depends on the soil maps. The
highest total difference is in simulated deep drainage for the ECS
soil type. Simulated evapotranspiration from the three ECSs
approach has the highest difference with the pixel based approach
for three years of simulation.
Deep drainage 4.2E-04 3.8E-
04

2.1E-
03

�0.61 0.55 �3.12

Evapotranspiration 3.2E-02 2.1E-
02

1.4E-
01

�0.74 �0.63 �0.22

4.5.2. Spatially distributed outputs

SMART also generates spatially distributed soil moisture and
evapotranspiration across a sub-basin (Supplement A.4., Movie 1
and 2). Soil moisture and evapotranspiration mapping depends on
the cross section delineation approach (Table 5). For the distributed
cross section delineations, SMART maps soil moisture and
evapotranspiration for every pixel (distributed pixel delineation) or
landform (distributed landform delineation) of a cross section. For



Table 5
Available options in SMART for soil moisture (SM) mapping.

Soil Moisture distribution in SMART Type 1 Type 2 Type 3 Type 4

Pixel level SM for every pixel in a cross section x x
Sub-basin average SM is assigned to all pixels of a sub-basin x x x x
Landform average SM is distributed to all pixels of a landform in left bank, right bank and headwater hillslopes x x
Landform average SM is distributed to all pixels of a landform in a given soil type x

Type refers to cross section delineation option in SMART (1 ¼ distributed pixel based; 2 ¼ distributed landform based; 3 ¼ 3 ECSs (headwater, left bank and right bank ECSs);
4 ¼ ECS soil type).
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the three ECSs and ECS soil type methods, SMART maps the soil
moisture for every landform of an ECS. This means that all pixels
within a given landform of a hillslope or a soil type have uniform
soil moisture. Future work will focus on defining a distribution
function for disaggregation of soil moisture at a landform or sub-
basin scale.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.envsoft.2016.09.002.
5. Summary

SMART is a GIS-based semi-distributed hydrologic modeling
application based upon the delineation of contiguous and topo-
logically connected HRUs and solves the water balance equation on
spatially representative ECSs. SMART workflow is written in MAT-
LAB and its modular structure provides flexibility for incorporating
new functionalities for HRU and ECS delineations as well as linking
with other hydrologic models. Comparing sub-basin level soil
moisture from the distributed pixel based delineation with obser-
vations show that the model is able to capture soil moisture tem-
poral dynamics using default hydrologic parameters. The three
ECSs and ECS soil type simulations of the Stanley and Burnbrae sub-
basins produced similar fluxes compared to the distributed pixel
based approach with small loss in accuracy. In the Stanley sub-
basin, the number of cross sections are 13.6 and 10 times lower
than the distributed cross section delineations for the three ECSs
and ECS soil type respectively. For the Burnbrae sub-basin, total
number of cross sections for the distributed case is 29 compared to
3 and 4 ECSs for the three ECSs (left bank/right bank/headwater
ECSs) and ECS soil type approaches respectively. This means sig-
nificant reduction in the computational time is achieved for the ECS
based simulations. These results highlight SMART's potential ap-
plications for large catchment scale simulations. Future releases
will add the runoff routing and groundwater flow components to
the developed framework. A detailed software manual with an
example dataset is available at: https://github.com/hooriajami/
SMART.
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