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Physically based distributed hydrological models are useful for simulating the spatial distribution of hydrologic
fluxes across the catchment under various climate and land cover change scenarios. However, complexities
associated with their implementation at large scales make their applications limited. Previously, an equivalent
cross-section (ECS) based distributed hydrological modelling approach was developed for first order sub-basins
to reduce the computational time/effort. Here, the ECS approach is modified for semi-distributed hydrological
modelling at the catchment scale. The modelling approach is implemented for a 314 km? McLaughlin catchment
located in south-eastern New South Wales (NSW), Australia that consists of 822 first order sub-basins. A 26 year
long streamflow record simulated using an ECS based modelling approach are compared against daily observed
streamflow and four calibrated lumped conceptual hydrologic models, and found to be consistent. Further, the
simulated actual evapotranspiration and soil moisture from the ECS approach are compared against the
Australian Water Availability Project (AWAP) model simulations and results found to be consistent. In addition,
the temporal dynamics of simulated soil moisture from the ECS approach is consistent with the satellite derived
European Space Agency Climate Change Initiative (ESA CCI) surface soil moisture data. In the ECS based semi-
distributed modelling, all parameters are derived from the actual topographic and physiographic information of
the catchment and none of the parameters is calibrated. Therefore, this approach has the advantage of simulating
streamflow in ungauged catchments compared to lumped conceptual models. The impact of spatially distributed
climatic forcing and land cover on soil moisture is investigated across four landforms (upslope, midslope,
footslope and alluvial-flats) and at various soil depths. Our results show increase of mean soil moisture in
shallow layers of upslope toward alluvial-flats. However, mean soil moisture in deeper horizons remained almost
constant across all landforms. The variability of daily soil moisture at surface soil layers is higher than the deeper
soil layers for all landforms. Our results illustrated that disaggregation of a catchment to a series of ECS at the
scale of first order sub-basins, captures dynamics of soil moisture and actual evapotranspiration across the
landscape and results are consistent with the climatology, land cover type, topography and soil hydraulic
properties. Further, the use of ECS approach in the McLaughlin catchment reduced the number of computational
units by 40 times in comparison to 3-d grid based distributed modelling setup.
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1. Introduction

The development and applications of physically based distributed
hydrological models have increased in the last two decades, due to
substantial improvements in Geographical Information System (GIS),
spatial resolution of topographic, physiographic and remote sensing
data, and computational power (Abbott et al., 1986a,b; Abbott and
Refsgaard, 1996; Bell et al., 2007; Beven and Kirkby, 1979; Kampf and
Burges, 2007; Reed et al., 2004; Singh and Woolhiser, 2002; Tague and
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Band, 2004; Watson et al., 1998; Wigmosta et al., 1994). During this
period several distributed hydrological models are developed with
various level of complexity including MIKE-SHE (Abbott et al.,
1986a,b), HYDRUS-1d, 2-d & 3d (Simunek et al., 1999, 2005, 2006),
CATHY (Paniconi et al., 2003), GSSHA (Downer and Ogden, 2004),
MODHMS (Panday and Huyakorn, 2004), ParFlow (Kollet and Maxwell,
2006), Grid to Grid (G2G) (Bell et al., 2007; Cole and Moore, 2009), and
HydroGeosphere (Brunner and Simmons, 2012). In these models
parameters for every grid cell or hydrologic response units are derived
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from spatially distributed data such as topography, soil type, land
cover, climate and geology. In turn, spatially distributed fluxes, in-
cluding transpiration, soil evaporation, deep drainage, runoff and soil
moisture are obtained across the catchment. These extensive spatial
fluxes from distributed models are useful for assessing the impact of
climate, land use and land cover changes. On the other end, the lumped
conceptual models are also very popular in hydrological modelling due
to their simple structure and limited parameter requirements (Beven,
2012; Kirchner, 2006; Singh, 1995; Singh and Woolhiser, 2002). The
lumped conceptual models consider entire catchment as a single unit
and simulate discharge at the catchment outlet as a function of lumped
representation of catchment storage.

Refsgaard and Knudsen (1996) compared the performance of three
hydrological models, including a fully distributed model MIKE-SHE
(Abbott et al., 1986a,b), a semi-distributed model WATBAL (Knudsen
et al, 1986) and a lumped conceptual model NAM (Nielsen and
Hansen, 1973). They concluded that distributed models performed
better than lumped conceptual models in cases where no calibration
was allowed and long term streamflow data were not available. How-
ever, often simpler conceptual models are preferred over their dis-
tributed counterparts due to significant computational effort of dis-
tributed hydrologic models for long term simulations in large
catchments or due to the lack of high resolution spatial information
about model parameters (Beven, 1989, 2001; Grayson et al., 1992b;
Kirchner, 2006).

One possible option for reducing the computational effort/time in
distributed hydrological modelling is to disaggregate the catchment
into the smaller homogeneous spatial entities (Argent et al., 2007;
Beven and Kirkby, 1979; Flugel, 1995; Reggiani et al., 1999; Reggiani
et al., 1998; Summerell et al., 2005; Vertessy et al., 1993; Watson et al.,
1999; Wood et al., 1988). These spatial entities are known with various
names, including Hydrologic Response Units (HRUs) (Flugel, 1995),
Representative Elementary Areas (REAs) (Wood et al., 1988), Re-
presentative Elementary Watersheds (REWs) (Reggiani et al., 1998) and
Functional Units (FUs) (Argent et al., 2007), with the term HRUs being
commonly used in hydrology. Wood et al. (1988) delineated REAs on
the basis of topography, soil and rainfall. Flugel (1995) and Argent
et al. (2007) developed the concept of HRUs and FUs on the basis of
similarities in topographical and physiographical features of the
catchment.

Most of the existing methods of catchment disaggregation, either
lack contiguity and topological connectivity of HRUs, or require arti-
ficial nodes to connect these entities, which restricts the transfer of
lateral fluxes from the upper part of a hillslope to the lower parts. To
address this, Khan et al. (2013) developed an approach to delineate
contiguous topologically connected HRUs to transfer the fluxes from the
upper parts of a hillslope to the lower parts. To delineate HRUs, the
entire catchment was divided into four major landforms (upslope,
midslope, footslope and alluvial-flats). Four landforms were delineated
on the basis of similarities in topographical and geomorphological at-
tributes of a catchment. The catchment was also divided into different
stream order sub-basins based on Strahler’s convention, ensuring that
the variability of saturated hydraulic conductivity was least in first
order sub-basins. Following the HRU delineation, Khan et al. (2014)
developed an equivalent cross-section (ECS) approach for semi-dis-
tributed hydrologic modelling at the scale of first order sub-basins,
where landform-based delineated HRUs were used as the basis for
weighting the topographical and physiographical features of first order
sub-basins. As HRUs are embedded in the ECS formulation, ECSs are
capable of transferring fluxes from the upper parts of a hillslope to the
lower parts. The Soil Moisture And Runoff simulation Toolkit (SMART)
developed by Ajami et al. (2016) also used ECS approach.

In the ECS approach, either single or multiple ECSs were formulated
as a weighted representation of a first order sub-basin depending on the
arrangement of soil types within the sub-basin. Water balance simula-
tions for these ECSs are performed using a 2-d distributed hydrological
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model. The ECS approach was investigated for eight first order sub-
basins and modelling results showed that it was effective for reducing
the computational time/effort in a 2-d distributed hydrological mod-
elling without significant loss of accuracy in simulated fluxes (Khan
et al., 2014). Despite considerable improvement in computational ef-
ficiency of the ECS approach in comparison to distributed cross section
modelling approaches, performance of the ECS approach at a catchment
scale with multiple first order sub-basins was not investigated in Khan
et al. (2014). Further, no verification of simulated stream flow against
observations was performed due to non-availability of streamflow ob-
servations at the first order sub-basin scale, which serves as the moti-
vation of the current study.

The aims of this study are to; 1) modify the ECS approach for semi-
distributed hydrological modelling at the catchment scale which con-
tains 822 first order sub-basins, 2) compare simulated streamflow of a
calibration free ECS approach with observations, and simulations from
four calibrated lumped conceptual models and 3) examine soil moisture
dynamics for the entire catchment and across four landforms at various
soil depths under different climate and land cover types.

2. Study area

This study is conducted for the McLaughlin catchment, which is a
sub-catchment of the Snowy River located in the Snowy Monaro region
in south-eastern New South Wales (NSW), Australia. The total catch-
ment area of the McLaughlin up to the confluence of Snowy River is
459 km?. The catchment area up to the gauging station is used in this
study due to the availability of observed streamflow at the gauging
station. The McLaughlin catchment up to the gauging station (Fig. 1a)
has the area of 314 km? and consists of 822 first order sub-basins. The
first order sub-basins areas vary from 0.8 ha to 283 ha. The elevation
range in the McLaughlin catchment up to the gauging station varies
from 740 m to 1231 m. The McLaughlin catchment is considered in this
study because this catchment and its neighbouring catchments have
been under hydrologic investigation for the last ten years because of
changes in land cover during the last 50 years (Khan et al., 2013; Tuteja
et al., 2007).

The Digital Elevation Model (DEM) data has the resolution of
25m X 25m and is derived from the contour and drainage data of NSW
topographic maps. All data for this research was taken from the pre-
vious studies by Tuteja et al. (2007).

2.1. Climate and runoff

Four climate zones were delineated for the McLaughlin and its
neighbouring catchments by Teng et al. (2008) using the climate sur-
faces of the Australian continent developed by Jeffrey et al. (2001)
(Fig. 1b). The daily Scientific Information for Land Owners (SILO) cli-
mate surfaces use daily gauged climate data of approximately 4600
locations across Australia. The density of these climate stations varies
across Australia. The density of climate stations is high near the coast of
Australia, especially in the south-east where the McLaughlin catchment
is located. The SILO climate surfaces use spatial interpolation algo-
rithms to generate daily climate surfaces such as daily rainfall and
evaporation at 5km X 5 km spatial resolution (Jeffrey et al., 2001). The
Root Mean Square Error (RMSE) of monthly SILO rainfall for
1990-1997 was 35.1 mm (Jeffrey et al., 2001).

In McLaughlin and its neighbouring catchments, the range of annual
rainfall, mean annual rainfall and pan evaporation for four climate
zones delineated by Teng et al. (2008) for the period 1975-2000 are
presented in Table 1. The mean annual rainfall and pan evaporation for
the McLaughlin catchment for the period 1975-2000 are 658 mm/y and
992 mm/y respectively. The annual rainfall for the McLaughlin catch-
ment for a wet year (1978) and a dry year (1982) varies in the range
1041 mm/y and 370 mm/y respectively, and the respective annual pan
evaporation values are 933 mm/y and 1194 mm/y. Daily streamflow
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Fig. 1. a) Catchment map showing first order sub-basins and stream network, b) Climate zone map (A: < 600 mm/y; B: 600-750 mm/y; C: 750-900 mm/y and
D: > 900 mm/y), c¢) Land cover map and d) Saturated Hydraulic Conductivity (Ksat) map of top soil horizon/material of the McLaughlin catchment.

Table 1
Climate data summary for four climate zones.

Climate Range of Mean annual rainfall Mean annual pan

zones annual rainfall ~ for the period evaporation for the
(mm/y) 1975-2000 (mm/y) period 1975-2000 (mm/

y)

A < 600 551 1038

B 600-750 662 977

C 750-900 825 930

D > 900 1300 817

data for the period 1975-2000 at the gauging station is used in this
study with the mean annual streamflow of 85mm/y, which is sig-
nificantly lower than the rainfall, indicating most of the rainfall is lost
to evapotranspiration.

The delineation of four climate zones used in this study is validated
by comparing the range of annual rainfall in four climate zones with the
average annual rainfall from SILO grid cells. The average annual
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rainfall for 1975-2000 period are calculated for all 26 SILO grid cells of
size 5km X 5km located either partly or fully in the McLaughlin
catchment (Fig. S-1 in the Supplementary material). The rainfall pattern
at gridded scale matches closely with the rainfall pattern of four climate
zones (Fig. 1b). This analysis confirms that the delineation of climate
zones is correct and the spatial variation of rainfall is well represented
by these climate zones.

2.2. Land cover

The McLaughlin catchment mainly consists of three land cover types
i.e. pasture, native woody and improved pasture (Tuteja et al., 2006)
(Fig. 1c), out of which pasture and native woody are the dominant land
cover types, comprising 86% and 13% of the total area respectively.
The area under improved pasture is negligible and therefore this land
cover class is merged with the pasture in this study. The Leaf Area Index
(LAI) and root biomass distributions of pasture and native woody land
cover types are taken from Tuteja et al. (2006, 2007).
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2.3. Soil type and depth

Murphy et al. (2005) developed a soils information package for the
McLaughlin and neighbouring catchments, which comprises spatial
distribution of soil types, soil depth and soil hydraulic properties on the
basis of their respective parent material, ancillary data sources and field
observations. Murphy et al. (2005) categorized individual soil types on
the basis of similarities in metadata associated with each soil type (e.g.
particle size analysis, bulk density and water holding capacity). The soil
hydraulic properties were determined using Pedotransfer Function
(PTF) models of Minasny and McBratney (2002) and Schaap and Leij
(1998). The soil types map and soil hydraulic properties of the
McLaughlin catchment are presented in Fig. S-2 and Table S-1 respec-
tively of the supplementary material. On the basis of this data, a
25m X 25 m pixel size raster of saturated hydraulic conductivity (Ksat)
of the top soil horizon/material is generated (Fig. 1d) for the
McLaughlin catchment. The variation of Ksat is in the range of 4.8 cm/d
to 105cm/d. These values are inferred on the basis of soil physical
properties (e.g. particle size distributions and bulk density), soil topo-
sequences, extensive field work and laboratory analysis (Chapman and
Atkinson, 2000; Geeves et al., 1995; Murphy et al., 2005). While ac-
knowledging uncertainty around Ksat values, we note that these are
high quality soils data sets for large catchments.

Soil depth data is taken from Murphy et al. (2005) based on the
methodology of McKenzie et al. (2003). The soil depths are higher near
valley bottoms and lower at the top of hillslopes.

3. Catchment modelling

Semi-distributed modelling using the ECS approach consists of the
following steps: 1) delineating first order sub-basins, 2) delineating
HRUs using topographic and geomorphic analysis of the entire catch-
ment, 3) ECS delineation, 4) 2-dimensional soil moisture model simu-
lations across every ECS in a first order sub-basin, and 5) post proces-
sing of outputs. The description of 2-dimensional soil moisture
movement model, HRUs and ECS approach, and catchment modelling
methodology are presented in the following sub-sections.

3.1. 2-Dimensional Richards’ equation based unsaturated soil moisture
movement model

The unsaturated soil moisture movement model (U3M-2d) devel-
oped by Tuteja et al. (2004) is used to perform the hydrological mod-
elling across the ECSs of the McLaughlin catchment. This model is based
on the 2-d solution of Richards’ equation. The Richards’ equation has
been criticised for simulating the hydrologic fluxes at coarse scale as it
was originally derived at point scale (Beven, 2001; Beven, 2012;
Grayson et al., 1992a; Grayson et al., 1992b; Kirchner, 2006; Singh and
Woolhiser, 2002), and may not capture non-linearity of hydrological
processes at various scales. However, still majority of existing physi-
cally based distributed hydrological models use the Richards’ equation
(eitherl-d, 2-d or 3-d formulation) to calculate unsaturated zone fluxes.
These models include: MIKE-SHE (Abbott et al., 1986a; Abbott et al.,
1986b), HYDRUS-1d, 2-d & 3d (Simunek et al., 1999, 2005, 2006),
CATHY (Paniconi et al., 2003), GSSHA (Downer and Ogden, 2004),
MODHMS (Panday and Huyakorn, 2004), tRIBS + VEGGIE (Ivanov
et al., 2008a,b), ParFlow (Kollet and Maxwell, 2006), and HydroGeo-
sphere (Brunner and Simmons, 2012). Previous investigations have
shown that these models have been successful in simulating the hy-
drological fluxes at catchment scale. The Richards’ equation based
U3M-2d model has also been successful in simulating the hydrological
fluxes from the ECSs (Khan et al., 2014).

The U3M-2d model is an extended version of 1-d unsaturated soil
moisture movement model (U3M-1d) developed by Vaze et al. (2004),
which was based on 1-d solution of Richards’ equation. The detailed
concept and equations used in U3M-2d are presented in Section

Journal of Hydrology 564 (2018) 944-966

3.11-3.13 of Tuteja et al. (2004) (see http://www.toolkit.net.au/Tools/
CLASS-U3M-1D/publications for details).

The model requires four types of input data for each modelling
element (pixel): 1) climate, which includes daily rainfall, pan eva-
poration, maximum and minimum temperature and radiation, 2) soil
hydraulic properties and soil depths, 3) root biomass distribution and
leaf area index (LAI) of each land cover types, and 4) elevation and
slope of each pixel. U3M-2d divides the entire soil column into four soil
horizons or soil materials, and each soil material is further divided into
thinner soil layers for computational purpose. The model uses three
boundary conditions, 1) specified flux (rainfall minus potential soil
evaporation) at the soil surface, 2) free drainage boundary condition at
the bottom of the soil profile; specified head or specified flux boundary
condition is also available in the model for the bottom of the soil pro-
file, and 3) specified flux representing soil moisture contribution from
upslope pixels across each soil material of the soil profile.

The U3M-2d model uses Richards’ equation for performing local
water balance computations along the vertical axis (for each soil layer)
of every pixel of a hillslope cross section while accounting for flux from
the upslope areas. Gravity drainage, capillary rise, evapotranspiration,
soil moisture and downslope soil water outflow are then computed for
each pixel. A variable sub-daily time step is used for partitioning the
water balance (transpiration, soil evaporation, deep drainage and soil
moisture excess) in the unsaturated zone. The sub-daily computational
time step varies from user defined minimum (e.g. 5 min) to maximum
(e.g. 1 hr) and exact values are decided on the basis of rainfall intensity.
The smaller time step (e.g. 5min) is considered for the very high in-
tensity rainfall (e.g. 1000 mm/d) and 1 hr time step for the low in-
tensity rainfall (e.g. 5mm/d). For rainfall intensity in between these
two extremes, the time steps are adaptively adjusted depending on the
transient soil moisture conditions. To calculate rainfall intensity at a
sub-daily time step, U3M-2D disaggregates the input daily rainfall data
by dividing the daily rainfall with the user defined time step, used in the
vertical water balance calculation. For example, an hourly time step is
used for low rainfall intensity of 5mm/d.

Potential plant transpiration and potential soil evaporation are
calculated from potential evapotranspiration on the basis of monthly
LAI and land cover type. Actual transpiration and soil evaporation are
dynamically calculated on the basis of available water in the root zone,
user defined root biomass distribution and transpiration factor derived
from the wilting point, field capacity and saturated soil moisture con-
tents.

The horizontal water balance component of U3M-2d model per-
forms the computations at daily time scale. The excess moisture arising
from the variably saturated conditions within each soil material is ag-
gregated at a daily time scale and horizontally transferred to the re-
spective soil materials in the next downslope pixel based on Darcy’s
law. The daily simulated fluxes for each pixel are soil moisture, actual
transpiration, soil evaporation, horizontal fluxes and drainage below
the root zone (deep drainage).

3.2. Overview of sub-basin, HRU and equivalent cross-section delineation
approach

Catchment modelling starts with dividing the catchment into
Strahler’s first order sub-basins. The order of sub-basins was decided on
the basis of variation in saturated hydraulic conductivity of soils as sub-
basins are aggregated to higher units, i.e., second and higher order sub-
basins. Results from Khan et al. (2013) showed significant increases in
saturated hydraulic conductivity variability in higher order sub-basins.
Therefore, first order sub-basins are selected as units for aggregating
and transferring hydrologic fluxes down the stream. Within a first order
sub-basin, contiguous, topologically connected HRUs are delineated to
transfer the soil moisture fluxes from the upper parts of a hillslope to
the lower parts. Khan et al. (2013) derived landform delineation
thresholds from a range of terrain analysis techniques — the Cumulative
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Area Distribution (CAD) curve, average local slope, curvature, Com-
pound Topographic Index (CTI) and the Multi Resolution Valley Bottom
Flatness (MRVBF) index and divided the catchment into four major
landforms (upslope, midslope, footslope and alluvial flats). These
landforms represent the macroscopic changes in the catchment land-
scapes. The widths of alluvial flats, footslope, midslope and upslope are:
0-25m, 25-75m, 75-350m and > 350m respectively for the
McLaughlin catchment. Note that, the delineated landform widths are
smaller near the stream network and increases with distance from the
stream in order to represent the saturation zone more appropriately
near the stream network.

These HRUs were used as the basis for formulating the ECS ap-
proach at the first order sub-basin scale to reduce the computational
time/effort in distributed hydrological modelling, without significant
reduction in accuracy (Khan et al., 2014). To formulate an ECS, mul-
tiple cross sections are delineated in a sub-basin and then the topo-
graphical and physiographical features of cross sections are length
weighted averaged on a landform basis within a sub-basin. Depending
on the soil type pattern, single or multiple ECS in each Strahler’s first
order sub-basin were formulated to represent the full or a part of the
sub-basin. Soil type pattern within a sub-basin determine the number of
ECS as follows: 1) If the soil types remain unchanged within a sub-
basin, then a single equivalent cross-section can represent the entire
sub-basin, 2) If the soil types are consistent with landform pattern, i.e.,
different soil near the center of the river and changes towards the ridge
line, then the three equivalent cross-sections, left bank, right bank and
head water, can represent a sub-basin, and, 3) If the soil types do not
follow a landform pattern or any other systematic pattern, at least one
equivalent cross-section in each soil type is required to represent a sub-
basin. Khan et al. (2014) investigated the ECS approach for seven dis-
crete first order sub-basins of the McLaughlin catchment along with the
Wagga-Wagga experimental catchment. The simulated fluxes from the
ECS approach were compared with the simulated fluxes from the dis-
tributed modelling at multiple cross-sections. The fluxes obtained from
both approaches were very close whereas the computational time re-
duced significantly using the ECS approach. As observed streamflow
data for the first order sub-basins were not available, the ECS approach
was validated using soil moisture observations in the Wagga-Wagga
experimental catchment and results found to be consistent with the
observed soil moisture (Khan et al., 2014). The Soil Moisture And
Runoff simulation Toolkit (SMART) developed by Ajami et al. (2016)
used ECS approach. Here, the ECS approach is modified to perform
semi-distributed hydrological modelling at the catchment scale and to
compare the simulated runoff with the observed discharge at the
catchment outlet.

3.3. Catchment scale modelling using the equivalent cross-sections with four
landforms

A summary of the ECS formulation with four landforms (ECS-4LF)
for catchment scale modelling is presented in Fig. 2. As can be seen in
Fig. 2a, a sample first order sub-basin contains four landforms: upslope,
midslope, footslope and alluvial flats to maintain topological con-
nectivity in a hillslope. The McLaughlin catchment contains 822 first
order sub-basins (Fig. 1a) with variety of soil types (Fig. S-2 in Sup-
plementary material and Fig. 1d). To formulate the ECS for 822 first
order sub-basins in an automated manner, it is essential to maintain
consistency in ECS formulation approach throughout all sub-basins.
Therefore, all ECS are formulated on the basis of soil types and land-
forms. For example, if the first order sub-basin has three soil types
(Fig. 2b), three ECS (one each for each soil type) are formulated
(Fig. 2¢) and in the case of one soil type, only a single ECS is formulated
for the entire sub-basin.

To formulate ECSs on a four landform basis (ECS-4LF), first order
sub-basins layer of the catchment is overlaid with the soil type and
landform layers (Fig. 3). Therefore, each first order sub-basin will
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contain soil type polygons and within each soil polygon, landforms are
available. One ECS-4LF is formulated for each soil type polygon within
each first order sub-basin (Fig. 3). To perform the 2-d distributed hy-
drologic modelling on each ECS-4LF, the following topographical and
physiographical parameters are required for each pixel of the ECS-4LF:
elevation, soil depths, slope, climate, land cover and soil type. The
following parameters are calculated for each landform of the ECS:
width, slope, elevation, land cover and climate.

To compute landform width, it is assumed that the shape of each
landform polygon is rectangular. This is a reasonable assumption be-
cause the actual landforms are generally long narrow curvy strips and
they can be replicated by equal area/perimeter rectangles (Fig. 2a & 3).
Eq. (1) is used to calculate the width of each landform within a soil
polygon using its area and perimeter:

Pi—y pi2_16ai

4

w; =

(€8]
where,
i = 1 (upslope), 2 (midslope), 3(footslope) and 4(alluvial flats)

w; is the width of landform i and a; and p; are the area and perimeter of
the landform i respectively calculated in ArcGIS. The 2-d distributed
hydrological modelling of an ECS-4LF is performed along the length of
an ECS-4LF obtained by summation of the widths of all landforms, i.e.
upslope, midslope, footslope and alluvial flats, within a soil polygon.
Note that, Khan et al. (2014) calculated the length of an ECS by ar-
ithmetic averaging of the lengths of multiple cross-sections drawn in a
first order sub-basin. Drawing of multiple cross-sections in each first
order sub-basin is not practically feasible here as the number of sub-
basins is large (822) and the ECS formulation needs to be automated.
Therefore, calculation of ECS-4LF length is simplified for formulating
the ECS-4LF in 822 first order sub-basins. The length of an ECS-4LF is
divided into 25 m interval, i.e., the resolution of DEM data, and model
parameters are obtained for each element.

Average slope of each landform within a soil polygon is obtained by
averaging local slope of all grid cells (25m X 25m) in a landform.
Local slope is calculated in ArcGIS using available DEM data, and the
average landform slope is used in formulating an ECS-4LF (Fig. 3). In a
similar manner, average soil depths of all four soil materials/horizons
for each landform are calculated from the available soil depth rasters of
individual soil material/horizons (Fig. 3). Note that, Khan et al. (2014)
calculated the slope and soil depth of each landform of an ECS by length
weighted averaging of slope and soil depth of multiple cross-sections
drawn in a first order sub-basin. But as stated above, drawing of mul-
tiple cross-sections in each first order sub-basin is not practically fea-
sible due to number of sub-basins. Therefore, calculation of slope and
soil depth is simplified here.

For the climate and land cover type, only the dominant class in each
landform within a soil polygon of a first order sub-basin is obtained. For
example, if 80% area of a landform is covered with pasture and 20%
covered with native woody, then the pasture land cover is assigned for
this landform and the associated 25 m pixels (Fig. 3).

The maximum elevation of each landform is calculated from the
DEM data. This elevation was assigned to the first upslope pixel of the
uppermost landform in an ECS-4LF. The elevations of other pixels in the
ECS-4LF are calculated with the help of average slope of landforms and
landform widths which are calculated earlier (Fig. 3).

The land cover types, climate zones, soil depths of all soil materials
and slopes are considered constant within those pixels of an ECS-4LF
that are located within the same landform. For example if an ECS-4LF is
250m long (10 pixels), and upslope contains 3 pixels, then the land
cover type (dominant), climate zone (dominant), soil depth (average)
and slope (average) of these 3 pixels remain the same. In this manner, a
total of 2392 ECSs-4LF are formulated for 822 first order sub-basins in
the McLaughlin catchment. The 2-d distributed hydrological modelling
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Fig. 2. Schematic of the equivalent cross-
section modelling with four landforms ap-
proach, a) Four landforms are delineated for
a first order sub-basin, b) Soil type map of a
first order sub-basin is obtained, and c) First
order sub-basin is divided into three sections

based on soil type polygons. Equivalent
cross-sections (ECS-1, ECS-2 and ECS-3) are
formulated for each soil polygon and used in
a 2-d distributed hydrologic modelling.

(b) (c)

is performed for every ECS-4LF using the U3M-2d at a pixel scale. The
connectivity of first order sub-basins with stream network is shown in
Fig. 1a. The simulated results are available for each pixel of an ECS-4LF
and it includes daily soil moisture, actual transpiration, soil evapora-
tion, horizontal fluxes and drainage below the root zone (deep drai-
nage).

Initial processing of the topographical and physiographical data for
formulating an ECS-4LF is performed in ArcGIS and the final output
organized in an attribute table which contains ECS properties. Later, R
and Matlab scripts are written to process this data and prepare input
data files in an automated manner for the U3SM-2d model. The soil
hydraulic properties and land cover related parameters are also as-
signed in input files using R and Matlab scripts. The U3M-2d model
written in C#, run for 2392 ECS-4LF using a workflow based approach
which is written in R. The simulated data is post processed using R
scripts.

3.4. Catchment scale modelling using the equivalent cross-sections with
single landform

To investigate the impact of aggregating ECS properties in simulated
fluxes, the four landforms of an ECS are replaced with a single land-
form. The method of formulating and processing of geospatial data in
the equivalent cross-section on a single landform basis (ECS-SLF) is
similar to the ECS-4LF. The major difference is on the averaging/
weighting of topographical and physiographical properties of an ECS is
performed on a single landform instead of four landforms.

As one ECS-SLF is delineated per soil polygon, the average slope of
all grid cells in a soil polygon is calculated as there is only one landform
within a soil polygon. In a similar manner, average soil depths of all
four soil materials/horizons for each soil polygon are calculated from
the available soil depth rasters of individual soil material/horizons. For
the climate and land cover type, only the dominant class in each soil
polygon of a first order sub-basin is obtained. For example, if 80% area

949

Equivalent
cross-section (ECS-2)

Equivaent
cross-section (ECS-3)

of a soil polygon is covered with pasture and 20% covered with native
woody, then the pasture land cover is assigned for this single landform
and the associated 25 m pixels.

To compute the single landform width, the soil polygons are as-
sumed to be an equivalent square, and the width of a square is calcu-
lated by taking the square root of soil polygon area. This is a reasonable
assumption as areas of polygons are preserved here compared to the
ECS-4LF and the equivalent square concept helps in automating ECS
formulation in large catchments.

The maximum elevation of each soil polygon is calculated from the
DEM and was assigned to the first upslope pixel of an ECS-SLF. The
elevations of other pixels in the ECS-SLF are calculated with the help of
the average slope of a single landform and landform width calculated
earlier.

The land cover types, climate zones, soil depths of all soil materials
and slopes are considered constant within each pixel of single landform.
For example if a single landform is 250 m long (10 pixels), then the land
cover type (dominant), climate zone (dominant), soil depth (average)
and slope (average) of these 10 pixels remain the same. Note that, in
this example the length of ECS-SLF will also be 10 pixels as there is only
one landform in each ECS. In this manner, a total of 2458 ECSs-SLF are
formulated for 822 first order sub-basins in the McLaughlin catchment.
Simulations across ECS-SLF are performed using the U3SM-2D at pixel
scale as described in Section 3.3. Note that, the U3M-2d model remains
unaltered in both the ECS-4LF or ECS-SLF approaches presented here.
In each case the model is applied at a pixel scale with parameters de-
rived for four or a single landform depending on whether the ECS-4LF
or ECS-SLF approach is considered.

3.5. Catchment modelling using lumped conceptual models

In the ECS-4LF and ECS-SLF based distributed modelling ap-
proaches, actual topographical and physiographical parameters were
obtained from the geospatial data without any calibration. To compare
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the ECS-4LF and ECS-SLF based modelling simulations against lumped
conceptual models which require thorough calibration, four lumped
conceptual models, GR4J, Sacramento, Simhyd and SMAR in different
setups are used.

3.5.1. GR4J

A four parameter based lumped conceptual model GR4J developed
by Perrin et al. (2003) is used within WAFARi2 (Water Availability
Forecast of Australian Rivers) modelling system which is the modified

version of WAFARI, developed by the Bureau of Meteorology, Australia,
to issue seasonal streamflow forecasts (Shin et al., 2011; Tuteja et al.,
2011). The GR4J model is selected because of its high performance in
simulating streamflow for a wide range of Australian catchments. The
GR4J model is calibrated for each year in cross-validation mode for the
period 1970-2000 using a 5-year leave out window. As an example,
when simulating streamflow for 1981, GR4J is calibrated using data for
1970-1980 and 1986-2000. Similarly, the 5-years moving leave out
window steps through all years during 1970-2000. Altogether, 200
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parameter sets are generated by using a weighted least square (WLS)
option for the total error model to define the objective function in the
Bayesian Total Error Analysis (BATEA) framework within the WAFARi2
modelling system (Kavetski et al., 2006a,b; Shin et al., 2011; Tuteja
et al.,, 2011). Generated parameter sets for each year are used in the
model to generate 200 ensembles of daily streamflow for each year with
the observed daily rainfall and evaporation data. The differences be-
tween these 200 ensembles are negligible and therefore median, mean
or even a single ensemble member gives the same results. In this study,
median of 200 ensembles is considered for each year, and a continuous
daily time series of simulated streamflow for the entire study period, i.e.
1975-2000, is generated using the McLaughlin daily rainfall and po-
tential evapotranspiration data.

3.5.2. Sacramento, Simhyd and SMAR simulations

Three lumped conceptual models, Sacramento (Burnash, 1985;
Burnash et al., 1973), Simhyd (Chiew et al., 2002) and SMAR (Kachroo,
1992; O’Connell et al., 1970; Tuteja and Cunnane, 1999) are also spe-
cified for the McLaughlin catchment to compare with the simulations
from the ECS-4LF and ECS-SLF cases. These widely used lumped models
are specified by dividing the entire data length (1975-2000) into two
equal parts for model calibration (1975-1987) and validation
(1988-2000). The 1970-1974 simulation period is considered as the
warm-up period. The computer programs for all three models (Sacra-
mento, Simhyd and SMAR) are obtained from the Rainfall Runoff Li-
brary (RRL) (Podger, 2004). Model calibration is performed using the
Shuffled Complex Evolution method (SCE-UA) (Duan et al., 1993,
1994) and Nash Sutcliffe Efficiency (NSE) (Nash and Sutcliffe, 1970) is
used as the objective function. A continuous daily time series of simu-
lated streamflow for the entire study period (i.e. 1975-2000) is gen-
erated using the optimized parameters for each model.

3.6. WaterDyn/AWAP model for evapotranspiration and soil moisture
verification

The WaterDyn model was developed under the Australian Water
Availability Project (AWAP) by CSIRO (Raupach et al., 2009). The
WaterDyn/AWAP model is a terrestrial water balance model runs at
5km X 5km grid scale and solves the water balance equations mainly
in unsaturated soil columns at a daily time step (Raupach et al., 2009).
To verify the simulated evapotranspiration from the ECS-4LF and ECS-
SLF approaches, simulated monthly evapotranspiration from the Wa-
terDyn model is used as no eddy covariance or sap flux data is available.
The spatial variation of average annual evapotranspiration and soil
moisture for the entire study period (1975-2000), wet year (1978) and
dry year (1982) from the WaterDyn/AWAP model are also compared
with the ECS-4LF and ECS-SLF approaches. The results are presented
and discussed in Section 4.2.3.

3.7. Satellite derived data for soil moisture verification

The European Space Agency Climate Change Initiative (ESA CCI)
surface soil moisture data are used to verify simulated soil moisture
from the ECS-4LF approach. The ESA CCI has released daily surface
(~2cm) soil moisture products at a spatial resolution of 0.25° (ap-
proximately 25km at Equator) using seven passive and three active
microwave spaceborne instruments covering 38 years from November
1, 1978 to December 31, 2016 (current version 04.2) (http://www.esa-
soilmoisture-cci.org/) (Liu et al., 2012). Three products are available in
the CCI soil moisture: active, passive, and active—passive combined
data, which have been comprehensively validated at the global scale
and applied for long-term studies with promising performances (Dorigo
et al., 2017; Kim et al., 2018; Miralles et al., 2013). The ESA CCI soil
moisture is a composite product from the multiple passive and active
microwave spaceborne instruments, and there have been advances in
the quality and temporal coverage of the product through time. The
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1979-1987 data product is based on a single instrument, while the
1991-2000 data are from the multiple advanced instruments (Chung
et al., 2018). Further, the number of observations in each year is high
during 1991-2000 period in comparison to the 1979-1987 period.
There are no observations available during Aug-1987 to Jul-1991
period in ESA CCI soil moisture data set covering the study catchment.
Considering the significant differences in quality and number of ob-
servations in ESA CCI soil moisture data set during 1979-1987 and
1991-2000 periods, the 1991-2000 data set is used in this study. From
the ESA CCI soil moisture data, area weighted catchment average daily
soil moisture is generated for the McLaughlin catchment. This data is
compared with the landform area weighted catchment average daily
simulated soil moisture from the top model layer (10 cm) in the ECS-
4LF approach. The results are presented and discussed in Section 4.2.4.

4. Results and discussion

The comparison of simulated streamflows from the ECS-4LF and
ECS-SLF approaches with the observed streamflow and four conceptual
models are presented in the following sub-sections. The spatial dis-
tribution of hydrological fluxes and analysis of soil moisture dynamics
for different climates and different land covers of the entire catchment
and landforms, from the ECS-4LF and ECS-SLF approaches are also
presented.

4.1. Comparison of simulated and observed streamflows

The daily time series of simulated streamflows from all models and
approaches are compared with the observed streamflows in the fol-
lowing sub-section. Further, the scatter between the simulated and
observed streamflows and bias are also compared in the following sub-
sections.

4.1.1. Comparison of daily flow series for a selected year

Daily horizontal fluxes and deep drainage are simulated for each
pixel of an ECS-4LF and ECS-SLF using the U3M-2d model. The deep
drainage from all the pixels in ECS-4LF and ECS-SLF are arithmetically
averaged and added with the horizontal fluxes from the last pixel to
obtain the total streamflow from the single ECS-4LF and ECS-SLF. Total
streamflow from every ECS is multiplied by the soil polygon area from
which the ECS-4LF or ECS-SLF was formulated to obtain weighted total
streamflow for a first order sub-basin. The weighted total daily
streamflow from all 822 sub-basins are added to obtain the total si-
mulated streamflow at the outlet of McLaughlin catchment. Simulated
daily streamflow from the ECS approach and four conceptual models
(GR4J, Sacramento, Simhyd and SMAR) are shown for the year 1995 as
it is one of the validation years for the lumped conceptual models
(Fig. 4a-f). The Nash Sutcliffe Efficiency (NSE) and Mean Absolute Error
(MAE) values for the entire simulation period, i.e., 1975-2000 at daily,
monthly and annual time scales are presented in Tables 2and 3 re-
spectively. The daily NSE of the ECS-4LF simulation is lower than all
four conceptual models (Tables 2). However, at the monthly time scale,
performance of the ECS-4LF approach is improved and is comparable
with other conceptual models (Tables 2). At annual time scale, the ECS-
4LF approach has the second highest NSE after the Sacramento model
(Tables 2). Daily, monthly and annual NSE values of the ECS-4LF ap-
proach are higher than the ECS-SLF approach. The daily MAE of the
ECS-4LF approach is very low, and only the MAE of GR4J is lower than
the ECS-4LF approach (Table 3). The monthly and annual MAE values
of ECS-4LF approach are higher than the Sacramento and SMAR
models, close to GR4J model, and lower than the Simhyd model
(Table 3). The MAE values of ECS-SLF at daily, monthly and annual
scale are higher than the ECS-4LF approach (Table 3). It should be
noted that the NSE values are more influenced by accurately simulating
high flows whereas MAE reflect the overall performance, i.e., high as
well as low flows. As a result, it can be concluded that the overall
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Fig. 4. Daily time series of observed and simulated streamflows from the a) ECS-4LF, b) ECS-SLF, ¢) GR4J, d) Sacramento, e) Simhyd and f) SMAR for the year 1995.

Table 2 Table 3
Comparison of NSE values of all models at daily, monthly and annual time Comparison of Mean Absolute Error (MAE) values of all models at daily,
scales for the period 1975-2000. monthly and annual time scales for the period 1975-2000.
Modelling approaches/Models NSE-daily NSE-monthly NSE-annual Modelling approaches/ MAE-daily MAE-monthly MAE-annual
Models (mm) (mm) (mm)
ECS-4LF 0.32 0.54 0.68
ECS-SLF 0.23 0.47 0.64 ECS-4LF 0.21 4.75 39.72
GR4J 0.43 0.55 0.60 ECS-SLF 0.24 5.27 42.48
Sacramento 0.53 0.67 0.74 GR4J 0.19 4.57 39.21
Simhyd 0.41 0.65 0.35 Sacramento 0.23 4.10 29.71
SMAR 0.59 0.70 0.67 Simhyd 0.38 6.81 65.15
SMAR 0.24 3.74 34.40
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performance of the ECS-4LF approach is reasonable, given no calibra-
tion is involved in its specification, and this approach has the potential
to be applied in ungauged areas.

At a daily time scale the ECS-4LF and ECS-SLF approaches simulate
low flows well (Fig. 4a-f) while underestimating the very high flow
events (Fig. 4a-b). Performance of conceptual models for streamflow
simulation varies. The GR4J model overestimates high flows in 1995
but simulates low flows with reasonable accuracy (Fig. 4c). The Sa-
cramento and Simhyd models overestimate high and low flows in 1995
(Fig. 4d and e). The SMAR model simulates low as well as high flows
reasonably well but it underestimates a few high flow events in 1995
(Fig. 4f). The performance of ECS-4LF at a daily time scale is reasonable
by considering that no parameter adjustment is performed for this ap-
proach and all parameters are directly derived from the topographical
and physiographical features of the catchment.

4.1.2. Overall model performance comparison

The bias of daily simulated streamflow is calculated by estimating
the average difference between the simulated and observed streamflows
for the entire period (1975-2000). The positive bias indicates over-
estimation of streamflows by the model and negative bias indicates
underestimation. The ECS-4LF, ECS-SLF and GR4J models have small
bias during low flows whereas high negative bias exists for some of the
high flow events (Fig. 5a-c). The Sacramento model has mostly positive
bias in low and high flows and it overestimates some of the high flow
events (Fig. 5d). The Simhyd model significantly overestimates low and
high flows as shown by a large positive bias throughout the simulations
(Fig. 5e). The bias in SMAR is slightly smaller than the other five
models during low and high flow periods (Fig. 5f). Though none of
these models perform extraordinarily well, all conceptual models re-
quire observed streamflows to optimise parameter sets, which is not the
case with ECS-4LF and all parameters are directly derived from the
topographical and physiographical features of the catchment. As a re-
sult, it can be concluded that the ECS-4LF approach can be applied in
ungauged catchments with reasonable accuracy.

Water balance partitioning based on ECS-4LF approach revealed
that the actual evapotranspiration constitutes around 82% of rainfall
for the whole study period, whereas the deep drainage and horizontal
flows constitute around 15% and 2% respectively of rainfall. Therefore,
the majority of rainfall evapotranspires and only a small amount of
rainfall contributes to streamflow. Previously, Khan et al. (2014) per-
formed 2-d distributed modelling on multiple cross-sections on seven
first order sub-basins. Properties of these cross sections are derived
from actual topographic and physiographic properties of each pixel in a
cross section. Comparison of simulated soil moisture and various hy-
drological fluxes including transpiration and soil evaporation from the
ECS approach found to be consistent with these distributed cross sec-
tion simulations. In particular, simulated evapotranspiration from the
ECS approach closely resembles distributed cross section simulations.
We further assess accuracy of simulated evapotranspiration using data
from the Australian Water Availability Project (Raupach et al., 2009)
presented in Section 4.2.

To analyse sensitivity of streamflow to initial soil moisture condi-
tions, two extreme initial conditions, very wet (close to saturation) and
very dry (close to residual moisture content), are considered in the ECS-
4LF approach. The ECS-4LF simulations with average initial soil
moisture conditions are presented throughout this paper. Comparison
of three simulated streamflow time series from the wet, dry and average
initial condition with daily observed streamflow shows that the initial
soil moisture conditions cause small differences in simulated stream-
flows for the first few (8-9) months. After that, the impact of initial
condition diminishes and all three simulated time series become similar
(figures are not presented here but are available from the authors on
request).

One of the major benefits of the ECS-4LF with U3M-2d model ap-
proach over the conceptual models is that it provides a variety of
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spatially distributed hydrological fluxes in addition to streamflow,
whereas the conceptual models only provide catchment average out-
puts. The various spatially distributed hydrological fluxes will be dis-
cussed in the following sections.

In comparison with the 3-d grid based distributed modelling ap-
proaches, the number of modelling elements decreased substantially,
from 501,953 pixels for a 3-d case to 12,430 pixels for the ECS-4LF
approach in the McLaughlin catchment. This 40 times reduction in the
number of computational units is irrespective of CPU speed and de-
creases the computational time at the same order, i.e., 40. This reduc-
tion in computational units/time will enable hydrologic modellers to
assess long term climate change impacts in large catchments using high
resolution spatial information and also to perform uncertainty analysis
using multiple climate change scenarios.

The impact of channel routing on simulated streamflow from the
ECS-4LF approach is also explored. Three routing models are applied at
the catchment scale. These are the Muskingum model (Cunge, 1969;
Nash, 1959), Ordinary Least Square (OLS) model (Liang and Nash,
1988) and Linear Perturbation Model (LPM) (Nash and Barsi, 1983). To
apply these models, single input and single output routing schemes are
considered and parameters of the routing models are calibrated using
the observed streamflow data. While adding these routing models
slightly improved simulated streamflow, the results were not consistent
throughout the study period. As a result, the routing models were not
considered due to calibration of routing parameters. In addition,
channel routing becomes important in catchments that are larger than
the study catchment (Liang and Nash, 1988). For those very large
catchments, calibration free channel routing models can be developed
similar to those used for ungauged areas. All simulation results pre-
sented here are based on derived parameter values from the actual
topographical and physiographical features of the catchment and no
calibration was performed. As channel routing is not considered in the
ECS-4LF and ECS-SLF approaches, water storage mechanism in chan-
nels cannot be considered. However, the impacts of unsaturated zone
storage on streamflow and the rest of catchment fluxes are considered
in the U3M-2d model.

4.2. Spatial variability of catchment scale fluxes in relation to climate and
land cover

Daily actual transpiration and soil evaporation are simulated on
each pixel of an ECS-4LF and ECS-SLF using the U3M-2d model. The
actual transpiration and soil evaporation are added to calculate daily
actual evapotranspiration. For the ECS-4LF approach, actual evapo-
transpiration values for each landform within a soil polygon were ob-
tained as an arithmetic average of pixels located in the same landform
inside a soil polygon of a first order sub-basin. In the ECS-SLF approach,
as there is only a single landform in each soil polygon, the actual
evapotranspiration values were obtained as an arithmetic average of
pixels located inside a soil polygon of a first order sub-basin. Fig. 6a and
7a present the spatial variation of average annual evapotranspiration
from the ECS-4LF approach (at landform scale) and ECS-SLF approach
(at soil polygon scale) respectively, across the McLaughlin catchment
for the period 1975-2000. Daily soil moistures are simulated for each
pixel of an ECS-4LF and ECS-SLF at various depths. To obtain mean
annual soil moisture for each landform within a soil polygon for the
ECS-4LF approach, the soil moisture values of all pixels in a given
landform are averaged for the duration of the analysis. In a similar
manner, for the ECS-SLF approach, the soil moisture values of all pixels
in a soil polygon are averaged for the duration of the analysis to obtain
mean annual soil moisture for each soil polygon. Results are only pre-
sented for the surface soil layer of 10 cm depth (Fig. 6d for ECS-4LF and
7d for ECS-SLF). The averaging of pixel values in a given landform will
result in uniform soil moisture and evapotranspiration values in a
landform. Because the alluvial flat landform width is 0-25 m, saturation
in soil moisture generally occurs near the stream network. The width of
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Fig. 5. Daily bias in streamflows simulated from a) ECS-4LF, b) ECS-SLF, c¢) GR4J, d) Sacramento, e) Simhyd and f) SMAR for the entire period (1975-2000).

footslope is 50m (25m to 75m from the stream network), therefore
this landform will show average soil moisture of two pixels in the ECS-
4LF approach.

To compare the soil moisture distribution across a wet and a dry
year, average wet year (1978) and dry year (1982) soil moisture values
for the ECS-4LF and ECS-SLF are also mapped in Figs. 6e-f & 7e-f re-
spectively. Further, the spatial pattern of evapotranspiration in a wet

(1978) versus a dry year (1982) for ECS-4LF and ECS-SLF approaches
are presented in Figs. 6b-c & 7b-c respectively.

4.2.1. Spatial variability of evapotranspiration

Simulated average annual evapotranspiration in the McLaughlin
catchment ranges from 414 mm/y to 682mm/y for the ECS-4LF and
426 mm/y to 680 mm/y for the ECS-SLF approach (Figs. 6a & 7a). The
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Fig. 6. Simulated actual evapotranspiration and soil moisture from the ECS-4LF approach for the McLaughlin catchment, a) average annual evapotranspiration, b)
wet year (1978) evapotranspiration, c) dry year (1982) evapotranspiration, d) average soil moisture at surface soil layer for the whole study period (26 yr), e) wet
year (1978) average soil moisture at surface soil layer and f) dry year (1982) average soil moisture at surface soil layer.

ranges of average annual evapotranspiration in both ECS approaches
are very close but the ECS-SLF range is slightly narrower because the
averaging of topographical and physiographical properties is done at
the soil polygon scale instead of four landforms in a sub-basin. On
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average, evapotranspiration for native woody and pasture land cover
types are 555 mm/y and 538 mm/y respectively for the ECS-4LF ap-
proach whereas these are 557 mm/y and 537 mm/y respectively for
ECS-SLF approach. Evapotranspiration is higher for the native woody
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compared to the pasture due to higher water use efficiency, e.g. higher
LAI and deeper roots of the native woody vegetation (Figs. 6a, 7a & 1c).

Mean annual evapotranspiration in a wet year varies between
367 mm/y to 628 mm/y for the ECS-4LF approach and 371 mm/y to
627 mm/y for the ECS-SLF approach. The rainfall and potential eva-
potranspiration are 1041 mm/y and 793 mm/y respectively (Jeffrey
et al., 2001; Teng et al., 2008) (Figs. 6b & 7b). The maximum evapo-
transpiration in both ECS-4LF and ECS-SLF approaches are lower than
the potential evapotranspiration in a wet year due to higher frequency
of anoxic condition caused by fully saturated conditions in the root
zone. Despite the higher rainfall in the upper part of the catchment
compared to the low land, the evapotranspiration is lower due to the
lower potential evapotranspiration in climate zones C & D (Table 1) and
frequency of anoxic conditions.

Mean annual evapotranspiration in a dry year varies between
304 mm/y to 807 mm/y for the ECS-4LF approach and 311 mm/y to
805 mm/y for ECS-SLF approach (Fig. 6¢ & 7c¢). The evapotranspiration
in a dry year strongly shows the pattern of climate zones (rainfall) for
ECS-4LF and ECS-SLF approaches (Fig. 6¢, 7c & 1b, Table 1). The
rainfall amount in a dry year is very low, i.e., 370 mm/y, and potential
evapotranspiration is high, i.e., 1015 mm/y. Therefore, actual evapo-
transpiration is highly controlled by the limited available water in a dry
year. The upper ranges of evapotranspiration in the dry year for both
ECS-4LF and ECS-SLF approaches are higher than the wet year because
the potential evapotranspiration in the dry year is significantly higher
(1015 mm/y) than the wet year (793 mm/y) (Fig. 6b-c & 7b-c).

A common trend found in the first order sub-basins of all evapo-
transpiration maps in the ECS-4LF approach (Fig. 6a-c), is that evapo-
transpiration is gradually increasing from the upper landforms, i.e.,
upslope, toward the bottom landform, i.e., alluvial flats. However, this
trend is not presented in evapotranspiration maps of ECS-SLF approach
because the entire soil polygon is treated as one landform (Fig. 7a-c).
Therefore, the ECS-4LF approach is superior to the ECS-SLF approach in
representing the spatial variation of evapotranspiration along the hill-
slopes. The increasing trend of evapotranspiration from the upper
landform to the bottom landform is consistent with the field scenarios
as evapotranspiration is high in the wetter zones located close to the
river network. Further, it is also consistent with the increasing trend in
soil moisture from the upper landforms to bottom landforms as dis-
cussed in the next section, which shows that the evapotranspiration is
highly controlled by the amount of available water in the root zones.

In both ECS-4LF and ECS-SLF approaches, most of the evapo-
transpiration occurs in shallow rooting pasture as it covers around 86%
of the entire catchment and the remainder is the native woody covering
13% of the catchment. The simulated evapotranspiration from the ECS-
4LF is very close to the ECS-SLF approach but the ECS-SLF approach is
unable to simulate the evapotranspiration at a landform scale. Note that
the evapotranspiration is the dominant flux in the McLaughlin catch-
ment. The comparison of simulated evapotranspiration from ECS-4LF
and ECS-SLF approaches with the simulated evapotranspiration from
WaterDyn model (Raupach et al., 2009) is presented in detail in Section
4.2.3.

4.2.2. Spatial variability of soil moisture

The average soil moisture maps for ECS-4LF and ECS-SLF ap-
proaches for the whole study period, wet year and dry year show lower
soil moisture values in the upper part of the catchment and in few areas
of the lower part of the catchment (Figs. 6d-f & 7d-f). In the upper part
of the catchment, soil moisture values are lower because of higher
evapotranspiration from the native woody and the presence of shallow
yellow earth granite and earthy sands granite soil types. In these soil
types, surface soil material has significantly higher saturated hydraulic
conductivity than the deeper soil materials, causing more water to
move down in the deeper soil materials and retain less water in the
surface soil material (Fig. 1c, d and Fig. S-2 in Supplementary material).
The lower values of soil moisture in few areas of the lower part of the
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catchment such as along the main stem of the river network are mostly
due to the dominance of Lithosols Metasediments soil type (Figs. 6d-f,
7d-f, 1d and Fig. S-2 in Supplementary material). The saturated hy-
draulic conductivity (Ksat) of Lithosols Metasediments is 24 cm/d in all
four soil horizons/materials (Table S-1 in the Supplementary material).
These high values of Ksat in the lower soil horizons/materials allow
more water to pass downwards as deep drainage and less moisture is
retained in top soil layers (Figs. 6d-f, 7d-f, 1d and Fig. S-2 in Supple-
mentary material). Further, all soil moisture maps in ECS-4LF and ECS-
SLF approaches closely reflect soil types and climate zones pattern
(Figs. 6d-f, 7d-f, 1b, d and Fig. S-2 in Supplementary material). In
particular, the soil type pattern dominates because the soil type plays
an important role for simulating the water balance and soil moisture
values.

The average surface soil moisture for the ECS-4LF and ECS-SLF
during the whole study period (26 yr) varies from 0.12 (m%/m®) to 0.41
(m3/m3) over the entire catchment. For the wet year (1978), this ranges
between 0.14 (m>®/m®) to 0.42 (m®/m®) (Figs. 6d-e and 7d-e). For the
dry year (1982), the average soil moisture for the ECS-4LF varies from
0.09 (m*/m®) to 0.37 (m®/m>) and for the ECS-SLF varies from 0.09
(m3/m®) to 0.36 (m®/m®) (Figs. 6f and 7f). As can be seen in these
figures, no significant differences between the ECS-4LF and ECS-SLF
simulations are observed when ranges of soil moisture for the whole
duration, wet year or dry year are considered. As it is expected, soil
moisture values are higher in a wet year compared to the dry year for
both ECS-4LF and ECS-SLF approaches throughout the catchment, re-
flecting the influence of input rainfall and potential evapotranspiration
(Figs. 6e-f & 7e-f). In the ECS-4LF approach, all three soil moisture maps
show that the bottom landforms, i.e., alluvial flats, have higher soil
moisture values compared to the rest of the landforms because of higher
saturation near the river network (Fig. 6d-f). This pattern is not visible
in some sub-basins in the lower part of the catchment especially along
the main stem of the river network (Fig. 6d-f). Low soil moisture values
in these regions are due to the prevalence of Lithosols Metasediments
soil type that allows more deep drainage and less moisture retained in
the top soil layers (Fig. 6d-f and Fig. S-2 in Supplementary material).
Small water content of the top soil layer in all four landforms (upslope,
midslope, footslope and alluvial flats) of the main river network results
in small variation of soil moisture in these landforms during wet and
dry periods (Fig. 6d-f). The increase in soil moisture near the river
network cannot be seen in soil moisture maps from the ECS-SLF ap-
proach as the entire soil polygon is treated as a single landform (Fig. 7d-
). This highlights the importance of using multiple landforms in the
ECS approach to simulate the spatial variability of land surface states
and fluxes. The variability of soil moisture across landforms in the ECS-
4LF approach will be discussed in detail in Section 4.3.

Note that, the spatial variation of evapotranspiration and soil
moisture cannot be simulated in lumped conceptual models as the en-
tire catchment is treated as a single unit. This highlights the importance
of using the ECS-4LF based semi-distributed modelling approach. The
spatial comparison of simulated soil moisture from ECS-4LF and ECS-
SLF approaches with the simulated soil moisture from WaterDyn model
(Raupach et al., 2009) is presented in the next section.

4.2.3. Verification of evapotranspiration and soil moisture from WaterDyn/
AWAP model

The monthly simulated evapotranspiration values for 1975-2000
period are extracted from the WaterDyn/AWAP model developed by
Raupach et al. (2009) for the grids which are either completely or
partly located in the McLaughlin catchment. The weighted monthly
evapotranspiration is calculated for the entire McLaughlin catchment
from these gridded data and compared with the ECS-4LF and ECS-SLF
simulated evapotranspiration (Fig. 8a-b). The simulated evapo-
transpiration from both ECS-4LF and ECS-SLF approaches are very close
to the WaterDyn/AWAP model throughout the simulation period.

The average annual evapotranspiration for the entire study period
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Fig. 7. Simulated actual evapotranspiration and soil moisture from the ECS-SLF approach for the McLaughlin catchment, a) average annual evapotranspiration, b)
wet year (1978) evapotranspiration, c) dry year (1982) evapotranspiration, d) average soil moisture at surface soil layer for the whole study period (26 yr), e) wet
year (1978) average soil moisture at surface soil layer and f) dry year (1982) average soil moisture at surface soil layer.

(1975-2000), wet year (1978) and dry year (1982) from the WaterDyn/
AWAP model are also estimated and presented in Fig. 9a-c. The spatial
variation of evapotranspiration of WaterDyn/AWAP model is consistent
with the ECS-4LF and ECS-SLF approaches (Figs. 6a-c, 7a-c and 9a-c).
The average annual evapotranspiration for 1975-2000 from the Wa-
terDyn/AWAP model is higher in the upper part of the catchment and
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gradually decreases towards the lower part of the catchment. This
spatial pattern is consistent with the spatial pattern of evapo-
transpiration from the ECS-4LF and ECS-SLF approaches (Figs. 6a, 7a
and 9a).

In the wet year (1978), simulated evapotranspiration from the
WaterDyn/AWAP model is higher than the ECS-4LF and ECS-SLF
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Fig. 8. Comparison of monthly simulated evapotranspiration from the ECS-4LF, ECS-SLF approaches and WaterDyn/AWAP model for the McLaughlin catchment for
the period: a) 1975-1987 and b) 1988-2000. Note that the simulated evapotranspiration from the ECS-4LF and ECS-SLF are very close and black and grey lines

overlap each other.

approaches as shown in the evapotranspiration time series plot
(Figs. 6b, 7b, 8a and 9b). In terms of spatial patterns, simulated eva-
potranspiration in the upper part of the catchment (where climate zones
C & D are located) by the WaterDyn/AWAP are significantly higher
(ranges 700 to 790 mm) than the ECS-4LF and ECS-SLF approaches with
ranges from 330 to 660 mm (Figs. 1b, 6b, 7b and 9b). The reason for
these differences particularly in the wet year is mainly related to the
consideration of anoxic conditions in the root zone in U3M-2d model
caused by increases in soil saturation.

In the dry year (1982), the spatial pattern of evapotranspiration
from the WaterDyn/AWAP model is consistent with the ECS-4LF and
ECS-SLF approaches, and all three modelling approaches show higher
evapotranspiration in the upper part of the catchment and evapo-
transpiration is gradually decreasing towards the lower part of the
catchment (Figs. 6¢, 7c and 9c). In the upper part of the catchment
where climate zones C & D are located, the ranges of evapotranspiration

from ECS-4LF and ECS-SLF approaches are high (ranges 360 to
810 mm) compared to the ranges from the WaterDyn/AWAP model
(ranges 490 to 580 mm) (Figs. 1b, 6¢, 7c and 9c). The reason for these
differences is related to differences in soil depth and rooting depth
between the two models. In the ECS-4LF and ECS-SLF approaches, soil
layers are quite deep and can reach up to 6 m in some areas in the upper
part of the catchment. In addition, native woody vegetation has deep
rooting depth and can extract water from the deep soil layers (up to
4m) (Fig. 1c). Whereas in WaterDyn/AWAP model, the maximum
depth of soil layer is limited to 1.5m only and two soil layers are
considered with depths of (0 to 0.2m) and (0.2 to 1.5 m) for the upper
and lower soil layers respectively (Raupach et al., 2009). Soil moisture
in deep soil layers is high in comparison to the top soil layer as dis-
cussed in detail in Sections 4.3 and 4.4.

The mean annual soil moisture from the WaterDyn/AWAP model
for the entire study period (1975-2000), wet year (1978) and dry year
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Fig. 9. Simulated actual evapotranspiration and soil moisture from the WaterDyn/AWAP model at 5km X 5km grid cells located partly or fully within the
McLaughlin catchment, a) average annual evapotranspiration, b) wet year (1978) evapotranspiration, c¢) dry year (1982) evapotranspiration, d) average soil moisture
at upper soil layer for the whole study period (26 yr), e) wet year (1978) average soil moisture at upper soil layer and f) dry year (1982) average soil moisture at

upper soil layer.

(1982) are estimated and presented in Fig. 9d-f. In general, horizontal
and vertical distribution of soil moisture is highly variable between the
two models. Further, the WaterDyn/AWAP model is a daily terrestrial
water balance model with a spatial resolution of 5km x 5km (Raupach
et al., 2009). These limitations make soil moisture comparisons more

challenging. Despite the differences in the spatial resolution of both
models, top layer soil moisture patterns in the WaterDyn/AWAP model
is consistent with the ECS-4LF and ECS-SLF approaches (Figs. 6d-f, 7d-f
and 9d-f). There is a little variation in the upper part of the catchment
where ECS-4LF and ECS-SLF approaches show less soil moisture than
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Table 4

Correlation coefficient between daily ECS-4LF soil moisture and ESA CCI soil
moisture along with the number of ESA CCI observations in each year.

Year Correlation coefficient ~ Number of ESA CCI soil moisture data
points
1991 0.677 30
1992 0.576 80
1993 0.463 117
1994 0.540 125
1995 0.593 119
1996 0.438 111
1997 0.534 114
1998 0.819 240
1999 0.516 156
2000 0.658 170
1991-2000 0.612 1262

the WaterDyn/AWAP model (Figs. 6d-f, 7d-f and 9d-f). This difference
could be caused by the differences in soil properties between the two
models. In the ECS-4LF and ECS-SLF approaches, the soil type in the
upper part of the catchment is shallow yellow earth granite and earthy
sands granite with significantly higher saturated hydraulic conductivity
than the deeper soil materials, causing more downward movement of
water to the deeper soil materials and lower surface soil moisture
(Fig. 1d and Fig. S-2 in Supplementary material). The soil type and
properties used in the ECS-4LF and ECS-SLF approaches are from the
soil information package of Murphy et al. (2005). These high quality
datasets are specifically generated for the McLaughlin and neigh-
bouring catchments in the previous investigations. For the WaterDyn/
AWAP model soil properties are obtained from the Digital Atlas of
Australian Soils developed at continental scale. Therefore, it is quite
likely that soil properties would be different between the two models in
some small regions of the catchment. Despite minor differences in the
upper part of the catchment, in general the top layer soil moisture
spatial pattern from the ECS-4LF and ECS-SLF approaches are com-
parable with the WaterDyn/AWAP model.

The WaterDyn/AWAP model has been validated for catchment
outflows at various time scales in variety of catchments across Australia
and few climate variables, and found reasonably accurate (Raupach
et al., 2009). Therefore, the WaterDyn/AWAP model outputs are widely
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used in Australia. Although, there are differences in the input forcings,
spatial resolution, modelling methodology and soil information be-
tween the WaterDyn/AWAP model and ECS-4LF/ECS-SLF approaches,
the simulated evapotranspiration and soil moisture are consistent in
most parts of the McLaughlin catchment. These results indicate that the
ECS-4LF and ECS-SLF approaches have the potential to simulate eva-
potranspiration and soil moisture with reasonably good accuracy.

4.2.4. Verification of soil moisture from the European space agency climate
change Initiative data set

The correlation coefficients between area weighted catchment
average daily surface soil moisture from the ESA CCI and the landform
area weighted catchment average daily simulated soil moisture from
the ECS-4LF approach are calculated for individual years and the entire
period (1991-2000) (Table 4). The correlation coefficient for the entire
period is 0.612 but varies for individual year from 0.438 to 0.819
(Table 4) depending on the quality of ESA CCI soil moisture observa-
tions in individual years and availability of ESA CCI observations. The
average monthly soil moisture is also calculated from the daily catch-
ment average soil moisture from the ESA CCI and ECS-4LF approaches.
The correlation coefficient from the average monthly soil moisture for
the entire period (1991-2000) is 0.64 which is slightly higher than the
daily data. Overall the correlation coefficient values between the two
data sets at daily and monthly time scales are reasonably high despite
the large differences in spatial resolution.

The ECS-4LF daily soil moisture time series is also compared with
the ESA CCI daily soil moisture time series for year 1995 in Fig. 10 as
the same year is used for streamflow comparison (Fig. 4). The simulated
soil moisture values from the ECS-4LF approach are matching closely
with the ESA CCI soil moisture values (Fig. 10). Similar trends are also
observed in other years. Considering the large differences in horizontal
as well as vertical resolution between the ECS-4LF and ESA CCI ap-
proaches, the soil moisture values from both approaches are close. This
result indicates that the simulated soil moisture from the ECS-4LF is
reasonably accurate and reliable considering that no calibration is
performed in the ECS-4LF approach. As ECS-4LF is the best performing
approach, no comparison with the ECS-SLF is performed.
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Fig. 10. Comparison of daily catchment average simulated soil moistures from the ECS-4LF approach with satellite derived ESA CCI daily catchment average soil

moisture for the year 1995.

960



U. Khan et al.

Upslope Midslope

Journal of Hydrology 564 (2018) 944-966

Footslope Alluvial-flats

Density

O =2MNWHRO G-
A
O 24 N W s W;
L

N A
L

o =4 N W oA
Depth=0.1m

Depth=0.5m

o N & O 0 OaMNLAEOOD
1

o N & O o CQaNWAEONDDN O
1
MoOERE O O O NGAEOLD
A

10
B-
=
s 6 4
a
g4
2-1
0-1 L) L]
15 4 10 4
> 8 1
'510" 6_
=
85- 4 9
2
0

okl s
Depth=3.0m

LS ]
i

o
1

Density
O =2 M W & 0 O3

b
o
1

===
===

A £
=60 e <
& 10 10 O
§ 40 101 u
i 5+ 5+ 5- §_

O . L L L] o- L] o- L L 0- L] L

0.00 0.25 0.5 0.00 0.25 0.5 0.00 0.25 0.5 0.00 0.25 0.50
Soil moisture Soil moisture Soil moisture Soil moisture
(m3/m?3) (m3/m?) (m3/m?3) (m3/m?)

Fig. 11. Kernel density plots showing the distribution of daily soil moisture across four landforms at different soil depths in the ECS-4LF approach for the McLaughlin

catchment.

4.3. Vertical distribution of soil moisture across different landforms

The vertical distribution of soil moisture is important for calculating
the soil moisture deficit for irrigation purposes. To analyze the vertical
soil moisture distribution across the landforms in ECS-4LF approach,
the Kernel density and bar plots of soil moisture are presented for
various soil depths and four landforms of the entire McLaughlin
catchment (Figs. 11 & 12). To obtain the Kernel density plots, pixel
based values of daily soil moisture at a particular depth are averaged for
a given landform across the catchment (Fig. 11). Note that to avoid
excessive number of Kernel density plots in Fig. 11, data for a few nodal
soil depths are shown. Fig. 12a-b shows the mean and standard de-
viation of daily soil moisture for each landform at various soil depths.

Kernel density and bar plots show the variation of soil moisture in

four landforms at various depths for the entire McLaughlin catchment
(Figs. 11 & 12). Overall, soil moisture variability is highest at the sur-
face soil layer, i.e., at 10 cm depth, for all the landforms; however mean
soil moisture is low, due to high transpiration and soil evaporation. Soil
moisture variability reduces in deeper soil layers because of lower
permeability of deep soil layers which restrict soil water movement.
Soil evaporation and transpiration from deep soil layers are negligible
because of the lower permeability of deep soil layers and shallow
rooting depth of pasture (Figs. 11 & 12). Note: the pasture is dominant
land cover type in the McLaughlin catchment (Fig. 1c). The Kernel
density plots of all the landforms, at various soil depths (0.1, 0.5, 1.0,
3.0 & 6.0m), clearly show shift of the distribution plots towards the
right side as depth increases (Fig. 11), i.e., increase in mean soil
moisture at deeper soil layers (Fig. 12a). The Kernel density plots are
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Fig. 12. Bar plots showing the a) mean and b) standard deviation of daily soil moisture across four landforms in the ECS-4LF approach at different soil depths for the

McLaughlin catchment.

spiky at 3.0 m and 6.0 m depths (Fig. 11), as the number of simulated
data points is less at higher soil depths. Note that the soil depths are not
constant throughout the catchment. Generally, upper parts of the hill-
slopes have shallower soils and the thickness of soil zone gradually
increases towards the lower part of the hillslopes. The mean soil
moisture is increasing from 0.1 m to 1.0 m depth within four landforms,
i.e., upslope to alluvial-flats, due to more saturation near the river
network. After 1.0 m depth, the mean soil moisture is almost constant in
all four landforms because deeper soil layers are wetter (Fig. 12a).

The simulated soil moisture at 15 cm depth from the ECS approach
was thoroughly validated against in-situ soil moisture for Wagga-
Wagga experimental catchment by Khan et al. (2014) indicating rea-
sonable accuracy of soil moisture simulations by the ECS approach.
Further, the soil moisture at various soil depths in this study is also
consistent with the input forcing and follows the expected behaviour.

As ECS-SLF approach only contains one single landform in a soil
polygon therefore above mentioned analysis cannot be performed for
ECS-SLF approach.
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4.4. Impact of different climate and land cover on soil moisture

To analyze the impact of different climate and land cover on soil
moisture values on four landforms at various soil depths, the Kernel
density and bar plots of mean and standard deviation are explored for
ECS-4LF approach. To avoid an excessive number of plots only mean
plots are presented in Fig. 13a-b. Other plots are available from the
authors on request. Two extreme climate zones, wettest (zone-D) and
driest (zone-A) are considered. The mean soil moisture values of each
landform at various soil depths are calculated for ECS-4LF approach in
a similar manner as calculated in section-4.3. However, the averaging is
performed at the scale of individual climate zones rather than the entire
catchment (Fig. 13a). As it is expected, mean soil moisture in zone A
(driest zone) is lower than zone D throughout all landforms and soil
depths (Fig. 1b). Despite the large differences in the mean annual
rainfall in the climate zones A & D (551 mm/y vs. 1300 mm/y), the
same order of differences is not reflected in soil moisture values in
Fig. 13a. This is because the soil hydraulic properties as well as the land
cover types play an important role in controlling the soil moisture in the
catchment. In the case of climate zone D, a major part of this region is
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covered with highly permeable soils that allow more deep drainage. In
addition, presence of native woody land cover type in this area causes
high transpiration rates (Fig. 1b-d and Fig. S-2 in Supplementary ma-
terial). The impact of transpiration and soil evaporation on soil
moisture diminishes at 6.0 m depth, whereas substantial differences
exist in mean soil moisture between climate zones A & D.

The mean soil moistures of four landforms at various soil depths are
calculated separately for ECS-4LF approach for both land cover types,
i.e., pasture and native woody, using the same methodology as used for
climate zones (Fig. 13b). The mean soil moisture values for native
woody are consistently lower than the pasture across all landforms and
soil depths. Higher transpiration from native woody is caused by deep
rooting depth (the maximum root depth for pasture is 60 cm, whereas
for native woody is 4.0 m) and access to deeper soil moisture. The soil
hydraulic properties are also playing an important role in reducing the
soil moisture in native woodlands. The native woodlands are located in
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the areas where soil types have higher saturated hydraulic conductivity
which causes more deep drainage (Fig. lc-d and Fig. S-2 in Supple-
mentary material). Note that, in Fig. 13a the mean soil moisture values
in climate zone A for upslope at 6.0 m soil depth is not shown. This is
because the simulated soil moisture data is not available at this depth in
climate zone A for upslope. In a similar manner, the simulated soil
moisture data is not available for native woody in upslope at 6.0 m soil
depth (Fig. 13b).

The soil moisture information at various soil depths in each land
cover types is very helpful for calculating soil moisture deficit for irri-
gation purposes. Note that, the above mentioned analysis cannot be
performed for the ECS-SLF approach as a single landform exists in each
soil polygon. Implementation of the ECS-4LF approach is recommended
over the ECS-SLF approach because the ECS-4LF disaggregates the
hillslope realistically and provides more information about spatial
variability of soil moisture and hydrologic fluxes.
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5. Summary

The ECS approach developed previously by Khan et al. (2014) was
applicable at the first order sub-basin scale, whereas the presented ECS-
4LF approach is modified to apply at the catchment scale. We made
some simplifications for automating the presented ECS-4LF delineation
approach for catchment scale applications. The simulated discharge
from the modified ECS-4LF based distributed modelling approach
without calibration shows reasonable consistency with the observed
streamflow and all lumped conceptual models used in this study. This
consistency indicates that the ECS-4LF approach has the potential to be
applied for distributed modelling of other catchments especially un-
gauged catchments where observed streamflow data are not available
or not sufficient for proper calibration of the conceptual models. The
ECS-4LF modelling approach along with the 2-d Richards’ equation
makes this approach more suitable for simulating the shallow sub-sur-
face flows in upland catchments. Like other distributed hydrologic
models, the ECS-4LF approach also requires extensive spatial input
data, i.e., DEM, soil type, land cover, climate and geology to derive
model parameters. Currently, the ECS-4LF approach is used in research
mode. Further development and evaluation are required in variety of
settings to make it an operational product. Future developments are
focused on developing a Graphical User Interface (GUI) for automating
ECS-4LF delineation, development of groundwater and detailed eco-
hydrological modules. Despite these limitations, the presented ECS-4LF
approach is a valuable tool for simulating spatially distributed hydro-
logical fluxes with high accuracy, and significantly reducing the com-
putational time/units associated with typical distributed hydrological
modelling applications.

6. Conclusions

An equivalent cross-section based semi-distributed hydrologic
modelling approach initially developed for eight discrete first order
sub-basins, is modified here for a large catchment scale simulation
containing 822 first order sub-basins. All parameters used in this ap-
proach are derived from the actual topographical and physiographical
features of the catchment without any calibration or adjustment being
needed. The simulated streamflows from the equivalent cross-section
approach are consistent with the observed streamflows. The simulated
streamflows are also compared with four calibrated conceptual models’
streamflows and results found to be comparable. In addition, the
equivalent cross-section approach shows nearly a 40 times reduction in
computational units when compared to a grid based fully distributed
hydrological modelling setup. Performance of the ECS-4LF was better
than the ECS-SLF approach considering that the ECS-4LF represents the
spatial variability of hydrologic fluxes along the hillslope. The simu-
lated actual evapotranspiration and soil moisture from the ECS-4LF and
ECS-SLF approaches are very similar to the AWAP model. Further, the
simulated soil moisture from the ECS-4LF approach is found to be
consistent with the satellite derived European Space Agency Climate
Change Initiative (ESA CCI) surface soil moisture data.

The equivalent cross-section based semi-distributed modelling ap-
proach has the ability to simulate variety of spatially distributed hy-
drological fluxes that are consistent with the input forcing and land
surface characteristics. The results at the landform scale show that
within the landforms, the mean soil moisture in shallow layers has in-
creased as we move from upslope to alluvial-flats due to the saturation
near river network. This pattern is not significant in small regions in
lower parts of the catchment especially along the main stem of the river
network because of low soil moisture values in all landforms. In deeper
soil layers, the mean soil moisture is almost constant across all land-
forms due to low saturated hydraulic conductivity. The variability in
soil moisture is higher for surface soil layers due to high evapo-
transpiration and lower for deeper soil layers for all landforms. The
pasture dominated region of the catchment has higher soil moisture
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than the native woody due to shallower root depths and lower LAIL

It can be concluded that the equivalent cross-section based semi-
distributed hydrological modelling has the potential to simulate a
variety of hydrological fluxes for a large catchment in a computation-
ally efficient manner while maintaining accuracy with respect to the
observed streamflow and consistency with the input forcings.
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