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Upper Lachlan Groundwater Flow Model

3. Model development

A numerical groundwater model is a computer-based mathematical representation of a natural
hydrogeological system that is based on a conceptual model of that system. The mathematical model
is a set of equations which, subject to certain assumptions and boundary conditions, describes the
essential physical features and processes of the groundwater system. The set of equations is solved
using numerical methods (e.qg. finite differences).

The numerical model is developed with MODFLOW 2000 finite difference software (McDonald &
Harbaugh, 1988), using the Groundwater Vistas™ (Version 5.41) graphical user interface in a
Windows environment.

Nine MODFLOW packages are used in this model:
e Basic (BAS) package,
e Block Centred Flow (BCF) package,
e Discretization (DIS) package
e Constant Head Boundary (CHD) package,
e Recharge (RCH) package,
e Well (WEL) package,
e Evapotranspiration (EVT) package
e River (RIV) package,
e Pre-conditioned Conjugate Gradient (GMG) package.

This chapter describes the data analysis and processing required to develop the model under the
MODFLOW framework.

3.1 Conceptual model

A conceptual model is a simplified presentation of the groundwater flow system including major
hydrostratigraphic units and boundary conditions. Such a conceptual model for the Upper Lachlan
groundwater model is illustrated in Figure 3-1.

Conceptually, the groundwater system is defined in terms of four layers, designated Upper Cowra,
Lower Cowra, Lachlan and fractured rock.

The Upper Cowra (layer 1) in the upper alluvium is an unconfined aquifer and its thickness has a fixed
maximum value of 20 m if the total thickness of the Cowra (Upper and Lower) Formation exceeds

40 m. The Lower Cowra (layer 2) in the lower alluvium of the Cowra Formation is an
unconfined/confined aquifer. The Lachlan Formation aquifer (layer 3) in the deep alluvium is also
conceptualised as unconfined /confined. Layer 4 is an inactive fractured rock layer included in the
model to facilitate future modifications should data become available to indicate hydraulic connection
with the overlying alluvial aquifers.

The system is assumed to be enclosed by impermeable basement.

The western boundary is a flow boundary where either groundwater potential or flow-rates can be
prescribed as a function of time and position. Significant fluxes of groundwater across this boundary
(shown in Figure 3-2) are expected due to connectivity with adjoining aquifers. The boundaries to the
east, north and south are treated as no-flow boundaries

The major recharge sources of the aquifers are identified as rainfall, irrigation, floods and the river
system comprising the Lachlan River, Belubula River, Mandagery Creek, Goobank Creek, Back
Creek, Island Creek and Ulgutherie Creek. Discharge from the aquifer is mainly due to
evapotranspiration, groundwater extraction and outflow through the western boundary.
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Figure 3-1 Conceptual Model
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3.2 Model discretisation

Use of MODFLOW software requires discretisation of the model spatially as well as temporally. Spatial
discretisation is achieved by specifying an orthogonal set of rows and columns to form a mesh over
the model area. While a regular mesh with uniform row and column widths yields the most accurate
form of the finite difference solution, often it becomes necessary to refine the mesh in key areas of
interest. In the current grid, row widths are appropriately sized to ensure an acceptable degree of
detail along the river tract to provide a better understanding of stream-aquifer interaction. In order to
produce a numerically efficient model, the grid is rotated 20 degrees anticlockwise (Figure 3-3) relative
to the Australian Map Grid (AMG) to minimise its overall size. The grid cells falling outside the model
boundaries and outcrop areas are designated as inactive. Data pertaining to the model grid are
summarised in Table 3-1.

The model calibration period is from July 1986 to June 2008. According to the rainfall residual mass
curves presented in Chapter 2 (Figure 2-4), this start date appears to be within a period of relatively
stable climatic conditions. In addition, over this period, a significant set of observed water level data
are available within the model area, for meaningful comparison with corresponding model predictions.
Transient simulation of a MODFLOW numerical model needs the calibration period to be discretised
into several stress periods. Stress periods are periods within which the various model stresses are
assumed to remain constant and for which data are available or can reasonably be inferred. The
model computes the groundwater elevation at the centre of each active grid cell in the model space, at
each stress period during simulation. MODFLOW's approach to solving the mathematics of
groundwater flow also requires that stress periods be further discretised into a number of time steps
using a suitable time step multiplier. Time discretisation parameters are summarised in Table 3-2.

Table 3-1 Model Grid Specifications

South-west corner easting, northing: 378 000, 6 237 000mMm AMG
Angle of rotation relative to AMG: 20 degrees (anticlockwise)
No. of layers 4

No. of columns: 535

No. of rows: 192

Column width 500 m

Row width (varied) 500 - 2000 m

Total Cells (active + inactive): 410880

Table 3-2 Model Time-Discretisation Parameters

Stress period length: ~ 1 month (30.44 days)
No. of stress periods: 264

No. of Time steps 10 (in each stress period)
Time step multiplier _ 1.2

Start of calibration period: _ July 1986

End of calibration period: - June, 2008

Calibration period length: 22 years
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Figure 3-3 Grid details
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The following five surface elevation data sets are required to be specified in m AHD, for each active
cell in the current model to define aquifer geometry.

e Natural surface (which is also the top of the Upper Cowra Formation)
e Bottom of Upper Cowra Formation (which is also the top of the Lower Cowra Formation)
e Bottom of Lower Cowra Formation (which is also the top of the Lachlan Formation)

e Bottom of Lachlan Formation (which is the hydraulic basement as well as the top of the
Fractured Rock) while layer 4 is inactive

e Hydraulic basement bed surface (which is also the bottom of the fractured rock)

Topographic DEM data were used to define the natural surface elevation of the model. Data for the
elevations of the four remaining surfaces were obtained from several sources which included Murray
Basin Hydrogeological Map Series CARGELLIGO scale 1:250 000, Barnett (2008), SKM Upper
Lachlan Groundwater Model Calibration Report and Coffey Geosciences Pty Ltd Cowal Gold Mine
Groundwater supply modelling study (2006). Surfer™ software was used to create all five layer
elevations using available data before importing into the model. Contour maps showing the three
model layer thicknesses are presented in Appendix 1.

3.3 Initial heads

The MODFLOW numerical model requires the specification of head for every active cell in each layer
at the start of the calibration period. Transient models require initial conditions closely matching
natural conditions at the start of the simulation. The initial conditions are the heads from which the
model estimates the changes in the system due to the stresses applied. Therefore, any errors
associated with assumptions made to obtain such data are likely to impact overall model performance.

Water-level data for each piezometer at the first sampling date on or after 1st July 1986 were
extracted from the NOW’s Groundwater Data System (GDS) for observation bores in the study area.
Water-level data were manually inspected to remove ‘bad’ or ‘suspect’ values, then the initial heads of
all layers specified in the model were obtained using SURFER™ software. This process caused some
cells at the margins of layers 1 and 2 to start as dry (that is, the interpolated heads were below the
layer base), because there are fewer observation bores near the lateral boundaries of the model area
and layers 1 and 2 generally rise in elevation towards these boundaries. The starting heads in these
cells were therefore specified as a nominal height above the bottom of layer 1. The resulting SURFER
‘grid’ files were imported directly into Groundwater Vistas for analysis. The starting heads contours
are graphically displayed in Appendix 2.

3.4 Aquifer parameters

Transient numerical models require knowledge of hydraulic conductivity and storage capacity of the
aquifer medium in each cell to compute the flow between adjacent cells and the rate of movement of
water to and from storage. Usually, the parameters such as hydraulic conductivity and storativity of
material forming the aquifer vary across the model area laterally as well as vertically. Aquifer
parameters are generally estimated from pumping tests.

Following pumping test analysis, Anderson (1993) suggested ranges of aquifer transmissivity for the
depth range 24.4 to 60 m. Transmissivity varied from 49 to 1200 m%d around the Jemalong and
Wyldes Plains Irrigation Districts. There is no trend evident either spatially, or with depth. Several
NOW irrigation bores have been pump tested. Bore 25165, of the Mulguthrie Section, was pump
tested at a depth of 60.9-70 m, giving rise to a transmissivity of 71 m%d. Similarly, bores 36551 and
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36523 of the Corinella section were pump tested. For bore 36551, the aquifer tested was at a depth of
60.47-63.76 m and the transmissivity value determined was 780 m?/d. The zone tested in bore 36523
was a much deeper Lachlan Formation aquifer (119.6-122.6 m) and transmissivity was found to be
1160 m*/d.

Megalla and Kalf, (1973) recommended specific yield value of 0.10 for the alluvials in the region and
Coffey (2006) used a value of 0.04.

Based on the calibrated aquifer parameters, Coffey (2006) estimated hydraulic conductivity to be in
range 3 - 28 m/d for the Lachlan Formation and 1 m/d for the Cowra Formation. They estimated
vertical leakance between the Cowra and Lachlan Formation to be 5.3x10” d™.

Barnett and Muller (2008) used calibrated hydraulic conductivity values from 1 to 10 m/d for the Upper
and Lower Cowra Formation and between 10 and 100 m/d for the Lachlan Formation.

These values were used to identify upper and lower hydraulic property bounds and initial estimates for
the model. Some values were changed to obtain a better calibration during the calibration process.

Specification of hydraulic conductivity (in X- and Y- directions) and storage factors (specific yield and
storage coefficient) for each zone is needed in Groundwater Vistas. For the Upper Cowra Formation,
which is unconfined, specific yield is used in MODFLOW computations. For the Lower Cowra and
Lachlan aquifer, which are designated as 'confined/unconfined’, both specific yield and storage
coefficient are needed. As long as the aquifer remains confined during simulation, the assigned
specific yield values have no impact on the model. If it becomes unconfined at any stage during
simulation, then MODFLOW uses specific yield in place of storage coefficient in computations.

For a model consisting of more than one layer a vertical conductance term, known as vertical
leakance (VCONT) is also required for all but the lower most layer. This parameter represents the
leakage occurring between two model layers and is defined in terms of layer thicknesses and vertical
hydraulic conductivities as shown in Figure 3-4.

In Groundwater Vistas, the user has the option either to specify vertical leakance for each parameter
zone or to allow MODFLOW to compute vertical leakance based on the above relationship. However,
the latter will require specification of the hydraulic conductivity in the vertical direction in each zone.

Aquifer parameters together with layer elevations are written into the block-centred-flow (BCF)
package in MODFLOW.

Figure 3-4 Definition of Vertical Leakance Parameter (VCONT)
(from Chiang & Kinzelbach, 1996)
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3.5 Boundary conditions

Boundary conditions determine where water enters or leaves the model domain and in what quantity.
Commonly three different boundary conditions are identified in groundwater modelling. They are
specified head, specified flow and mixed type (head dependent) boundaries. The discussion in this
section is limited to the relationships between the spatial boundaries of model flow domain and the
external environment.

Model boundaries in the east, north and south are specified as 'no-flow' which means that no
groundwater flow occurs across these boundaries. The western boundary is designated as a ‘constant
head boundary (CHD) in which the head varied with time.

3.6 Well package

The well package is designed to represent extraction of water from cells and to account for such
losses in the finite difference equations. Recharging and discharging wells have positive and negative
rates respectively. For each cell in each layer, only one value for net discharge can be specified for a
given stress period.

This groundwater model simulates monthly stress periods and requires monthly frequency for data.
Usage data prior to 1998 were relatively small and unreliable. However, after 1998 reliable annual
groundwater usage data is available. In order to simulate pumping in the model it was necessary to
derive monthly usage patterns from the yearly usage data by applying a specified percentage
distribution. Assumed pumping schedule is shown in Figure 3-5. However, the actual pattern of usage
may vary with the purpose of the bore. For a listing of the bores used in the well package, refer to
Appendix 3.

Figure 3-5 Assumed monthly pumping and irrigation schedule
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The model runs from July 1986 to June 2008; however before 1998 the usage data set is incomplete
for the model period. A twelve year gap in usage data at the beginning of the model has implications
for the calibration of the model. If the applied stress from groundwater extraction is not accurate the
model may not represent real conditions and may not calibrate properly as discussed in Bilge (2001)
and Salotti (1997).
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3.7 Recharge

The recharge package adds terms representing distributed recharge to the finite difference equation.
In this study, the aquifer is recharged by rainfall, flood, irrigation and stream leakage. Recharge
relative contributions are further explained in section 4.6. All recharge sources may vary spatially as
well as temporally. Recharge due to river leakage is considered separately under stream/aquifer
interaction as discussed in Section 3.8. The remaining sources rainfall, flood and irrigation, are
simulated in the model using MODFLOW's recharge package. Recharge is applied to the highest
active layer.

3.7.1 Rainfall Recharge

Recharge from rainfall can occur in a number of ways. For example, it can occur through direct
infiltration beyond the root zone. Rainfall induced recharge can occur through side-slope run-off and
ephemeral streams which may include lagoons and flood runners. As mentioned in Section 2.1,
changes in the residual mass curves developed for the region compare well with changes in bore
water levels in undeveloped areas indicating a strong link between long-term rainfall trends and
fluctuations of groundwater level.

A rainfall recharge rate of 2 % and bounds between 0.1 % and 5 % of average annual rainfall were
based on Dawes et al (2000) which provides estimates for medium scale catchments in the Liverpool
Ranges of NSW, were used in initial model calibration attempts. These values were subsequently
changed to obtain a better model calibration.

The assumed area of influence of each rainfall station based on the Thiessen method is shown in
Figure 3-6.

Figure 3-6 Rainfall Recharge & Evaporation Distribution
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3.7.2 Irrigation Recharge

Leakage from crop irrigation systems is a source of artificial recharge to the aquifer system. The
irrigation recharge areas within the model are based on the department’s GIS Land Use Classification
Mapping in 2000 as shown in Figure 3-7. These areas are assumed to be constant throughout the
calibration period (July 1986 - June 2008) but irrigation recharge rates are varied proportionately
based on the historical record of surface water diversion.

The standard irrigation application rate for non-rice crop farmlands is 6 ML/ha/yr. Of this, about 5
ML/halyr is assumed to be lost through evaporation. Therefore, only 1ML/ha/yr is available for
irrigation recharge. This is equivalent to 100 mm of water per farmland hectare per year which is the
maximum irrigation recharge available after irrigation efficiency, crop interception and initial soil
moisture are taken into account Prathapar (pers. comm.).

Figure 3-7 Irrigation recharge areas
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It is reasonable to assume that the component of irrigation recharge returns to the groundwater regime
to be between 20 and 40 mm/ha/yr. In the current model surface water use during the calibration
period (1986-2008) and spatial irrigated area water year 2000-2001 are available however, the pattern
of spatial growth of irrigated area over the years is not known accurately. Irrigation recharge of 30
mm/ha/yr in the water year 2000-2001 was assumed and the level of recharge for other years was
estimated proportionately based on historical records of surface water diversion in each year. These
diversions are shown in Figure 3-8. The monthly irrigation schedule shown in Figure 3-2 was applied
to the annual diversions to obtain monthly components of irrigation recharge. While this approach
makes sure that the aquifer system received the full complement of irrigation recharge every year, it
fails to replicate accurately any local impacts on the water table due to irrigation practice.
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Figure 3-8 Assumed yearly irrigation recharge rates
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3.7.3 Flood Recharge

In the period from July 1986 to June 2008 two flood events occurred within the model area, a major
event occurred in April-August 1990 and a minor event in June-July 1998. For the model, only the
major event was taken as a recharge contributor. For this event the area coverage and the model
hydrographs response are clearly visible. The inundated area during the 1990 flood is shown in Figure

3-9, based on available GIS flood maps.

The inundated area is divided into eight Thiessen polygons identical to the rainfall zones shown in
Figure 3-6 for calibration purposes. Initial flood recharge fluxes for each zone varied from 0.0002 to
0.005 m/d. These values were adjusted during calibration. The period of flood inundation was seven

months from May 1990 to November 1990.
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Figure 3-9 Flood recharge areas
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3.8 River aquifer interaction

Some interaction between streams and the shallow aquifer exists in most alluvial formations. The
model indicates the Lachlan River suffers considerable losses to groundwater along its course. It is
likely that increased groundwater pumping in the vicinity of the river in recent years has contributed to
some of these losses.

MODFLOW (McDonald and Harbaugh, 1988) simulates leakage between a river and the aquifer as a
vertical flow through the riverbed. The direction of leakage through a river cell depends on the relative
positions of the groundwater level (Hj) and the river stage (HRIV). The rate of leakage (QRIV) is
controlled by the head and the conductance (CRIV) of the riverbed within a particular river cell (see
Equation 3.1).

QRIV = CRIV (HRIV - Hijk), for Hijx > RBOT (Equation 3.1)
CRIV=KLW/M
where,
K = the conductivity of the riverbed
material
L = the river reach length
W = the river width
M = the thickness of riverbed material

If (HRIV — Hjy) <0, then the seepage is in the direction of the river (a gaining river cell, see Figure 3-
10). If (HRIV — Hyi) > 0, then the seepage is in the direction of the aquifer (a loosing river cell, see
Figure 3-10). In both these situations, it is assumed that the head in the aquifer is above the river
bottom elevation (RBOT). However, there may be instances where the groundwater level (Hy) falls
below the river bottom. In such a situation, MODFLOW assumes a constant seepage from the river (a
percolating river cell). The rate of flow from the river is solved by Equation 3.2 is independent of further
head decline of the aquifer (a percolating river cell as shown in Figure 3-10.

QRIV = CRIV (HRIV - RBOT), for Hijx <RBOT (Equation 3.2)

Of the four parameters contributing to CRIV, only the river reach length (L) is known accurately. River
width (W), river bed thickness (M) and hydraulic conductivity (K) in each river cell are difficult to
estimate with any confidence. Hence, the lumped parameter, KW/M, is assumed initially and adjusted
during the calibration process.

The parameters required in MODFLOW'’s river package to simulate stream/aquifer interaction for each
designated river cell are the layer number, row and column of the cell, river stage, river bottom
elevation and river conductance. Groundwater Vistas'" allows the specification of a reach number as
well.
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Figure 3-10 MODFLOW conceptualisation of river/aquifer interaction
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There are thirteen gauging stations along the stretch of the river considered in this study. Of these, only
seven stations have continuous records of river gauging data covering the entire model calibration period.
River hydrographs at the seven stations, gauging station and weirs are given in Appendix 4.

The preparation of input data for MODFLOW involves a number of tasks, which are listed below:

e Digitising river reach for the Lachlan River and processing river data to obtain river length
within a cell.

e Extractions of river stage data for each gauging station covering the model calibration period.
e Estimation of missing data through interpolation.

e Processing riverbed data from available gauging station elevations.

e Establishment of hypothetical gauging stations and estimation of river stage data.

e Preparation of the surface topography map of the model area on a cell-by-cell basis.

e Processing data using a modified version of ‘VMRIVER’ software developed by Demetriou
(1995) to create the river boundary file for Visual MODFLOW.

A schematic diagram of the 23 sections and thirteen gauging stations used in the model is presented
in Figure 3-11. The river package has a total of 2037 river cells belonging to twenty three sections.
River hydrographs and river gauging station and weirs are given in Appendix 4.
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Figure 3-11 Schematic diagram of the river sections and gauging stations
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3.9 Evaporation

MODFLOW's evapotranspiration (EVT) package simulates the effects of plant transpiration and direct
evaporation in removing water from the saturated groundwater regime (McDonald & Harbaugh, 1988).
As implemented in MODFLOW, for each model surface cell a maximum rate of evapotranspiration
(ET) is specified for each surface cell together with an ET surface elevation and an ‘extinction depth’.
When the water table depth is at or above the ET surface, evapotranspiration occurs at the maximum
specified rate. When the water table lies below the extinction depth, zero evapotranspiration occurs.

Between these two depths, evapotranspiration varies linearly.

Eight evapotranspiration zones were introduced in the model area, identical to the distribution of
recharge zones presented in Figure 3-6. A starting value of 10% of the potential evaporation (m/d)
recorded at weather stations were specified as the initial evapotranspiration rate at the ground surface
in all eight zones. The extinction depth was varied from 3 to 9 meters below the surface across the

model area. Evapotranspiration is applied to the highest active layer.

3.10 Solver

The 'Geometric Multigrid (GMG)' is used as the mathematical solver in this model. The parameter

settings for the package are shown in Table 3-3.

Table 3-3 Parameter settings in GMG solver package

Maximum Inner Iterations 500
Maximum Outer Iterations 1
Head Change Criterion for Convergence 0.001
Inner Convergence Criterion 0.1
Relaxation Parameter 0
Adaptive Damping Flag 0
Output Control Flag 4
Damping parameter 1.0

28| NSW Office of Water, February 2012



Upper Lachlan Groundwater Flow Model

4. Model calibration

Calibration of a numerical groundwater flow model can be accomplished by determining a set of
parameters, boundary conditions and stresses that produce simulated heads and fluxes in order to
match field-measured values within a pre-established range of error. Finding this set of values from a
set of observed heads amounts to solving the inverse problem (Anderson, Gates & Mount, 1993).

During the calibration process, important model parameters are adjusted, within realistic limits, to
produce the best match between simulated and observed data. The process begins with an initial
estimation of parameters (hydraulic conductivity horizontal and vertical, specific yield, recharge,
boundary conditions, etc.) for each active cell in the model grid. Adjustment of parameters can be
done manually or automatically. Automatic calibration method was attempted in the current model.

PEST (Doherty, 2005) is nonlinear parameter estimation software which is used in automatically
calibrating complex groundwater models. PEST was used in “regularisation mode” coupled with “pilot
points” as a method of spatial parameterisation to calibrate the current model. A total of 1845
estimable parameters were used. PEST software can automatically adjust model parameters to
minimise the discrepancies between the observed data and model predicted values (residuals). The
objective function (phi), defined as the ‘sum of squares of weighted residuals’ is used as a calibration
statistic. In a mathematical sense, a lower objective function indicates better model calibration.

The starting and ending times of the model calibration period are 1/7/1986 and 30/06/2008
respectively.

Water level data from observation bores in the model area were utilised to obtain target results for
calibration. Thirty-four observations bores in layer 1, ninety four bores in layer 2 and fifty in layer 3
were used for the model. Their spatial distribution is shown in Appendix 5.

4.1 Automatic calibration

Nonlinear parameter estimation software is commonly used in calibrating complex groundwater
models. PEST is one such nonlinear parameter estimator which is powerful and model independent.
PEST was used in "regularisation mode" coupled with "pilot points" as a method of spatial
parameterisation to calibrate the current model. SVD-Assist is a powerful new model calibration tool
available in PEST which embodies a hybrid regularisation methodology that combines the strengths of
subspace methods, for example singular value decomposition (truncated SVD), and Tikhonov
regularisation methodologies.

In the pilot point parameterisation scheme, parameter values are assigned to a set of points
distributed throughout the model domain. These parameter values are then spatially interpolated to
the individual cells of the model grid using the spatial interpolation method ‘kriging’. Regularisation
across the entire model domain is allowed to take place with ‘preferred parameter’ values included as
‘regularisation observations’ to enforce a smoothing condition. The fundamental purpose of
regularisation is to prevent extreme parameter values at pilot points and to produce a smooth
parameter distribution.

The number of pilot points used in each layer varied and the parameters estimated are summarised
below:

e layer 1 hydraulic conductivity (kx1_1 to kx1_164)
e layer 1 specific yield (syl 1to syl 164)

e leakance between the layers (lel_1tolel _164)
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e layer 2 hydraulic conductivity (kx2_1 to kx2_221)
e layer 2 storage coefficient (ss2_1 to ss2_221)

e layer 2 specific yield (sy2_1 to sy2_221)

e leakance between the layers (le2_1 to le2_156)
e layer 3 hydraulic conductivity (kx3_1 to kx3_156)
e layer 3 storage coefficient (ss3_1 to ss3_156)

e layer 3 specific yield (sy3_1 to sy3_156)

Zone based rainfall, flood recharge (prainl to prain8 and fflux to fflux) and evapotranspiration (pevtl to
pevt9) parameters were also included as adjustable parameters. The number of river reaches was
increased from one to forty one (rivl to riv41) to allow better estimates of river/aquifer interaction.

The locations of pilot points used for layer 2 of the model (Lower Cowra Formation) are shown in
Figure 4-1. For the other layers, with lesser active area, a subset of these was used. Model
parameters representing different hydraulic properties at each of the pilot points are named uniquely.
This nomenclature is summarised in Table 4-1.

Table 4-1 Model Parameters

LAYER [Hydraulic Property No. of Pilot Points Parameters Names
1 Hydraulic Conductivity 164 kx1 1to kx1l 164
1 Specific yield 164 syl 1tosyl 164
1 Leakance 164 lel 1tolel 164
2 Hydraulic Conductivity 221 kx2 1to kx2 221
2 Specific yield 221 sy2 1ltosy2 221
2 Leakance 156 le2 1tole2 156
2 Storage coefficient 221 ss2 1toss2 221
3 Hydraulic Conductivity 156 kx3 1 to kx3 156
3 Specific yield 156 sy3 1tosy3 156
3 Storage coefficient 156 ss3 1toss3 156

Rainfall 8 prain 1 to prain 8
Flood 8 fflux1 to flux8
Evapotranspiration 9 pevtl to pevt 9
River 41 rivl to riv 41
Total 1845

All parameters in each group assumed an initial value equal to the average parameter value obtained
from a previous model by Coffey (2006) and Barnett &Muller, (2008) with some adjustments based on
available pumping test analysis. Furthermore, all parameters in each group were subjected to the
same constraints in the form of minimum and maximum values.

Altogether, there were 1845 parameters, 16836 observations with non-zero weight and 17 observation
groups listed in the PEST control file. The SVD-assist parameter estimation process requires a pre-
SVD-assist PEST run which is carried out specifically for the purpose of calculation of derivatives.
SVD-assisted parameter estimation was then carried out using 600 super parameters which are
essentially linear combinations of base parameters.
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Figure 4-1 Location of pilot points in the Lower Cowra Formation
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4.2 Final estimates of aquifer parameters

The calibration of model parameters was a major task. The calibrated parameters include horizontal
hydraulic conductivity (K;) for all layers, VCONT (vertical leakance) between layer 1 and layer 2 and
layer 2 and layer 3; storage coefficient (S) of the lower layers, which are unconfined/confined; and
specific yield (S,) of the layerl, which is unconfined. The calibrated hydraulic conductivity values of
Upper Cowra vary from 30 to 0.01 m/d; for the Lower Cowra layer the values range from 40 to 0.01
m/d. The Lachlan Formation has conductivity values ranging from 1 to 100 m/d. The calibrated values
of minimum and maximum specific yield of layer 1 are between 0.02 and 0.3 respectively. The
calibrated specific storage (Ss) ranges from 10™ to 10 for deeper layers.

Figure 4-2 shows the calibrated horizontal hydraulic conductivity (K) values for the Upper Cowra
Formation. A variation in Ky, values is evident in this diagram. Areas of high Ky, exist along the ancient
Lachlan palaeo channel part of the model area.. These areas have values between 5 and 30 m/d.
Most of the Upper Cowra aquifer has K;, values between 5 and 10 m/d.
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Figure 4-3 shows the calibrated Ky, values for the Lower Cowra Formation. A large part of this layer
shows moderate to high values in the range of 5 to 35 m/d. Values are higher in the Lower Cowra
Formation than in the Upper Cowra Formation.

For the Lachlan Formation horizontal hydraulic conductivity values vary between 1 and 100 m/d over
the model area as shown in Figure 4-4.

In auto-calibration changes to specific yield (S,) values were typically aimed at improving the
calibration for the upper layer of Cowra. With lower S, values, the model would typically become more
sensitive to recharge rates, and would tend to create higher simulated heads in layer 1. Figure 4-5
shows the distribution of (S,) values for layer 1. These values range from 0.06 to 0.14, indicating a
medium degree of variability in the sediments of the layerl formation.

Parameters representing the storage coefficient (S) of the Lower Cowra and Lachlan Formations were
important. Changes to S values were usually aimed at increasing or decreasing the simulated
pressure ranges to match those caused by seasonal pumping. This typically required orders-of-
magnitude changes in S for each run. The layer 2 formation storage coefficient distribution in Figure 4-
6 shows values around 107, with little spatial variability. The storage coefficient in the Lachlan
Formation is about 8.8e-5 with very little spatial variability as shown in Figure 4-7.

Figures 4-8 and 4-9 show the calibrated vertical leakance VCONT values for the Upper Cowra
Formation (layer 1) and the Lower Cowra Formation (layer 2), respectively. VCONT values are
significantly higher in layer 1, ranging from 0.01 to 0.001 m/d.

Calibrated river conductance is represented in Figure 4-10. It varies from 1 to 2000 m%d/km. The
conductance is, nevertheless difficult to assess by model calibration, as it can be varied by several
orders of magnitude without much apparent effect as discussed by Merrick, (1989).

The remaining calibrated parameters are listed in Table 4-2.
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Figure 4-2 Hydraulic Conductivity (m/d) distributions in Upper Cowra (Layer 1)
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Hydraulic Conductivity (m/d) distributions in Lower Cowra (Layer 2)
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Figure 4-4 Hydraulic Conductivity (m/d) distributions in Lachlan Formation
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Figure 4-5 Specific yield distributions in Upper Cowra
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Figure 4-6 Storage Coefficient in Lower Cowra
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Figure 4-7 Storage Coefficient in Lachlan Formation

I
610000

I
650000

6350000 —

6320000 —

6290000 —

6260000 —

6230000 —|

6200000 —

6170000 —

f f f
410000 450000 490000

f
530000

I
570000

610000

f
650000

2.775E-005

1.6625E-005

1.10625E-005

5.5E-006

3.25E-006

1E-006

0.001

0.0001

8.875E-005

7.75E-005

6.625E-005

1E-005

35| NSW Office of Water, February 2012



Upper Lachlan Groundwater Flow Model

Figure 4-8 Vertical Leakance (1/d) between Upper and Lower Cowra
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Figure 4-9 Leakance (1/d) between Lower Cowra and Lachlan Formation
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Figure 4-10 Calibrated River Conductance in m?/d/km.
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Table 4-2 Calibrated Model Parameters.

RAINFALL

Parameter|Rate (%)

prainl 1.9

prain2 0.1

prain3 2.9

prain4 3.0

prain5 0.1

prain6 0.1

prain7 3.0

prain8 3.0

FLOOD

[Parameter mm

filuxt 0.25 |

flux2 0.25 |

fflux3 0.2-5

fflux4 0.05-1.25

ffluxs 0.2-5

fflux6 0.05-1.25

fflux7 0.05-1.25

ffluxa 025 |
EVAPORATION

[Parameter]Rate (%) Extinction Depth (m)
pevtl 5 6
pevt2 1 4
pevt3 25 9
pevt4 5 4
pevt5 7.5 4
pevt6 25 9
pevt7 25 8
pevt8 4.8 3
pevt9 4.9 5

RIVER

River Bed Hydraulic Conductivity
Parameter m2/d/km
rivl 323.5
riv2 14.3
riv3 598.0
rivd 130.2
riv 313.6
rive 20.4
riv7 25
riv8 1999.2
rivo 1999.9
rivi0 10.0
rivil 10.6
rivli2 10.1
rivi3 262.4
rivi4 58.6
rivls 2000.0
rivle 145.6
rivl7 465.5
rivi8 222.9
rivi9 583.4
riv20 58.7
riv2l 904.3
riv22 341.4
riv23 127.0
riv24 135.4
riv2s 36.1
riv26 103.1
riv27 33.7
riv28 93.5
riv29 1681.6
riv30 472.6
riv3l 250.1
riv32 84.8
riv33 27.8
riv34 132.8
riv3s 428.0
riv36 1.0
riv37 2000.0
riv38 131.9
riv39 1.0
riv40 1.0
rival 147.2

38| NSW Office of Water, February 2012




Upper Lachlan Groundwater Flow Model

4.3 Head response

Plots of observed and simulated hydrographs for each calibration bores are presented in Appendix 6.
These comparison plots are presented in eight groups primarily based on their location. The locations
of these bores are shown in Appendix 5. There are total 174 hydrograph in Appendix 6.

Except in zone 7, most monitoring bores show that water levels in layers 1 and 2 sharply increased in
response to the flood event of 1990. Following the flood event water levels remained generally steady
until the year 2000. After that the water levels show a sharp decline which is attributed to increased
groundwater usage coupled with drought conditions.

Most of the monitoring bores in layer 3 also follow the same trend as that observed in layers 1 & 2.
However, at some of the calibration bores, simulated water levels do not fluctuate as much as the
corresponding observed water levels. In particular, predicted drawdowns are often less than that
measured. This may be attributed to the lack of monthly pumping data. Accurate monthly pumping
records are necessary to quantify the amount of aquifer stress. Pumping records are not reliable
before 1998 and after this only annual totals were reported. But the groundwater model simulates
monthly stress period and ideally requires monthly pumping values.

Simulated and observed water levels in zone 7 do not match well suggesting the model is poorly
calibrated in this area. A poor match in this area was also noted in Coffey (2006). In zones 1 and 2 the
simulated and observed heads show a similar trend but simulated values are higher than observed
values in all layers. Reasons for these mismatches are unclear but it is likely that knowledge of the
local geology was not sufficient to have allowed construction of a realistic model in this area.

In the remaining zones the model mostly matches the observed pattern well.

4.4 Calibration assesment

The modelling guidelines by Middlemis, et al., (2001) recommend evaluation of the degree of
calibration of a groundwater model using both qualitative (visual comparison) and quantitative
(statistical) means. Quantitative measures assessing calibration usually involve mathematical and
graphical comparisons between measured and simulated aquifer heads and the calculation of
statistics regarding residuals.

Figures 4-11 to 4-13 provide, for each layer, scattergrams of the simulated water levels. In diagrams of
this sort, a 45° line through the origin represents a perfect calibration with a coefficient of determination
of one (R? = 1). The extent of scatter about this line is regarded as a measure of the goodness of
model calibration. Some minor discrepancies between the observed and simulated aquifer heads are
to be expected in a model of this magnitude. Low SRMS (scaled root mean square) value (less than
5%) is normally regarded as another indicator of a well calibrated model. According to these criteria,
this model is well calibrated.

For layer 1, simulated values are closely clustered about the 45° line with a root mean square (RMS)
of 2.01 meters and a mean sum of residuals of 1.41 meters for 3175 observation data.
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Figure 4-11 Layer 1 Scattergram of modelled versus measured heads and statistics results.
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The scattergram plot of Layer 2 Figure 4-12 shows scatter with a RMS value of 4.84 metres for 7515

observation data points.

Figure 4-12 Layer 2 Scattergram of modelled versus measured heads and statistics results.
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The scattergram for layer 3 shown in Fig. 4-13 recorded a RMS of 7.16 meters for 5948 observation
data points.

Figure 4-13 Layer 3 Scattergram of modelled versus measured heads and statistics results.
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Figure 4-14 is a plot of the simulated heads versus the observed heads for all observations in all
layers over the calibration period. RMS of 5.45 m, scaled RMS of 3.4% and sum of mean residual
values of 2.10 m for a total of 16836 observation data points indicates reasonably good calibration
performance. Middlemis et al. (2001) suggested a criterion of about 5% for the scaled RMS to be
regarded as a well calibrated model. A correlation coefficient of 0.9892 (nearly 1) also indicates a
strong relationship between the simulated and the observed heads.

Second plot presents the distribution of residuals (the difference between observed and simulated
head) in all layers. A positive residual indicates an underestimate by the model where as a negative
residual is an overestimate. The plot indicates overall that the model slightly over estimates the water
levels over the model domain. In summary 70% of simulated heads in all layers are within 1 metre of
the corresponding observed water levels.
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