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Summary

The Water Corporation and Department of Water (DoW) (formerly the Water and
Rivers Commission (WRC)) have jointly developed a groundwater model (Perth
Regional Aquifer Modelling System, or PRAMS) for the Perth region to assist with
groundwater resource management. The Water Corporation, with the assistance of
CSIRO, has developed a new vertical flux model (VFM) to calculate the temporal and
spatial rainfall recharge to the aquifer system.

The new VFM is based on physical properties of the unsaturated zone, hydrological
processes and an understanding of scaling issues that affect recharge characteristics
in the Perth region. Key attributes that control the recharge in the Perth region are
climate, landuse (including the vegetation density measured by leaf area index
(LAI)), soil hydraulic properties and depth to watertable. A process-based model
WAVES developed by CSIRO was used as the modelling platform for the new

VFM to calculate the recharge under pasture, pines and native woodland, which
account for 90% of the model domain. For urban, lakes/wetland and market garden/
parkland landuse, the VFM uses simple algebraic models based on rainfall and pan
evaporation to calculate recharge. A recharge manager has been developed and
integrated with a saturated groundwater model MODFLOW. The coupled model
(PRAMS 3.0) has been calibrated against the observed data from monitoring bores.
Applications of the new VFM to the pilot study and PRAMS model domain have
produced reasonable calibrations of both groundwater models, indicating that the
VFM performs well over most of the area.

The new VFM is driven using daily climate data and requires a significant amount of
spatial and temporal data such as climate, soil and time-varying vegetation density
maps. A geographic information system (GIS) and remote sensing technology have
been used extensively to derive the data sets from various sources. Considerable
efforts have also been directed to ground truth data; for example, LAl measurements
and soil hydraulic properties, to fill the data gaps.

Analysis of simulation results indicates that the new VFM produces recharge
estimates that are consistent with the previous estimates using other methods.

The table reproduced at the end of this summary (Table 11 in text) shows the
estimated annual rainfall recharge for various landuse classes under deep watertable
(> 15 m, except the lakes/wetlands) using climate data for the Perth region office
from 1980-2003 and for Bassendean soil. Recharge in the vegetated areas with
Spearwood soil is 3-5% lower than in vegetated areas with Bassendean soil. This

is because Spearwood soil has better soil water holding capacity and is capable of
storing more winter rainfall for plant use late in summer when evaporative demand is
high. Simulation results also indicate that recharge in the areas of Quindalup soil is
similar to that in areas of Bassendean soil. For the Guildford soil, the major landuse
is pasture. Recharge is about 10% of rainfall in the areas with deep watertable and
becomes negative (discharge) in the area with shallow watertable.

Department of Water iX
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Annual averaged recharge over the model domain for the period from 1985 to 2003
is about 1330 GL or 145 mm, about 18% of average rainfall at Perth region office
(800 mm). For the central area of Gnangara Mound, the averaged annual recharge is
estimated to be 210 GL (21% of rainfall) for the period 1985-97 and 155 GL (16% of
rainfall) for the period 1997-2003. The drier climate of the last few years has reduced
the recharge by about 50 GL per annum (~ 25% reduction) on the Gnangara Mound.

Sensitivity analyses have been undertaken to identify the critical parameters which
affect the WAVES modelling results. It was found that estimates of groundwater
recharge using the WAVES model are very sensitive to rainfall, LAI, light extinction
coefficient and the maximum rooting depth of the vegetation, and moderately
sensitive to vegetation parameters of maximum carbon assimilation rate, slope of the
dependence of stomatal conductance on vapour pressure deficit, rainfall interception
and the soil water holding capacity.

Uncertainty analysis was also undertaken using a probabilistic approach based on
the first-order second-moment method (FOSM) to generate quantitative information
on how uncertainty in model input parameters contributes to uncertainty in the
recharge estimates. Analysis indicates that with current knowledge on data and
model parameters for WAVES, uncertainty in the recharge estimates for a given
climate regime is within 5-7% of rainfall with a 90% confidence. Parameters which
contribute most inaccuracy to recharge estimates are rainfall, maximum carbon
assimilation rate, LAl, maximum root depth and soil water-holding capacity.

Effort has been directed to improve estimates of these model parameters for future
model enhancement. The Corporation has engaged several research organisations
(CSIRO, UWA, ECU) to undertake field experiments to collect data on LAI
measurement, plant water use and soil hydraulic properties. These data will be used
for validating the simulation results, reducing the uncertainty in the model parameters
and improving the accuracy and reliability of the modelling results.

Estimated annual groundwater recharge (Perth region office, Bassendean sand,
deep watertable) (Averaged rainfall for the period 1980-2003 is about 800 mm)

Landuse Descriptions Recharge Recharge as
code (mm) % of rainfall
1 Banksia — high density 85 10
22 Banksia — medium density 135 18
2 Banksia — low density 300 38
3 Pasture 360 45
5 Market garden/parkland 320 40
6 Pine — high density 0 0
17 Pine — medium to high density 0 0
7 Pine — medium density 0 0
18 Pine — low to medium density 65 8
8 Pine — low density 220 28
9 Urban — residential 400 50
11 Urban — commercial/industrial 500 63
10 Lakes/wetlands -500 -85

X Department of Water



PRAMS model development: Application of the vertical flux model Hydrogeological record series, no. HG 27

1 Introduction

The Water Corporation and Department of Water (formerly the Water and Rivers
Commission — WRC) have jointly developed a groundwater model (Perth Regional
Aquifer Modelling System, or PRAMS) for the Perth region (Figure 1) to assist with
groundwater resource management and development of public water supply. PRAMS
consists of three components: the Vertical Flux Model (VFM), a saturated model
based on MODFLOW, and a GIS-based data management system (Figure 2). The
VFM estimates the net recharge/discharge of water into/from the unconfined aquifer,
whereas the MODFLOW-based saturated model determines the groundwater flows
in the multi-layer aquifer system below the watertable. The two models have been
developed in parallel and were tested separately before they were coupled. PRAMS
version 3.0 is the most recently calibrated model, which fully integrates the VFM and
the saturated groundwater model. The PRAMS model is supported by a GIS—-based
data management system that ensures the quality and integrity of the data used in
the model.

The Water Corporation has been responsible for development of the VFM and its
integration with the saturated model. Because of the complex nature of the project,
the Corporation has engaged several research organisations and consultants to
assist with the model development, including:

* DrL. Townley of Townley & Associates Pty Ltd undertook the review of
hydrological processes in the unsaturated zone in the Perth region with the aim
of developing a conceptual VFM-based on the physical properties that control
groundwater recharge in the region (Townley, 2000).

* Following a feasibility study to investigate the potential use of a biophysical
recharge model (WAVES) as the modelling platform for the VFM, CSIRO has
carried out the core work of the model development. This included development
of the VFM manager and its integration to MODFLOW, field studies to measure
soil hydraulic properties, vegetation density defined by leaf area index (LAI), and
development of a methodology to derive LAl using Landsat image and ground
truth data and model verification using data available. Field work is also currently
being undertaken to collect data on the water balance for pine plantations on
Gnangara Mound. This work has been described in detail in part 1 of the VFM
report (Silberstein et al., 2004).

e MrA. Allen, formerly of Department of Land Administration (DOLA) assisted in
development of a methodology to derive historical landuse based on the Landsat
data (Allen, 2003).

* A/Prof. K. Smettem of University of Western Australia (UWA) undertook lab
analysis and in situ measurements of soil hydraulic properties (Smettem, 2002),
and Mr M. Wells of Land Assessment Pty Ltd provided an overview of the soil

Department of Water 1
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distribution in the Perth region based on the Agriculture WA (AgWA) soil database
(Land Assessment Pty Ltd, 2001).

* Dr R. Froend of Edith Cowan University (ECU) investigated water use of native
woodlands (Lam et al., 2004).

e Mr N. Milligan of CyMod applied the coupled model to both the pilot study area and
the whole model domain (PRAMS 3.0) (CyMod, 2003, 2004).

A wide range of spatial and temporal data has been collected to support the model
application (Canci, 2004). Whilst most of these physical data are not subject to
change during model calibration and integration, some of the parameters derived
from the data have undergone refinement and modifications in the pilot study and
development of PRAMS 3.0 in order to minimise the modelling errors.

This report gives a brief overview of the model development process, describes
issues which arose during application of the model, and modifications made to the
VFM and datasets to address these issues. Final datasets implemented in PRAMS
3.0 are presented together with supporting information for the parameters used,
particularly for the non-WAVES modules. This document also reports the estimated
groundwater recharge under different climate, landuse, soil and watertable depth
conditions, which reflect typical recharge rates for a range of representative recharge
units (RRUs). Recharge analysis was undertaken to upscale the recharge estimates
to regions of interest for a range of landuse and conditions. Simulated results from
sensitivity analysis applied to the whole PRAMS model domain of some critical VFM
parameters are described. Based on results of these analyses recommendations are
made for further work that may improve the accuracy and reliability of the WAVES-
based VFM.

2 Department of Water
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2 Development of a new vertical flux model (VFM)

2.1 Previous work on recharge estimates in the Perth region

2.1.1 Previous recharge estimates

Groundwater recharge estimates have been made at both local scale and

regional scale on the Swan Coastal Plain using methods appropriate for semi-arid
environments such as water balance, environmental tracing (chloride, bromide
balance methods), isotopic analysis (tritium) and empirical relations based on other
variables (such as rainfall). Empirical relations defining recharge as a percentage
of precipitation generally are based on waterbalance studies, and have been widely
used in the Perth region.

Bestow (1976) estimated that about 7.3% of the mean annual rainfall over the
Gnangara area becomes groundwater recharge. Allen (1981) estimated that about
8.5% of rainfall recharges the aquifer in the northern area and 5.5% in the southern
area. Davidson (1995) used flow net analysis and chloride balances to estimate the
average recharge for the Perth metropolitan area and found that the recharge rate
is about 15% of long-term averaged rainfall of about 870 mm. The PUWB model
estimated that about 21% of the rainfall recharges the aquifer beneath urban Perth
(Cargeeg et al., 1987).

Butcher (1979) undertook water balance analysis using soil moisture data measured
by neutron probes and found that recharge under native woodland, young open and
dense pine stands was 29%, 19% and 8% of rainfall respectively.

Farrington and Bartle (1991) used three methods (water balance, chloride balance,
and rate of watertable rise) over a three-year period to estimate recharge under
banksia and pines. They found 114 mm recharge under pines (15% of rainfall) and
173 mm recharge under banksia (22% of rainfall).

Sharma et al. (1991a,b; 1995) provide the broadest view of recharge under a range
of landuse categories on the Gnangara Mound, although in many cases the results
focus on gross recharge rather than net recharge (i.e. they do not account for
phreatophytic withdrawals). Recharge was estimated by a combination of chloride
and bromide methods, water balance methods, groundwater level fluctuations and
mechanistic modelling.

For deep (> 15 m) watertable, it was found that recharge beneath mature pines was
less than 4% of rainfall, recharge beneath banksia was 15% of rainfall and recharge
beneath young pines was 32% of rainfall. With shallow depths to the watertable (5 to
7 m), Sharma et al. (1991a) found recharge of the order of 30% of rainfall for banksia,
less than 16% for sparse pines and less than 8% for dense pines.

Department of Water 3
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The average recharge beneath pasture near Lake Pinjar was estimated to be 50 to
60% of rainfall at sites with depths to the watertable of 4 m and 7 m, respectively
(Sharma et al., 1991a).

Sharma et al. (1991b) studied the water balance at two farms practising irrigated
horticulture between July 1989 and June 1991. Over the two-year period, irrigation
accounted for 60 and 69% of the total water input to the two farms, the remainder
being rainfall. Irrigation accounted for most of the input during summer. Of the total
water input, 49% leached below the root zone at one farm, and 36% at the other. In
other words, from 35 to 50% of the licensed irrigation withdrawal of 1500 mm/y was
returned to the aquifer.

Recharge beneath urban lawns was studied between April 1992 and April 1994
(Sharma et al., 1995). Eight sites were equipped with lysimeters at a range of private
gardens and sporting complexes. Depths to watertable varied from 3 m at three
sites to 20 m at three others. Average depths of recharge in summer and winter on
Bassendean sands were 263 and 602 mm, while corresponding two-year averages
on Spearwood sands were 70 and 293 mm.

Thorpe (1985) used naturally occurring tritium as an indicator of groundwater
recharge and found about 43% of rainfall recharges the aquifer on the top of the
Gnangara Mound (site NR1) and 19% of rainfall at a site south of the mound (NR5).
Appleyard (1995) used a similar method to estimate the recharge under urban areas
in the Whitfords area and found that the net recharge is about 37% of average
annual rainfall of 800 mm (by nature of the method used in his analysis, this recharge
rate should be interpreted as the net results of rainfall recharge taking away the
abstraction, e.g. domestic garden bores, which is approximately 10% of rainfall.
Hence actual rainfall recharge should be about 10% higher than the value reported in
his paper).

2.1.2 Previous VFM modelling studies

Recharge estimates by modelling vertical flux have also been made. The Perth
Urban Water Balance (PUWB) model uses a spatially variable one-dimensional
vertical flux model (VFM) that simulates the hydrological process in the unsaturated
zone, and to calculate the net vertical flow of water to/from the saturated zone. The
VFM implements an algebraic water-accounting model of vertical flow through the
unsaturated zone. A simplified rule-based system having three layers, defined as the
grass, tree and soil zones, is used. These zones reflect different evapotranspiration
processes occurring at different depths within the unsaturated zone. Water, from
rainfall recharge, moves vertically from one zone to another under gravity, based on
an empirical algorithm that uses a set of rules relating antecedent moisture conditions
to derive the net vertical flux to the superficial aquifer. In addition, a deep drainage
algorithm was included to simulate the soil zone. This algorithm was an attempt to
introduce a delayed response in vertical flux reaching the saturated zone.

4 Department of Water
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The VFM used in the PUWB model was developed based on a conceptual model
that represents the recharge processes in urban settings. A recent review found that
although the PUWB model represented the recharge adequately in urban areas,

it does not give good estimates of recharge to the watertable (CyMod, 1999) in
surrounding vegetated areas, which includes native banksia woodlands, pasture,
market gardens and pine plantations.

2.2 New VFM development process

Deficiencies in existing recharge models for the Swan Coastal Plain led to the
development of a new VFM model. A major criterion for the development of the
new VFM was to incorporate the best available knowledge of the characterisation
of the unsaturated zone in the Perth region, and an understanding of time-varying
processes within the soil-water—landuse continuum, including processes of rainfall,
interception, infiltration, evaporation, transpiration, soil storage, runoff and pumping
(both domestic and institutional).

The development of this new VFM has been carried out in stages:
* Development of conceptual models (Townley, 2000)

* Feasibility study of the potential use of the biophysical recharge model WAVES
(Hatton et al., 2001)

* Development of WAVES-based VFM and integration with MODFLOW (Barr et al.,
2003; Silberstein et al., 2004)

* Data collection and verification of VFM using field data (Canci, 2004; Silberstein
et al., 2004; Bekele and Silberstein, 2003; Hodgson, 2003; Xu, 2003)

* Pilot study to test the VFM - MODFLOW integration (CyMod, 2003)
* Full scale integration and calibration (CyMod, 2004)

The following sections give a summary of the outcome from these studies and details
can be found in the individual reports.

2.3 Conceptual model of VFM for the Perth region

Recharge and discharge to and from the regional groundwater system is referred
to as the ‘vertical flux’ in this study. The primary goal of the vertical flux model is to
estimate this flux spatially across the model area as temporal input to the regional
groundwater model. Consequently, the VFM must account for the various physical
processes that act to determine the recharge and discharge from regional aquifers.

Recharge to the Perth groundwater system occurs principally from direct rainfall
infiltration. Most of the rainfall occurs in the winter months leading to a strong
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seasonal variation in the watertable, particularly where it is shallow. Small amounts
of scheme water that are imported into urban or irrigated areas may also contribute
to groundwater recharge through septic tank or grey water discharge, return flow

in areas with over watering of gardens, and scheme losses due to leakage and
maintenance.

2.3.1 Processes controlling groundwater recharge

Waterbalance processes that control groundwater recharge in the Perth region are
well described in the Perth Urban Water Balance Study (Cargeeg et al., 1987) and
in a recent review by Townley (2000). Figure 3 shows the schematic of recharge
processes on the Gnangara Mound. Rainfall not intercepted by canopy, roofs and/or
litter, infiltrates the soil across the air-soil interface or runs off. Some of the water
that infiltrates the soil evaporates directly from the soil surface or is transpired by
plants; some may be redistributed and stored in the soil profile and may percolate
down. Redistribution is the continued movement of water (in all directions) through
soil after water has stopped infiltrating at the ground surface. Percolation is defined
as the downward flux of water in the unsaturated zone. Deep drainage is the
percolation flux that moves below the depth where evapotranspiration no longer
affects the downward movement of infiltrated water. The approximate depth at which
deep drainage occurs is variable in both space and time, depending upon the soil
properties and the maximum root depth of the vegetation grown on the surface. For
most locations in the Perth region, deep drainage eventually becomes recharge,
particularly on the Swan Coastal Plain, where the soil is dominated by permeable
sands.

When deep drainage occurs, water continues to percolate through the unsaturated
zone and, in most cases, reaches the regional watertable. At the watertable, water
flux from the unsaturated zone to the saturated zone is defined as recharge. Deep
drainage and recharge to the regional saturated zone are not necessarily equivalent
at a given location and time because the infiltrating water may take some months or
years to move through a thick unsaturated zone to the watertable. For the very thick
unsaturated zones, particularly in the area between the Gingin and Darling Scarps,
groundwater recharge may be transient due to the combination of climate variability
and very long travel times of unsaturated flow.

Recharge is usually episodic for most locations in the Perth region, typically occurring
during and after periods of high-volume winter rainfall when evapotranspiration is low.
Groundwater levels on the Swan Coastal Plain show strong seasonal variation with
peak or maximum water level occurring around October/November and minimum
water level in April/May.

Recharge into the regional groundwater may be directly extracted by phreatophytic
vegetation where the vegetation roots intercept the watertable (Froend et al., 1999).
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2.3.2 Water balance components for a conceptual model of vertical flux

Conceptual models of vertical flux provide a qualitative description of the processes
controlling the spatial and temporal distribution of groundwater recharge. A primary
component of the conceptual model of the VFM is the conservation of mass, or the
water balance, which designates that the sum of all inputs, outputs, and storage
changes in the system equals zero. Major components of the water balance in
semi-arid environments such as the Perth region are rainfall, infiltration, runoff,
evapotranspiration, redistribution, percolation and deep drainage (recharge).

2.3.2.1 Rainfall

Rainfall is the primary component of the water balance in Perth. The climate of

the Perth region is Mediterranean with hot, dry summers and mild, wet winters.
Approximately 90% of the rain falls between April and October. During the cool winter
months, rain is produced from cold fronts associated with low-pressure systems
whose centres pass from west to east through the region or just to the south and is
usually accompanied by strong winds and cloudy skies. The hot, dry summers are
caused by a belt of anticyclones. Occasionally, intense summer rainfall can occur
from thunderstorms associated with a heat trough that forms along the west coast
and drifts inland.

In addition to the strong seasonality of rainfall, recharge is also influenced by the
spatial and temporal distribution, including its intensity and duration.

2.3.2.2 Evapotranspiration

Evapotranspiration is the second dominant component of the water balance in the
Perth region. Evapotranspiration is the combined process of interception, evaporation
and plant transpiration.

Interception occurs when roads, roofs or vegetation canopies catch rainfall and
prevent its passage to the earth’s surface. The amount of interception depends
on landuse, vegetation type, canopy cover and weather characteristics such as
rainfall intensity and wind strength. Intercepted water is usually returned directly
to the atmosphere by evaporation. However, in the Perth urban area, most of the
interception occurs on impervious surfaces such as roads, parking lots and house
roofs. In this case, intercepted rainfall may be redirected to subsurface sumps for
infiltration, contributing significantly to groundwater recharge in urban areas.

Soil evaporation occurs when water that reaches the ground evaporates again
directly from the soil surface or leaf litter. Its rate depends on atmospheric conditions
(solar radiation, wind, temperature and humidity etc.) and on surface conditions
(available litter and soil hydraulic properties).

Transpiration occurs when water is taken up through plant roots and travels through
the interior of the plant to be lost to the atmosphere via evaporation through the
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leaves. Transpiration depends on vegetation characteristics (species, root depth
and density etc.), atmospheric conditions, and water availability within the soil
(especially the distribution of soil moisture near the roots). Some plants, known as
phreatophytes, have deep roots which intersect the watertable and are capable of
withdrawing water directly from the watertable (Froend et al., 1999). Leaf area is
believed to be a key factor that controls transpiration rates.

The general theory of evapotranspiration indicates that the availability of moisture,
and the availability of energy for evapotranspiration and transport of water vapour
away from the evaporating surface, are the most important controlling factors. In
most areas of Perth (except for lakes and wetlands), the availability of moisture
(rainfall) is less than the availability of energy for evapotranspiration and transport of
water vapour for much of the time. However, groundwater recharge does take place
over much of the Perth region. This is because the atmospheric demand and water
availability are out of phase due to the Mediterranean climate and very low water
holding capacity of the soils across the region. During winter, rainfall can exceed the
water equivalent of the available energy for evapotranspiration, and part of the rainfall
reaches the deeper soil layers beyond the reach of vegetation, resulting in recharge
or storage of water in the soil.

Important physical parameters that control the processes of evapotranspiration
include the incoming solar radiation, temperature, wind spread, available soil
moisture, vegetation characteristics (species, root depth and density) and watertable
depth. Vegetation density is measured by leaf area index (LAI), which is defined as
the ratio of green leaf area to ground area under the tree canopy.

2.3.2.3 Infiltration, runoff and surface water

Surface runoff is generated either when the groundwater rises above the ground
surface or the infiltration capacity of the unsaturated zone is exceeded by the rainfall
input. The combination of a Mediterranean climate and highly permeable, sandy soils
over much of the Perth region results in little direct surface runoff in most areas. Most
rainfall infiltrates into the soil and is eventually returned to the atmosphere through
evapotranspiration, or recharges the aquifer. The exception to this is in areas having
low-permeable Guildford soil, where some runoff may occur during winter under high
intensity rainfall conditions.

The amount of water that can infiltrate before runoff is generated depends on four
factors: the rainfall intensity and duration (the rainfall intensity must be greater
than the saturated hydraulic conductivity of the soil, and the rainfall duration must
be greater than the time required for the soil to become saturated at the surface),
infiltration capacity (how quickly the soil takes up water), the total storage capacity
(how much water the soil can hold), and the antecedent conditions affecting the
available storage capacity (how much water is being stored from previous storms).
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There are a few significant natural drainages or creeks within the study area,
including the Moore, Swan and Canning Rivers, Gingin and Ellen Brooks. However,
streamflows in most of the rivers are intermittent and occur predominantly as runoff
over the catchments (most of which are outside the study domain) from rainfall.
Sustained streamflow from discharging groundwater is limited to a few small

brooks. A review of these river features indicates that most are acting to discharge
groundwater (base flow) (Davidson, 1995). Consequently, infiltration from streamflow
is not considered to be a significant component of groundwater recharge in the Perth
region.

2.3.2.4 Redistribution/percolation, deep drainage and recharge

Redistribution, an unsaturated flow process governed by water-potential gradients
and gravity drainage, is the continued movement of water through soil after infiltration
has stopped at the ground surface. It is an important process that controls the
amount of water percolating below the zone of evapotranspiration and becomes
deep drainage. Redistribution occurs in response to both gravitational and capillary
(matric) potentials, and includes upward flow in response to capillary suction,
downward flow in response to both gravity drainage and capillary suction, and

lateral flow in response to both capillary potential and heterogeneity in the soil. The
initial redistribution of infiltration in wet soils generally occurs as gravity drainage.
Gravity drainage can be relatively rapid when soils are fully saturated, but decreases
significantly as the soil drains to a, subjectively defined, water content referred to as
‘field capacity’. Field capacity is the approximate water content at which the capillary
potential holding water in the soil under suction is significant relative to gravitational
potential, hence causing gravity drainage to be very slow. It is a conceptual term used
to characterise the water holding capacity of a given soil. Field capacity is usually
defined by the water content of the soil following a specified period of drainage (from
full saturation) or when the drainage rate becomes negligible (Campbell, 1985). In
general, the lower the permeability and the higher the field capacity for a given saill,
the greater the potential that water infiltrating the soil will eventually be removed by
evapotranspiration before it can percolate through the root zone to a depth where it
becomes deep drainage.

Deep drainage will eventually become recharge to the watertable in most of the areas
in the Perth region owing to the existence of permeable soil. There are, however,
some areas between the Gingin and Darling Scarps where the watertable is very
deep and unsaturated zones are very thick. The vertical permeability of the soil
column may be very low, particularly where shale bands associated with Mesozoic
sediments exist. In these areas, it is likely that perched watertables will develop and
deep drainage becomes recharge to a perched saturated zone and may flow laterally
to a local discharge area.

Redistribution/percolation and deep drainage in the unsaturated zone in most of the
areas is assumed via the soil matrix and not via macropores and larger preferred
pathways. The soils on the Swan Coastal Plain are typically unconsolidated
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sands having very little clay and are highly permeable. Under these conditions it

is unlikely that significant preferential flow will exist, as the unconsolidated sands
are not prone to cracking or fissures and typically do not sustain preferential flow
structures for any length of time. In addition, the inherent high hydraulic conductivity
of the sands suggests that in areas where some preferential flow may occur, such
as where long roots have created holes or soils are non-wetting (hydrophobic), its
relative significance compared to matrix flow may be small. The exception to these
conditions may occur in the Guildford soil, where preferential flow paths due to root
voids, clay shrinkage and other mechanisms may allow significant preferential flow
compared with that occurring via the matrix. However, the occurrence of Guildford
soil is typically along the escarpment and in low-lying areas with shallow depth to
watertable, where there is likely to be groundwater discharge rather than recharge.

Important factors controlling redistribution/percolation are the thickness of the
unsaturated zone, soil layering, and hydraulic properties such as hydraulic
conductivity (a measure of soil’s ability to transmit water) and its water retention
characteristics (the ability of the soil to store and release water).

2.3.3 Effects of landuse on vertical flux

2.3.3.1 Effects of urbanisation

Urbanisation is characterised by the replacement of natural or rural vegetated
landscape by a mottled combination of sealed impervious surfaces and grassed or
other vegetated surfaces. Interception, transpiration, infiltration and percolation are
substantially modified by the impervious surfaces in urban areas.

Buildings, roads, and other surface infrastructure such as drainage networks, and
disposal facilities such as soakwells and infiltration basins, significantly change the
flow pathways for precipitation to reach the watertable. In Perth, rainfall interception
by roofs is commonly disposed on site via a soakwell at a depth of about one metre
to comply with local government regulations. In addition, runoff from impervious
surfaces such as roads and pavement is usually directed to a drainage system which
normally directs the water to local infiltration basins. These infiltration basins may
also be connected to larger drainage systems that discharge major storm water

to rivers or the ocean. However, excess drainage usually occurs only in the areas
with low-permeability soil or shallow watertable. As a result, urbanisation changes
the recharge characteristics from diffused recharge with the slow infiltration and
percolation under natural environments to concentrated point sources which migrate
rapidly toward the watertable, particularly on highly permeable Spearwood or
Bassendean sand.

Large amounts of water are also imported via the scheme supply and collected again
in sewers or septic tanks. Additional recharge from the leakage of these distribution
and collection networks and return flow in garden irrigation can also be substantial.
Areas without connection to sewers also have additional recharge from septic tanks.

10 Department of Water



PRAMS model development: Application of the vertical flux model Hydrogeological record series, no. HG 27

The increase in recharge as discussed above may, however, be partially offset by
increased use of domestic garden bores.

2.3.3.2 Effects of agriculture

Agriculture is characterised by the replacement of natural vegetation with some
form of crop or pasture. Interception losses are changed and the transpiration
requirements of the new vegetation may be substantially different. This in turn
modifies the recharge to the watertable.

Irrigation of crops or pasture is often introduced in agricultural areas, usually using
groundwater pumped on site. Most of the irrigated water is used by plants to meet
the evaporative demand, both for transpiration and to simply maintain temperature
control. However, research has showed that a proportion of the irrigation water may
return to recharge the aquifer (Sharma et al., 1991b).

2.3.4 Conceptual model for the vertical flux model

Unsaturated flow in the Perth region is characterised by cyclic fluctuations in soil
moisture as water is replenished by rainfall and removed by evapotranspiration and
recharge to the watertable. Infiltration may cause a rise in the watertable, whereas
upward capillary flow from the watertable may occur in areas with shallow watertable
and high evapotranspiration rates. Unsaturated flow is primarily vertical since gravity
plays a major role during infiltration and permeable soils exist over most of the study
area. Figure 4 shows a schematic of vertical flux under a natural environment.

The conceptual model of water balance processes and vertical flux in the Perth
region is based on the law of conservation of mass: any change in the water content
of a given soil column during a specified period must be equal to the difference
between the amount of water added to the soil column and the amount of water
withdrawn from it. Conceptually, the vertical flux over the period of interest can be
expressed as:

R=P-EVT-RO-AS (1)
and
EVI=I+E+T (2)

where R is deep drainage (recharge); P is rainfall; EVT is evapotranspiration
(which consists of interception loss, |, litter interception and soil evaporation, E, and
transpiration, T); AS is the change in soil water storage; and RO is surface runoff.

The water balance equation often can be simplified by assuming one or more of the
terms to be negligible. For example, runoff is not an important water balance process
in most of the study area. Routing of surface water flow can be ignored and any
infiltration excess can be removed from the system, based on order of magnitude
arguments. This removes the need for a detailed surface water model for this study.
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Similarly in the urban areas where the recharge is dominated by point sources such
as soakwells and infiltration basins, changes in soil storage have relatively small
impact on recharge. This allows a simplified recharge model to be used in the urban
environment.

2.3.5 Characterisation of data for the conceptual VFM

As described in the previous sections, critical attributes of the vertical flux

as represented by equations (1) and (2) are climate, landuse and vegetation
characteristics (species, roots, LAl), soil hydraulic properties and watertable depth.
There is considerable spatial and temporal variability in the key attributes across the
model domain (e.g. Figure 5 for spatial variations of climate and landuse) that must
be incorporated in implementation of the conceptual model.

2.3.5.1 Climate

Two important climatic variables affecting the vertical flux in equation (1) are the rainfall
(P) and the available energy, the major driving force for evapotranspiration (EVT).

The average annual rainfall ranges from about 450 mm in the northeast to about
1200 mm in the southeast of the study area (Figure 5). The average annual pan
evaporation increases from 1600 mm in the south to about 2200 mm in the north.
To account for the spatial variation in climatic conditions, five climatic zones based
on climatic indices derived from monthly rainfall, pan evaporation and temperature
data (Aryal and Bates, 2001) have been defined (Figure 6). The variation in climatic
characteristics within each zone are considered to be relatively small and climate
data (rainfall, solar radiation, temperature and vapour pressure deficit) from a
representative climate station within the area has been used to drive the recharge
modelling. The duration and intensity of rainfall and their effects on the infiltration and
runoff are accounted for explicitly by allowing the VFM to run any specified interval
within a general daily time step.

2.3.5.2 Landuse and vegetation density (LAl)

Landuse in the modelling area is complex and varies both in space and time.
Recharge mechanisms are significantly different under urban areas and the
vegetated area. In urban areas, groundwater recharge is dominated by point sources
through soakwells and sumps on individual properties and larger storm infiltration
basins that collect the runoff from impervious surfaces such as roofs and roads.
Under vegetated areas, recharge varies considerably dependent upon vegetation
characteristics (species, root depth and density (LAI)). Shallow-rooted vegetation
such as pasture uses much less water than deep-rooted trees. Alternatively, dense
vegetation such as forests of pines (plantations) and dense understorey can intercept
and transpire much more water than grass and open native woodlands. Previous
studies have shown a wide range of recharge rates in the region, from negligible
recharge under pine plantations up to 60% of rainfall under pasture.
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To account for the recharge variation under different landuses and vegetation types,
landuse within the study area is first classified into a number of primary categories:

* native woodlands

* pine plantations

e dryland cropping/pasture

* irrigated horticulture (market garden), parklands and golf courses
* urban

* lakes and wetlands.

The composition of these primary classifications for the study area for year 2002 is
shown in Figure 7.

For the native woodlands and pines, EVT is a strong function of leaf area index. LAI
not only affects the rate of transpiration but also controls the proportion of radiation
reaching the soil surface, which in turn influences evaporation rates from that soil
surface. To account for the difference in tree EVT under different densities, the native
woodlands are further subdivided into low-, medium- and high-density classes.
Similarly, the pine plantations are delineated into five subclasses: high, medium to
high, medium, low to medium, and low density. Both native and pine plantations are
characterised by the density of trees as measured by LAI, which is derived from
ground truth data and Landsat imagery (Hodgson, 2003). In the urban area, further
subdivision is made to distinguish commercial areas, which have relatively high
recharge rates, from the residential areas.

There are thirteen classes of landuse for the whole model domain. Figure 8 shows
the landuse classification map for 2002.

Changes in landuses have occurred due to urbanisation, burning, or clearing for
pine plantations. Changes in rainfall recharge can be substantial, from 0 to 60%.
An important part of the modelling objective is to account for spatial and temporal
changes, hence the VFM needs to accommodate landuse changes. For this study,
the spatial distribution and temporal changes of these landuse classifications have
been determined at two-yearly intervals from satellite imagery, air photographs and
other cadastral and mapping information (Canci, 2004).

2.3.5.3 Soil lithology and hydraulic properties

The soil column regulates the rate of infiltration, stores and redistributes the infiltrated
water, and controls the supply of water for plant uptake and evaporation at the soil
surface. Owing to the Mediterranean climate of the Perth region, there is very little
rainfall during the summer months when evaporative demand is highest. Under these
conditions transpiration by vegetation is constrained by the available soil moisture
carried over from winter rainfall, unless the vegetation is able to access groundwater.
The major soil properties affecting these processes are hydraulic conductivity (a
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measure of soil’s ability to transmit water) and its water retention characteristics (the
ability of the soil to store and release water).

The soil in most of the model domain is characterised by coastal sand with high
permeability, very low water holding capacity, very low organic content and little or
no clay. Soils with higher clay or organic content occur along the eastern margin
associated with swamps and wetlands and in areas of the Dandaragan Plateau
(McArthur and Bettenay, 1960). To account for the spatial variability in hydraulic
properties of the soil, six different soil profiles were identified based on the soil
pattern, geomorphology and surface geology. These six types are the Quindalup,
Spearwood, Bassendean, Guildford, Mesozoic and Lacustrine soil profiles. The
spatial distribution of these soil profile types is shown in (Figure 9). Changes in

the soil hydraulic properties with depth are incorporated in the definitions of soil
layers for each profile, which are based on lithological logs of drilling holes and soil
maps provided by AQWA. Tables 1 and 2 show the conceptualisation of soil type
and layers. For Spearwood and Bassendean soil profiles, two topsoil layers and
one subsoil layer were used, but for the remainder only two soil layers (topsoil and
subsoil) were defined. Hydraulic properties (unsaturated hydraulic conductivity K(W)
and water retention K(y)) for each soil type were derived based on data from in situ
field measurements (Smettem, 2002) and laboratory analysis (Salama et al., 1999;
Vermooten, 2002; Smettem, 2002) wherever possible (Xu, 2003).

2.3.5.4 Depth to watertable

A watertable close to the surface may enhance soil evaporation because of increased
soil water supply from the watertable through the capillary fringe. In areas where
vegetation intersects the watertable, groundwater may be withdrawn directly from

the capillary fringe by vegetation (Froend et al., 1999), thereby increasing the
transpiration rate and reducing the net groundwater recharge.

Depth to the watertable at a particular site is determined as the difference between
the surface elevation and the level of the watertable. The watertable, however,
changes spatially and temporally with a very strong seasonal variation in response
to the climate and abstraction in some areas. To facilitate accurate determination of
depth to watertable, high-resolution digital elevation models (DEMs) with a vertical
accuracy of £ 2.0 m were used to define the surface elevation across the model
domain. The groundwater levels generated by the saturated groundwater model
are used as the watertable at a particular site and time. To incorporate the effects of
change in the groundwater level, the VFM is designed to be dynamically coupled to
the saturated groundwater model.
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Table 1 Soil profile classification and lithology associated with geomorphology and

surface geology

Soil Lithology Geomorphic element Major soil groups Surface geology
profile
Quindalup Eolian and littoral Quindalup Dune system  Calcareous deep sand Safety Bay Sand
calcarenite Yellow/brown shallow sand
Calcareous shallow sand
Yellow deep sand
Spearwood  Coarse-medium grained Spearwood Dune system  Yellow deep sand Tamala Limestone
eolian calcarenite and Pale deep sand
yellow sand Yellow/brown shallow sand
Bassendean Leached, siliceous, Bassendean Dune system Pale deep sand Bassendean Sand
eolian grey sand Semi-wet soil
Guildford Fluvial interbedded Pinjarra Plain Yellow deep sand Guildford Formation
sand, clay and Ridge Hill Shelf Pale deep sand Ridge Hill Sandstone
conglomerate, Duplex sand gravel Yoganup Formation
calcareous in places Grey deep sand duplex
Lateritic Wet, semi-wet soil
Mesozoic Laterite, sand, sandy Dandaragan Plateau Pale, red, yellow deep sand Mesozoic Formations
clay Duplex sandy gravel
Grey deep sand duplex
Lacustrine Clay and peat Modern and ancient Wet and semi-wet soil Quaternary alluvium

wetlands, interdunal
corridors and swales.

and lacustrine
deposits within Tamala
Limestone and
Bassendean Sand

Table 2 Layers and soil characteristics of typical soil profiles

Soil profile ~ No. of Thickness of soil layers Brief description
layers
Quindalup 2 1: topsoil A, 0.5 m Calcareous sand with some organic material, high permeability, low
water holding capacity
2: subsoil B, upto 50 m  Calcareous sand, high permeability, very low water holding capacity
Spearwood 3 1: topsoil A, 0.15m Calcareous sand with some organic material, high permeability,
relatively better water holding capacity.
2: topsoil B, 0.35m Calcareous sand, very high permeability, low water holding capacity
3:subsoil C,upto 50 m  As above
Bassendean 3 1: topsoil A, 0.15m Quartz sand, some organic material, high permeability, slightly better
water holding capacity.
2: topsoil B, 0.35m Quartz sand, high permeability, low water holding capacity.
3: subsoil C, upto 50 m  Quartz sand, very high permeability, very low water holding capacity.
Guildford 2 1: topsoil A, 0.5 m Clay and sandy clay, low permeability
2: subsoil B, upto 30 m  As above
Mesozoic 2 1: topsoil A, 4 m Laterite/sand, high permeability
2: subsoil B, upto 30 m  Sand, sandy clay, moderate to high permeability
Lacustrine 2 1: topsoil A, 2 m Clay and peat, very low permeability

2: subsoil B, upto 30 m

Fine-medium grain sand, high permeability on coastal sand dunes
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2.4 Modelling of vertical flux

2.4.1 Methodology

Vertical flux models estimate the spatial and temporal distribution of recharge over
the study area by approximating the water balance processes given in equations (1)
and (2) using the key attributes that control the vertical flux.

Currently, a variety of approaches with different levels of complexity is being
employed to model the governing processes to simulate vertical fluxes in the
unsaturated zones and determine groundwater recharge (Scanlon et al., 2002).
These approaches can be broadly categorised into two groups: soil water storage
routing approaches (bucket model) and process-based models. The bucket model
considers the soil storage as a reservoir (or a series of connected reservoirs)
containing water, which is balanced in each time step. The process-based model
describes the soil water movement based on Richards’ equation and incorporates
more detail of the climate—soil-water—vegetation interactions.

A previous model of the Swan Coastal Plain, namely, the Perth Urban Water
Balance (PUWB) model, used a bucket model that simulates spatially variable
one-dimensional vertical flow to calculate the net vertical flow of water to/from the
saturated zone (Cargeeg et al., 1987). The PUWB VFM implements an algebraic
water-accounting model of vertical flow through the unsaturated zone, using
simplified rule-based algorithms. Whilst the PUWB model represents the recharge
adequately in urban areas, it was found that it did not give good estimates of
recharge in the vegetated areas (CyMod, 1999).

Current and future groundwater resource development is highly constrained by

the response of ecosystems in areas of native vegetation. Modelling tools that are
designed to explore the sensitivity of the region to future abstraction, climate and
landuse change must therefore be able to characterise the complex interactions
between the soil, vegetation and rainfall. One of the criteria for developing a new
model was to replace essentially empirical models, such as PUWB, with a physical-
based model for those processes that are spatially and temporally dominant.

Given that over 90% of the area in the modelling domain is covered by natural
vegetation, pine plantations and pasture/cropping, use of a process-based model
was considered to be the best option to estimate recharge, taking into account the
variation in vegetation, climate, depth to watertable and soil properties.

For other landuse classes, the use of the process-based model is inappropriate

or unnecessary. This may be because the watertable is above, ‘or close to’, the
ground surface (e.g. lakes and wetlands) or because anthropogenic factors govern
the recharge (e.g. market gardens, urban areas). The VFM provides alternative,
and more computationally efficient, algebraic models based on rainfall and pan
evaporation to calculate net recharge due to rainfall for those areas. Recharge
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by return flow of irrigated water is handled separately in the saturated model by
adjusting the abstraction from the superficial aquifer.

Assessment of the process-based models applicable to the environments of the
Perth region, and review of the modelling requirements of the Water Corporation

and Department of Water, have led to the use of the biophysical model WAVES,
developed by CSIRO (Zhang and Dawes, 1998) as the modelling platform for

the new VFM to calculate recharge under pasture, pine plantations, and native
woodlands. WAVES emphasises the physical aspects of soil water fluxes and the
physiological control of water loss through transpiration. The model can also be used
to simulate the hydrological and ecological effects of vegetation management options
(e.g. for recharge enhancement), or the water balance implications of changed
climatic conditions.

Process-based models such as WAVES are usually computationally intensive and
it is impractical to run a process-based model for each node of the saturated flow
model (i.e. for more than 25 000 nodes) over the modelling domain, which covers
more than 6000 km?2. To overcome the computational issues and to adequately
address the spatial variability of the key parameters that dominate the recharge
processes, a new methodology based on the concept of representative recharge
units (RRU) was developed (Silberstein et al., 2004).

A review of the physical inputs to the various components of the vertical flux model
indicates that there are significant yet limited numbers of combinations of parameters
that hold over the Swan Coastal Plain. The clustering of important model parameters
provides an opportunity to reduce the computational requirement by only solving the
soil distribution at unique nodes and using the solution at all other nodes that are a
member of that group of variables.

The approach first classifies the modelling domain into a number of designated
RRUs, which are based on climate, landuse (including vegetation characteristics),
soil profile and watertable depth. It is assumed that hydrological properties are
homogeneous within each RRU; and that all cells that share the same RRU will have
similar recharge characteristics, and will have a similar soil moisture distribution

and net recharge. Simulations are then carried out for each RRU to estimate the
recharge using the WAVES model or an algebraic model, depending upon the
landuse. Recharge for each cell in the modelling domain is determined using the
VFM simulation results and watertable depth provided by the saturated groundwater
model.

2.4.2 VFM recharge models
2.4.2.1 WAVES model

A full description of the WAVES model can be found in a report by Zhang and Dawes
(1998). WAVES is a one-dimensional, daily time-step model that simulates the fluxes
of water and energy between the atmosphere, vegetation, and soil systems. Itis a
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process-based model that couples these systems by modelling the interaction and
feedback between them.

WAVES models the following processes on a daily time step:

* interception of rainfall and light by canopy

* surface energy balance

e carbon balance and plant growth

* soil evaporation and canopy evapotranspiration

* surface runoff and infiltration,

* saturated/unsaturated soil moisture dynamics (soil water content with depth)
* drainage (recharge)

* solute transport of salt (NaCl)

e watertable interactions.

A diagram of the components of WAVES is shown in Figure 10. The model is based
on five balances:

* Energy balance: partitions available energy into canopy and soil for plant growth
and evapotranspiration (Beer’s law)

* Water balance: handles infiltration, runoff, evapotranspiration (Penman-Monteith
equation), soil moisture redistribution (Richards’ equation), drainage, and
watertable interactions;

» Carbon balance: calculates carbon assimilation using integrated rate methodology
(IRM) and dynamically allocates carbon to leaves, stems, and roots, and
estimates canopy resistance for plant transpiration

* Solute balance: estimates conservative solute transport within the soil column and
the impact of salinity on plants (osmotic effect only)

* Balance of complexity, usefulness, and accuracy.

The energy balance module calculates net radiation from incoming solar radiation,
air temperature, and humidity, then partitions it into canopy- and soil-available energy
using Beer’s law. Evapotranspiration is calculated using the Penman-Monteith
equation with available energy, vapour pressure deficit, and air temperature as
inputs. The Penman-Monteith equation is a ‘big leaf’ model based on the combination
of energy balance and aerodynamic principles. It requires estimation of aerodynamic
and canopy resistances. The aerodynamic resistance of the plant canopy is currently
estimated by a constant value, whereas canopy resistance is calculated as a function
of net assimilation rate, vapour pressure deficit, and CO, concentration. WAVES
couples canopy and atmosphere using the ‘omega approach’ proposed by Jarvis and
McNaughton (1986) and handles the multi-layer canopy explicitly.
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The soil water balance module handles rainfall infiltration, overland flow, soil and
plant water extraction, moisture redistribution, drainage (recharge), and watertable
interactions. Soil water movement in both the unsaturated and saturated zones is
simulated using a fully implicit finite-difference numerical solution of a mixed-form of
Richards’ equation. Overland flow can be generated from the rainfall rate exceeding
the infiltration rate of the soil, and when rain falls on a saturated surface.

WAVES accounts for antecedent moisture conditions in the root zone and deep
unsaturated zone, for different plant species, extent of plant development, root zone
depth, and the physical characteristics of soil type (soil moisture characteristic). This
model has been shown to simulate water dynamics and vegetation growth correctly
for a wide variety and combinations of climate, soil and vegetation type (Zhang et al.,
1996; 1999).

Assumptions under which the WAVES model was developed are discussed in the
report by Zhang and Dawes (1998).

2.4.2.2 Verification of WAVES

To demonstrate the applicability of WAVES to conditions existing on the Swan
Coastal Plain, the model has been applied to several datasets to compare the
simulation results with recharge derived from field measurements, including:

» water level data collected by CSIRO for the winter of 1998 (Hatton et al., 2001)
* data from neutron moisture meter access tubes installed at Pinjar (PM6, PV3)

» datasets collected by DEC in a field experiment in the McLarty plantation at
Myalup, northeast of Harvey, to investigate the growth and water use of Pinus
pinaster under different stand densities and fertiliser applications.

The comparison shows a reasonable agreement given the uncertainties in the site
characterisation (soil, LAl etc. see Part 1 of the report by Silberstein et al., 2004). In
particular, application of WAVES to the McLarty datasets has shown that the model
(with vegetation growth module active) can reproduce the leaf area dynamics, wetting
front infiltration and the seasonal soil water storage cycle (Bekele and Silberstein,
2003). This gives some confidence in using WAVES as the recharge modelling
engine for PRAMS.

2.4.3 Algebraic models

Under certain conditions, some processes or components of the VFM described in
equations (1)-(2) are amenable to simplification; typically those where the dominated
flux bypasses the soil column, such as soakwells/infiltration basins connected to the
soil below the root zone, point source recharge/discharge, and direct evaporation
from a free surface or areas with no vegetation. For these landuse classes (urban,
lakes/wetland and parkland/market garden), a process-based model is not required
as the storage of water in the soil column has insignificant impacts on the vertical
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flux reaching the watertable. The RRUs that have these characteristics are simulated
using algebraic models with one to three parameters.

The algebraic models have a general form
R=axP-BxPE 3)

where R = net recharge, P = rainfall, PE = pan evaporation, coefficients a and 3
can be constant (LINEAR model) or varying with watertable (PIECEWISE_LINEAR
model); see Barr et al. (2003) for details.

The parameter coefficients for rainfall and pan evaporation for the non-WAVES
recharge model were estimated based on available daily data but were subject to
refinement as part of the calibration of the coupled model (CyMod, 2004). Initial
estimates of these parameters are given in Table 3 and discussed below.

2.4.3.1 Urban

Recharge in the Perth urban area is dominated by point sources generated

from soakwells and infiltration basins which manage runoff from roofs and other
impervious surfaces. Leakage from distribution and collection networks and return
flow in garden irrigation can also generate substantial recharge. This increase

in recharge may be partially offset by increased use of domestic garden bores.

An alternative approach for urban recharge is to estimate or quantify individual
components. The Perth Urban Water Balance model used this methodology with
some success (Cargeeg et al., 1987). However, such an approach requires a large
amount of data, most of which is spatially variable and highly uncertain, and is likely
to lead to a large uncertainty in the final estimate (Lerner, 2002).

PRAMS takes a holistic approach to dealing with recharge in the urban area. The
abstraction of domestic garden bores is treated in the saturated model as distributed
negative recharge and return flow is accounted for by discounting the abstraction
rate. Other recharge in the urban area is calculated using the LINEAR model in

the VFM. The effects of reticulation recycling, and the collection and disposal of
runoff from impervious surfaces are simplified by specifying an equivalent recharge
coefficient as a percentage of rainfall that is directed into the unsaturated zone below
the root zone. Use of a recharge coefficient allows a simple model specifying direct
recharge to the aquifer to be used. Elimination of storage in the unsaturated zone is
acceptable because of the typically high hydraulic conductivity and low water holding
capacity of the Bassendean and Spearwood sands in most areas of urbanisation.
The point source nature of much of the infiltration results in the rapid vertical
migration of recharge to the saturated zone.

Recharge by return flow of irrigation water from domestic garden bores is handled
separately in the saturated model by adjusting the abstraction from the superficial
aquifer. A recent study (Aquaterra, 2001) indicates that about 30% of all households
in Perth have garden bores and abstract a total of more than 110 GL per annum. It
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is estimated that about 20—-30% of irrigation water will recharge the aquifer as return
flow (Davidson and Yu, 2004). PRAMS assumes a return flow of 30% of irrigation
water.

Urban landuse is further classified into residential and commercial/industrial areas
to account for the variations in recharge. The coefficients of the LINEAR models
were initially estimated empirically from data such as the impervious surface (roof
and pavement) area and minor adjustments were made as a part of PRAMS 3.0
calibration (CyMod, 2004).

Residential: PUWB studies undertook detailed investigation into the percentages of
roofed and paved areas in a typical suburb. It was found that for the low-, medium-
and high-density areas, the percentages of roofed are 8.8%, 18.0% and 37.0%
and the percentages of paved are 8.4%, 13.2%, 15.4% respectively. Analysis of
data for the PUWB model for the area north of the Swan River indicates that for
the metropolitan area, the averaged percentages of roofed and paved are about
20% and 15% respectively. About 80-90% of rainfall falling on roofs will reach

the groundwater via soak wells and 60-70% of rainfall on the paved areas will be
collected and infiltrated in infiltration basins (Prince, 1997). For lawns and gardens,
net rainfall recharge rate is estimated as 30-40% of annual rainfall. This indicates
that rainfall recharge alone is in the range of 45-55% of rainfall in residential areas.

Loss from the water distribution networks in Perth is estimated to be around 10% of
total supply, which may result in an additional recharge to the superficial aquifer of
as much as 20 GL/a. A recent Domestic Water Use Study shows that about 54% of
household water use is for backyard garden irrigation (Loh, M., 2004, pers. comm.).
Assuming that 20% of the irrigated water becomes return flow to the aquifer, this
could represent another 20 GL/a of recharge in the urban area. Thus leakage and
return flow may contribute about 3—4% of rainfall to groundwater recharge. Areas
without connection to sewers also have additional recharge from the discharge of
septic tanks. However, these areas are gradually reducing owing to implementation
of the sewerage infill program.

The combined recharge in residential areas with sandy soils and depth to watertable
of more than 10 m is estimated to be between 48 and 60% of rainfall.

Commercial/lndustrial: Analysis similar to that above indicates that the average
percentages of roofed and paved surfaces for the commercial and industrial areas
are about 40% and 35% respectively. This gives a recharge rate of 60—70% of rainfall
in these areas.

In areas with soils of low permeability and shallow watertable, part of the estimated
recharge will become drainage instead of groundwater recharge. PRAMS 3.0 uses
the Drain Package in MODFLOW to handle drainage. Both natural drainage and the
major man-made drainages operated by the local councils and the Water Corporation
have been incorporated in the PRAMS 3.0 model.
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2.4.3.2 Market garden/parkland

It was originally proposed to use separate landuse classes for market gardens
(horticulture) and parkland, since irrigation of market gardens is much more intensive
than that in parkland. However, it is difficult to distinguish these two landuses using
Landsat data. As a result, the two classifications were amalgamated into one market
garden/parkland landuse class. The classification includes parklands, golf courses,
and market gardens and other irrigated crops.

These areas are subject to manipulation by human activity. Typically, groundwater is
used to provide water for plants, in addition to that provided by rainfall. To simplify the
recharge calculation, the net recharge is split into two parts: recharge due to rainfall,
and return flow from irrigation. Recharge from rainfall is modelled via a recharge
coefficient as percentage of rainfall using the LINEAR model in the VFM, whilst
return flow from irrigation is accounted for by discounting the abstraction rates in the
relevant area.

The water used for irrigation is typically abstracted from the superficial aquifer by
bores in close proximity to the area that is to be irrigated. Research on the water
used by market gardens, and other irrigators, suggests up to 50% of applied water
may recycle back to the watertable (Sharma et al., 1991b). However, recycling

is a function of how much water in excess of plant requirements is applied. The

DoW issues licences for irrigation based on optimised plant water requirements.
Consequently, in the absence of over pumping, the irrigation of market gardens and
other areas should not result in significant recycling. Davidson (1995) estimated that
recycling may be closer to 20%. PRAMS 3.0 discounts all private licensed abstraction
from the superficial aquifer by 20%.

Rainfall recharge from market gardens is expected to be high because roots of the
plants in these areas are commonly shallow and the evaporative demand is low and
constrained by the available solar energy in winter. Field investigations by CSIRO
(Salama et al., 1999) using lysimeters in a strawberry farm on the Gnangara Mound
showed that recharge rates during the winter period of 1998 amounted to 75% of the
rainfall (421 mm out of 558 mm of rainfall), whereas Sharma et al. (1991b) estimated
that return flow is 40% of applied water. The VFM takes a conservative approach

for calculation of recharge in these areas and uses a coefficient of 0.4 for a for net
rainfall recharge calculation.

2.4.3.3 Lakes and wetlands

There are many lakes and wetlands on the Swan Coastal Plain that are permanently
or seasonally inundated or waterlogged. The majority of these lakes are ‘flow through’
lakes (Townley et al., 1993) where the heads of the watertable and levels of the

lakes are coincident. The existence of a lake is defined by topography and no special
mechanisms other than evaporation are required to model lakes. Hence we use a
simpler modelling approach based on the difference between rainfall and evaporation
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from a water body. The VFM uses the PIECEWISE_LINEAR model to simulate the
recharge/discharge in the wetlands (Barr et al., 2003). The saturated flow model will
account for inflow to, and outflow from, the lakes/wetlands.

The Department of Water (formally WRC) has mapped the distribution of lakes/
wetlands on the Swan Coastal Plain (Hill et al., 1996). However, owing to lower than
average rainfalls, increasing groundwater abstraction and maturing pine plantations,
groundwater levels in the region have been declining over the past two decades.
Water levels in many areas that were classified as wetlands/lakes have dropped and
hydrological processes in these areas are now dominated by plant water use and
hence are better modelled by WAVES. In this study, only areas that appeared as a
body of water when the satellite images were taken (usually in December or January)
were classified as lakes/wetlands. In order to accommodate the areas which are
seasonally inundated, the VFM implements a strategy that forces any landuse type to
automatically become a lake/wetland if the watertable depth at a particular cell is less
than a value specified in the definition file. This value is currently set at 5 cm.

The lakes/wetlands landuse as classified above is essentially an evaporative basin.
The VFM uses a coefficient of 1.1 for rainfall to account for additional inflows from
the surrounding area. Evaporation from the water surface is assumed to be 0.8-0.85
of pan evaporation and reduces linearly to zero when the groundwater level falls

3 m below the ground surface. The evaporation coefficient is based on the values
recommended by AgWA for the Perth region (Luke et al., 1987).

Table 3 Recommended parameters for simple recharge models

Landuse Model a B EVT extinction depth
(m)

Urban: residential LINEAR 0.48-0.6 0 n/a

Urban: commercial LINEAR 0.6-0.7 0 n/a

Wetland/lake PIECEWISE-LINEAR 1.1 0.8-0.85 3.0

Parkland/market garden  LINEAR 0.4 0 n/a

2.5 Data requirements for VFM
Data inputs for the VFM include:

* gridded maps that show spatially distributed landuse, including vegetation
classification and leaf area index, climate domain, soil classification and a table of
watertable depths at which simulations will be carried out

* temporal landuse maps currently at two-year intervals

» daily climate data for each climate domain, consisting of rainfall, pan evaporation,
solar radiation, maximum and minimum temperature and vapour deficit
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* soil data, details of soil layers in the soil profile and soil hydraulic properties for
each soil layer. The hydraulic properties required as inputs in the form of soill
tables for WAVES include the soil water retention curves and the unsaturated
hydraulic conductivity characteristic curve

* the vegetation water use parameters and the root distributions with depth for
native woodland, pines and pasture.

Full details of datafiles required for PRAMS 3.0 are given in Appendix I.

2.6 VFM manager and integration with MODFLOW

A program (VFM manager) has been developed to manage the data flow to the VFM
models and integrate with the MODFLOW model (MODFLOW 96 and 2000).

Maijor tasks for the VFM manager include:

* to classify the RRUs for the whole model domain climate, landuse, soil profile and
watertable depths at which simulations will be carried out

* to select the recharge model to run for individual RRUs
* to manage data input to the recharge models
* to run the recharge models and accumulate results for each stress period

* to pass the calculated recharge/discharge back to MODFLOW for each cell.

A full description of the VFM manager can be found in Barr et al. (2003).

2.7 Pilot study and full-scale implementation

A pilot study was undertaken on a subregion of the whole PRAMS modelling
domain to evaluate the coupled model and provide a quantitative understanding
of the linkage between the VFM and MODFLOW. This also provided information
on the relationships between the aquifer response and recharge from different
landuses. Initially, the one-layer saturated groundwater model developed by URS
(2001) for the superficial aquifer in the South Gnangara Mound was used for the
pilot study. However, analysis of the model parameters revealed that the spatial
distribution of hydraulic conductivity in this model is significantly different from the
conceptual hydrogeology described by Davidson (1995) and used in PRAMS 2.1.
Simultaneously, the Corporation engaged CyMod to develop a local model to assist
with the operation of the Lexia borefield (CyMod, 2003). The model then became
available and was used for the pilot study.

The pilot model covers an area of about 1050 km? from the Swan River in the south
to the Lake Pinjar in the north (Figure 1). A uniform grid of 200 by 200 m is used
with three vertical layers representing the superficial and Mirrabooka aquifers. The
pilot study area is representative of the VFM landuse classes in the full domain, and
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part of the area has shallow watertable. This allows the pilot model to be used as
a comprehensive test of dynamic linkage between the VFM and MODFLOW under
these conditions.

Calibration of the pilot model was initially undertaken by accepting the recharge
rate calculated by the VFM and adjusting, within the constraints of the conceptual
hydrogeology, the horizontal and vertical hydraulic conductivity in the saturated
model to match the measured water levels at calibration bores. It became apparent
that the model could not be adequately calibrated using this approach. Most of the
issues identified by this process were related to data specification but some were
caused by the implementation of WAVES in the VFM. The significance of some of
the issues was apparent only when the coupled model was applied to the full model
domain, and hence the pilot study and full-scale implementation were overlapped in
an iterative process. The main issues and measures adopted to address these are
discussed below.

2.7.1 Excessive water uptake for shallow watertable under dense pines

Preliminary calibration of the pilot model indicated that the model performance in
areas with deep watertable was good. In areas with shallow watertable, the WAVES
model over predicted water uptake by pines when the LAl was greater than 2.

Evaluation of the model simulations indicated that for areas of shallow groundwater,
high-density pine plantations were able to access groundwater from the capillary
fringe down to the maximum root extinction depth of about 12 m. Modelled water
use was up to 1.6 m/year; however, the resultant large watertable declines were

not consistent with the observation bore data. The observed groundwater levels
could not be approximately simulated using aquifer parameters that were consistent
with the conceptual hydrogeology. This resulted in systematic errors in the model
calibration in the pine plantation areas where the typical watertable depth is in the
range 5—-10 m.

Several options were investigated during model calibration to reduce the water
uptake and limit the continual tracking of the watertable by pine roots. Initially, the
maximum root depth parameter was reduced from 12 m to about 4 m. This gave
good results in the pilot area but resulted in excessive recharge when the model
was extended to the central and Yanchep regions, where the watertable is deep.
Further modification of the VFM codes was undertaken to introduce an additional
parameter to truncate roots at a specified height above the watertable. Discussion
with Drs R. Silberstein of CSIRO and J. McGrath of FPC supported this approach
as the watertable on the Swan Coastal Plain varies seasonally with amplitudes of
about 1-2 m, and roots of trees, particularly Pinus pinaster, are unlikely to tolerate
waterlogging during the winter and will not grow rapidly enough to follow the
watertable during the summer recession, when the evaporative demand is highest.
This is considered to result in a truncated root system and the current calibrated
value for this parameter is 1.5 m in PRAMS 3.0. Monthly measurements of needle
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water potential have also indicated that trees with shallower watertables are
slightly more stressed than those with greater depth to water (Silberstein, R. and
Dumbrell, I., 2004, pers. comm.).

Implementation of this strategy has introduced an additional problem. As the
watertable depth decreases, roots within the soil column also decrease, and pine
trees lose their roots altogether when depth to watertable is less than 1.5 m. This
creates an artificial increase in recharge under pines when the watertable rises. To
overcome this problem, a further modification was made to reduce the truncation
length by half when watertable depth is reduced to half of the maximum root depth.
Comparison of recharge characteristics between the original and the modified
implementation is given by Xu (2004).

Landuse classes for pine plantations were increased from an initial four classes to
six (Table 4). The very low density of pines (LAl < 0.5) is represented by a pasture
classification. The increase in data resolution has also enhanced the capability of
PRAMS to evaluate the effects of different pine thinning and harvesting strategies.

Table 4 Landuse classification for pines

Initial Classification New Classification
LAI Landuse (code) LAI Landuse (code)
<0.5 Pasture (3) <0.5 Pasture (3)
0.5<LAI<15 Pine — low (8) 0.5<LAI<1.0 Pine — low (8)
1.5<LAI<25 Pine — medium (7) 1.0<LAI<15 Pine — low to medium (18)
LAl > 25 Pine — high (6) 1.5<LAI<2.0 Pine — medium (7)
20<LAI<25 Pine — medium to high (17)
LAI> 2.5 Pine — high (6)

In order to better characterise pine water use, the Water Corporation has engaged
CSIRO to undertake a series of field measurements to collect additional data on the
use of water by pine plantations on Gnangara Mound. These data will be used to
further refine the VFM model and improve the accuracy of PRAMS.

A consequence of implementation of the coupled PRAMS model was to limit the
ability to achieve calibration through adjustment of recharge. As a result, an area
located on the southeast flank of the Gnangara Mound was identified which could
not be calibrated using parameters consistent with the conceptual hydrogeology of
the area. A comprehensive review was undertaken (Rockwater, 2004), leading to
improved understanding of the groundwater system in the area, and new parameter
zonings in the saturated groundwater model were implemented.
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2.7.2 Excessive recharge in the Guildford soil under pasture

Using the recommended soil hydraulic properties, WAVES generates water yields of
30-40% of rainfall beneath pasture in the area of Guildford soil. This is a reasonable
estimate when compared with modelling results and field data from other catchment
water balances in similar areas of Australia (e.g. Zhang et al., 2001). However, the
area with the Guildford soil has groundwater close to the surface. As a result, part of
the water yield is rejected from the aquifer because it is full (referred to as ‘rejected
recharge’ in the literature) and ponds on the surface. This contributes to additional
EVT and surface runoff. As both MODFLOW and the VFM do not handle this type
of runoff, groundwater levels increase above the ground level when the ‘rejected
recharge’ is applied to the model. This generates systematic errors in these areas.
Introduction of more detailed drainage features to the model alleviates the problem
only to some extent, owing to the low permeability of the underlying (saturated)
Guildford clay, and considerable errors occurred in some areas.

To resolve the issue without introducing complex models to handle the groundwater
surface water interaction in the VFM, the saturated hydraulic conductivity of Guildford
soil was reduced as part of model calibration. The calibrated hydraulic conductivity
for the Guildford soil is 0.01 m/d, which is significantly lower than the value of 0.65
m/d derived from AgWA datasets. This adjustment effectively removes the rejected
recharge from the model.

2.7.3 Landuse classes for native woodlands and nominal LAI

The native woodlands were originally classified into three types based on LAI derived
from Landsat data: very low, low and high density for LAl < 0.5, 0.5 < LAl < 0.8, and
LAl > 0.8 respectively (Table 5). The very low-density banksia was grouped with
pasture to reduce the number of RRUs required to run WAVES. The nominal LAI
used for low- and high-density banksia in the WAVES simulation was 0.7 and 1.0
respectively. This was adequate for the pilot study. However, when applied to the full-
scale model, recharge in the area north of Pinjar was high and simulated heads were
consistently higher than observed. In addition, simulated hydrographs indicated that
the recharge response was too rapid compared with observations, particularly when
classification changes occur.

To address this, the landuse for banksia woodlands was reclassified into four
classes: very low (LAl < 0.5 modelled as pasture), low (0.5 < LAl < 0.75), medium
(0.75 < LAI < 0.85) and high (LAI > 0.85) density (Table 5). However, a reasonable
calibration can not be achieved if the nominal LAl used for WAVES simulation is
constrained within the revised range, particularly for the medium and high class
owing to too much recharge in the area north of Pinjar.
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Table 5 Landuse classification for banksia woodlands

Initial Classification New Classification
LAI Landuse (code) LAI Landuse (code)
<0.5 Pasture (3) <05 Pasture (3)
0.5<LAI<0.8 Banksia - low density (2) 0.5<LAI<0.75 Banksia — low density (2)
LAl > 0.8 Banksia — high density (1) 0.75 <LAI <0.85 Banksia — medium density (22)
LAI > 0.85 Banksia — high density (6)

Examination of the spatial distribution of these classes revealed that they are usually
associated with areas where soil stratifications such as fine sandy clay or coffee rock
layers occur. Where they have been identified in field investigations, these layers
have higher soil water retention properties than a clean sand profile. The existence
of these layers increases the amount of infiltrated winter rainfall stored in the soil
profile, which is then available for plants to transpire during summer. This results

in a reduction in recharge. The spatial distribution of these soil layers has not been
mapped over the areas dominated by native vegetation and hence their soil hydraulic
properties have not been included in the current VFM datasets. The soil in the area
is also known to have some hydrophobic properties (non-wetting) that may influence
the recharge processes.

There is also some uncertainty in the estimated leaf area index for native woodland
(Hodgson, 2003). The LAl maps were generated from a regression model based

on ground measurements and the correlation with a vegetation density index
consisting of Landsat TM bands (3 + 5)/2. This method provides a good relationship
for the relatively homogeneous pine plantations but is less robust for the native
woodland. This may be due to the approximate nature of field estimates for the native
understorey. Nevertheless, the relationship was used in the project as there was no
available alternative for deriving spatial and temporal LAl on such a large scale.

Given the uncertainty in the soil hydraulic properties and the vegetation density (LAI)
derived from Landsat, it was decided to permit adjustment of the nominal LAl used in
WAVES simulations for the native woodland as a part of model calibration. Calibrated
nominal LAl values for the low-, medium- and high-density banksia are 0.66, 1.08
and 1.26 respectively. Note that the LAl for the medium class is well over the range of
0.75-0.85.

The Water Corporation has implemented several projects undertaken by UWA, ECU
and CSIRO to collect field data regarding soil hydraulic properties, native woodland
water use and LAl measurements. These data will be used for further improvement of
PRAMS as they become available.
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2.7.4 Enhanced simulated hydrograph

In general, simulated hydrographs at calibration bores follow the correct trends

but seasonal variations tend to have a greater amplitude than the observed. To
address this, the saturated hydraulic conductivity for the subsoil of Bassendean and
Spearwood soils was adjusted as part of model calibration. This resulted in reduction
of saturated hydraulic conductivity for Bassendean subsoil from 15 m/d to 10 m/d,
and for Spearwood subsoil from 10 m/d to 5 m/d. This is within the range of expected
values, particularly in the presence of vertical flow in a profile containing lower
conductivity layers.

In summary, key changes made to the VFM data and models during calibration of the
pilot and PRAMS 3.0 models are:

* increase the resolution of landuse classes for pine plantation and banksia
woodland

* reduce the saturated hydraulic conductivity for the Guildford, Bassendean and
Spearwood soils

e allow the nominal LAl used in WAVES simulation for banksia landuse classes to
be adjusted as a part of model calibration

* reduce pine water use by truncating the roots at a specified height above the
watertable.

With these improvements, the pilot model and full-scale models demonstrate that the
VFM and coupled model represents relevant conditions on the Swan Coastal Plain to
an acceptable level (CyMod, 2003, 2004).
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3 VFM datasets for PRAMS 3.0

Based on a successful demonstration of the VFM in the pilot study, after some
recalibration a complete set of data input was constructed for the PRAMS 3.0 model.
A full description of required data files for the VFM is given in Barr et al. (2003).

Data input for the VFM model, including fixed values, spatial distribution and time
varying quantities, are summarised below.

Spatial data:

* Climate zone map
* Landuse classification map
* Soil profile map

* Topography (DEMs) map.
Temporal data:

» Historical landuse change and temporal variation of LA
e Daily climate data

* Watertable (generated by the saturated groundwater model).
Fixed value data:

* Soil hydraulic properties

* Watertable depths at which WAVES simulations are required

* Model parameters for the non-WAVES modules

* Plant physiological parameters that characterise the plant water use.
Geographic information system (GIS) and remote sensing technology have been
used extensively to derive the spatial maps from data of various sources (Canci,
2004). Spatial distributions of climate, soil and landuse for 2002 are shown in
Figure 6, 8 and 9. These maps are converted onto the grid used by PRAMS 3.0 and

then converted to a readable format for the VFM. The data files used for the VFM
components of PRAMS are given in Appendix |, and the data are summarised below.

3.1 Climate, soil, landuse and watertable

3.1.1 Climate data

The vertical flux model is ultimately driven by a time series of daily climate data.
The model domain is classified into five zones to account for the spatial variability

30 Department of Water



PRAMS model development: Application of the vertical flux model Hydrogeological record series, no. HG 27

of climate conditions across the region (Figure 6). In each climate zone, a
representative climate station was chosen and daily climate data (rainfall, maximum
and minimum temperature, vapour pressure deficit and solar radiation) from the
patched point dataset (PPD) provided by SILO (BoM) was used to drive the model.
Table 6 gives the means of the climate data from 1980 to 2003 for all of the climate
stations used. Note that SILO data gives only vapour pressure (VP). The vapour
pressure deficits (VPD), which are required for WAVES, were calculated as the
difference between the vapour pressure and the saturated vapour pressure at the
average of the maximum and minimum temperatures based on the averaged daily
temperature and the vapour pressure (Zhang and Dawes, 1998). The data formats
for climate files are described in Barr et al. (2003).

Table 6 Mean climate data (1980—-2003) for all the climate stations used for PRAMS 3.0

No. Station Station o o Vapour Rainfall Pan Radiation
name No. ‘3 -3 pressure (mm/a) evaporation (kJm-2d-1)
g,_ ’g deficit (mm/a)
iie g58 ™
1 Chelsea 9006 25.1 12.4 9.5 486 2115 18 868
2 Lancelin 9114 23.8 13.7 8.2 617 2063 18 615
3  Perth Airport 9021 24.6 12.5 9.3 747 2072 18 580
4  Perth Region 9034 241 13.6 9.5 799 1784 18 497
5 Jarrahdale 9023 23.6 11.8 8.1 1077 1672 18 080

3.1.2 Soil data

A soil profile map with six soil profiles was generated from the surface geology,
geomorphology and AgWA soil maps (Figure 9). Soil layers for each soil profile
were defined by examining the available soil data and lithological logs of drill holes
and the conceptual soil profile for each soil. The modified Campbell (1985) soill
hydraulic model was used to generate the water retention and unsaturated hydraulic
conductivity table for each soil class. The model parameters were derived by fitting
the Campbell model to the field or laboratory data or based on AQWA datasets.
Comparisons of water retention between laboratory data and model fitting for the
Bassendean and Spearwood soils are shown on Figure 11 and Figure 12.

Figure 13 demonstrates the good agreement between the modelled and in situ
measurements of unsaturated hydraulic conductivity.

The input of soil data to the VFM is via the soil profile description file which contains
information about an individual soil profile. This comprises the soil types (soil tables)
found in the profile and the soil nodes file, which gives variation with depth. The data
formats for the soil profile, node and soil table files can be found in Barr et al. (2003).
Soil property tables were generated by the SoilPC program supplied by CSIRO,
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using the fitting model parameters which are summarised in Table 7. The values
in the shaded cells are hydraulic conductivities developed as a result of the model
calibration, when they differed from the laboratory and field measurements.

Table 7 Soil profile, hydraulic properties and fitted Campbell model parameters

Soil layer Depth Ks Os* b Ye Estimated soil water
(m) (m/d) (m) holding capacity
(%)
Quindalup Soil Profile
0-0.5 5.5 0.33 1.0 -0.15 4.0
B 0.5-50 15 0.33 0.9 -0.12 3.0

Spearwood Soil Profile

A 0-0.15 3.41 0.37 1.2 -0.10 6.0
B 0.15-0.5 3.64 0.36 0.9 -0.12 3.5
C 0.5-50 5 0.33 1.0 -0.12 4.0

Bassendean Soil Profile

A 0-0.15 1.63 0.38 0.9 -0.12 3.5

B 0.15-0.5 3.59 0.35 0.8 -0.15 3.0

Cc 0.5-50 10 0.33 0.9 -0.12 3.0
Guildford Soil Profile

AB 0-30 0.01 0.32 1.5 -0.25 12.5

Mesozoic Soil Profile
A 0-4 1.0 0.35 1.2 -0.15 7.0
B 4-30 5.0 0.30 1.2 -0.15 6.0

Lacustrine Soil Profile

A 0-3 0.01 0.32 2.0 -0.3 17.0
B 3-30 5.0 0.30 1.2 -0.15 6.0
Notes:

Ks = saturated hydraulic conductivity

0s* = effective saturated water moisture content (6s - 6r)
b = Campbell’s shape parameter

We = the pressure potential at air entry

Values in the shaded cell are from PRAMS 3.0 calibration.

3.1.3 Landuse class

As described in Section 2.7, the number of landuse classes was increased from
an original of nine to 13, in order to obtain better discretisation of recharge due

to changes in LAI. This significantly improved model calibration. The distribution
of these landuse classifications has been determined using GIS technology from
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satellite imagery, air photographs, cadastral and other mapping information. Historical
landuse maps were generated for 1985 and 1988-2002 in two—year intervals using
Landsat data (Appendix Il). Table 8 lists the landuse classes together with the VFM
modules used for recharge estimates.

Table 8 Landuse classification and recharge module used

Landuse Description VFM module
code
1 Banksia — high density WAVES
22 Banksia — medium density WAVES
2 Banksia — low density WAVES
3 Pasture WAVES
5 Market garden /parkland LINEAR
6 Pine — high density WAVES
17 Pine — medium to high density WAVES
7 Pine — medium density WAVES
18 Pine — low to medium density WAVES
8 Pine — low density WAVES
9 Urban residential LINEAR
10 Lakes/wetlands PIECEWISE LINEAR
11 Urban commercial/industrial LINEAR

3.1.4 Watertable depths

Watertable depth at a particular site is determined by the surface elevation and
the level of the watertable, which is provided by the saturated groundwater model
through the dynamic link between the MODFLOW and VFM. However, because
the efficiencies gained in selecting the RRU would otherwise be lost, the WAVES
simulations are run for a subset of watertable depths. Recharge at a site whose
watertable depth falls between any two of these designated depths is estimated by
interpolation from the simulation results at those depths.

Sensitivity analysis indicates that recharge is more sensitive to water level change
when the watertable is close to the surface. Small intervals were used to capture
the dynamic response of recharge and watertable change in the shallow depth to
watertable ranges. In PRAMS 3.0, WAVES is simulated at eight watertable depths:
0.1,1.0, 2.0, 4.0, 6.0, 10.0, 15.0 and 50.0 m.
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3.2 Models and parameters for VFM recharge modules

As discussed earlier, the VFM package has two types of recharge models to calculate
net recharge due to precipitation: WAVES, and simple algebraic models based on
rainfall and pan evaporation only. The latter can have either a simple LINEAR model
or a more complex PIECEWISE_LINEAR model. The LINEAR model uses constant
coefficients for the rainfall and evaporation, whereas the PIECEWISE_LINEAR model
allows the coefficients to be piecewise linear functions of watertable depth.

3.2.1 WAVES

For the landuse classifications of banksia woodland, pine plantation and pasture,
VFM uses WAVES to calculate the net rainfall recharge (Table 8). These
classifications represent about 90% of the onshore model domain. WAVES landuse
files contain all information required for WAVES simulation including the LAI, litter,
root carbon distribution and the vegetation parameter file that characterises the plant
water use features of particular species. The data format for these files can be found
in Barr et al. (2003).

WAVES is a process-based model requiring 26 vegetation parameters to fully
describe canopy energy and carbon balance, canopy and root growth, and
interactions between soil and vegetation. The vegetation growth capability of WAVES
is not implemented in the VFM and only 16 parameters are required to represent

the key processes in the Perth region. Most of these parameters can be measured
directly or taken from plant physiological literature, with only a few requiring fitting or
adapting to local conditions. Vegetation parameters used in the VFM for pines, native
banksia woodlands and pasture are listed in Appendix Ill. Details on how they have
been derived are described by Silberstein et al. (2004). Other important parameters
including root depth and distribution, LAl and litter load are described below.

3.2.1.1 Root depth and distribution

Previous studies on the Gnangara Mound (Dodd and Bell, 1993a,b; Farrington

and Bartle, 1991; Sharma et al., 1991a) showed that roots of banksia woodlands
penetrate to depths of 8-10 m below ground level. Recent field data from the McLarty
Plantation (Bekele and Silberstein, 2003) indicate that the roots of Pinus pinaster

can exceed 12 m depth. As a result, in PRAMS 3.0, maximum root depths for pines
and native woodlands are set to 12 m and 10 m respectively. For annual pasture, the
maximum root depth is set to 1.0 m.

Root distribution in the soil profile for each vegetation species is specified in the root
input file. For banksia woodlands, the rooting density uses a logarithmic decay to

a maximum rooting depth. Traditionally models of root density have often used an
exponential decay function with depth (e.g. Gardner, 1991). However, it was found
that this limits the native banksia’s access to deeper groundwater, particularly in
times of drought. The logarithmic function instead attempts to mimic the architecture

34 Department of Water



PRAMS model development: Application of the vertical flux model Hydrogeological record series, no. HG 27

of root structure in native vegetation. This is considered to provide the ability to
extract water more evenly from the soil profile and increase drought tolerance. For
pines, an exponential decay function is used, reflecting the fact that we believe they
are less tolerant of drought conditions.

Figure 14 shows the root density distribution for banksia woodland and pines. For
annual pasture, roots are grown to the maximum root depth with an exponential
decaying function.

The VFM also introduces a new parameter to truncate the roots above the watertable
to simulate the effects of a moving watertable. This only applies to pine, since there
is evidence to indicate that native banksia woodlands are capable of extracting
groundwater when their roots intercept groundwater (Froend et al., 1999).

3.2.1.2 LAl

With the exception of annual pasture, all landuse classes employing WAVES use

a constant leaf area index (LAI) throughout the simulation. For pine plantation, the
nominal LAl used in WAVES simulations is the median of the range used to define
the class from Landsat data. For example, the range of pine LAl for medium density
is 1.5-2.0 and a nominal LAI of 1.75 is used in the simulation for this landuse class.
For banksia woodland, the nominal LAls were determined by model calibration as
discussed in Section 2.7. LAls used for WAVES simulation for landuse classes of
pines and banksia woodlands are given in Table 9.

In the landuse file, the leaf carbon value is required instead of LAI. Conversion of LAI
into leaf carbon is achieved by dividing the LAl by specific leaf area. The specific leaf
areas used in the current implementation are 6 LAl/kg C for banksia woodlands, 10
LAl/kg C for pines and 24 LAIl/kg C for annual pasture. These values apply for LAI
conversion and have no material effect on the water balance as they are essentially
rescaling leaf coverage in the VFM.

For annual pasture, an annual trend of LAl is assigned that follows normal pasture
growth and senescence in monthly increments. The maximum LAl has been adjusted
during PRAMS 3.0 calibration. The calibrated maximum LAI for pasture is 3.0 and the
annual profile is shown in Figure 15.

3.2.1.3 Litter

WAVES can simulate litter interception, a process where rainfall is retained in litter
and evaporated without adding water to the underlying soil. The amount of litter
measured in kilograms of carbon per square metre can be specified in the landuse
file.

Litter accumulation at a particular site depends on the vegetation density, fire
history and other human intervention such as pine thinning. In the areas with pine
plantations and native woodland, the responsibility of land management is with the
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Department of Environment and Conversation (DEC). Prescribed burnings, which
are carried out during spring and autumn, are normally used to reduce the build-up of
leaves and twigs on the land surface. A recent study revealed that the frequency of
burning has reduced significantly from two- to four-year intervals before about 1880
to more than 10-year intervals over the last two decades, with some locations being
unburnt for over thirty years (Ward et al., 2004).

There are insufficient data to generate the spatial and temporal distributions of litter
accumulation for the study area. Early work by Farrington and Bartle (1991) indicated
that at their pine investigation site, litter accumulation was up to 2.5 cm deep and
amounted to 20 tonnes of dry matter per hectare. This may be an extreme case
occurring in high density of pines that had not been burnt for some time. For PRAMS
modelling, the litter load for the medium- to high-density pines is assumed to be 10 t/
ha, whereas for low- to medium- and low-density classes a value of 5 t/ha is used. It
should be noted that for the landuse classes with high LAls, the prescribed litter load
has very little impact on the recharge, since water that is not intercepted by the litter
and infiltrates into the soil would otherwise be used by the plant via transpiration.

Farrington and Bartle (1991) work also found that the litter accumulation in the
native banksia woodlands is much less than in dense pine plantation. A study by
DEC (Figure 16 ) shows that ground litter in the banksia woodlands near Perth
accumulates at a rate of half a ton per hectare per year for the first five years after a
fire event and then stabilises at around 2.5 t/ha. For PRAMS modelling, the ground
litter load for medium-and high- density banksia is assumed to be 2.5 t/ha and 1.0
t/ha for the low- density class.

For annual pasture, litter accumulation is assumed to be small and is set at zero. This
should have no significant effect on the water balance as LAls for the annual pasture
are determined during model calibration and will implicitly account for litter.

Table 9 Nominal LAl and litter load for vegetation landuse classes

Landuse Description Nominal LAI Litter
code (t/ha)
1 Banksia — high density 1.26* 25
22 Banksia — medium density 1.08 25
2 Banksia — low density 0.66 1.0
3 Pasture 0-3 (LAl file) 0
6 Pine — high density 2.75 10
17 Pine — medium to high density 2.25 10
7 Pine — medium density 1.75 10
18 Pine — low to medium density 1.25 5
8 Pine — low density 0.75 5

*Values in the shaded cell are results of PRAMS 3.0 calibration
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3.2.2 Algebraic models

For the urban, market garden/parkland and lakes/wetland, the VFM uses the simple
algebraic models to calculate the net rainfall recharge for PRAMS 3.0. Starting

from the initial values given in Table 3, parameters were refined as part of PRAMS
3.0 calibrations to minimise the difference between the observed and simulated
hydrograph. Table 10 gives the calibrated parameters for each landuse classification.

Table 10 Calibrated model parameters for algebraic models

Landuse Description VFM module Rainfall EVT EVT extinction
code Coef. Coef. depth

a B (m)

5 Market garden/ LINEAR 0.4 0 n/a

parkland

9 Urban residential LINEAR 0.62 0.05 n/a

10 Lakes/wetlands PIECEWISE LINEAR 1.1 0.75 3.0

1" Urban commercial LINEAR 0.75 0.05 n/a

and industrial

For the urban residential areas, model calibration gives a recharge rate of about
50% rainfall. The corresponding values for the parameters a and 3 are 0.62 and 0.05
respectively. In the commercial and industrial areas, the calibration gives a recharge
rate of about 63%. The corresponding values for the parameters a and 3 are 0.75
and 0.05 respectively. The resulting recharge rates using these calibrated values are
consistent with the empirical estimates given in Table 3.

For parkland/market garden, the VFM uses the recommended coefficient 0.4 for a,
which means net rainfall recharge is 40% of rainfall.

For lakes and wetland, PRAMS 3.0 calibration uses a coefficient of 1.1 for rainfall to
account for additional inflows from the surrounding area. Evaporation from the water
surface is assumed to be 0.75 of pan evaporation and reduced linearly to zero when
the groundwater level falls 3 m below the ground surface. The evaporation coefficient
used is slightly lower than the value of 0.80 to 0.85 recommended by AgWA for the
Perth region (Luke et al., 1987) but this low value is used in the model calibration

to reduce the seasonal variations in the simulated hydrograph to match the actual
observations. With these model parameters, the area inundated permanently will be
a groundwater evaporation basin with net discharge of about 0.5 m per year.
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4 Model applications

The new VFM has been integrated with the MODFLOW-based saturated
groundwater model. The coupled calibrated model is designated as PRAMS 3.0. The
hydrogeology and conceptual model for the saturated model are described in detail
by Davidson and Yu (2004). Full model implementation and calibration are described
by CyMod (2004).

PRAMS 3.0 covers an area of 11 000 km? of the Perth region between Mandurah in
the south and Wedge Island in the north (Figure 1). About 9000 km? of this area is
onshore and the remainder is offshore. The model represents the entire major aquifer
and aquitard systems to a depth of more than 2000 m. Horizontally, the model uses

a uniform grid of 500 by 500 m over the entire model domain. Vertically, the model
has 12 layers with each layer representing an aquifer (or part thereof) or aquitard

(Yu et al., 2002). Figure 17 shows the structure of PRAMS 3.0, illustrating the water
balance components being incorporated in the model.

Only the onshore part of the model domain requires recharge calculation. To facilitate
passing of fluxes between the saturated groundwater model and VFM, and to ensure
that the water balance is maintained, the VFM uses the same uniform grid as the
saturated model. Gridded maps for climate, landuse and soil profiles together with

a set of watertable depths were prepared and used for the RRU classifications.

Theoretically, there are 3120 RRUs (5 climates x 13 landuse (but only 9 classes
use WAVES) x 6 soil profiles x 8 watertable depths) for the whole model domain.
Of these, 2160 RRUs may be used by WAVES; the remainder apply simpler linear
models. However, not all combinations occur within the model domain and the VFM
automatically determines and discards RRUs that are not used. In this application,
only about 750 RRUs were simulated by WAVES. For the non-WAVES RRUs, the
VFM calculates the recharge on a cell by cell basis.

Results from application of the VFM to the Perth region using the data as described
previously are presented at two levels. The first level reports the results from (typical)
individual RRUs (plot scale) with details on the components of the water balance.
Results are also compared with published data where possible. Note that although
there have been many studies on recharge in the Perth region, it is difficult to
compare these studies with the current modelling results, since most of the datasets
lack sufficient detail on the site conditions, particularly soil and vegetation data, to
allow a valid comparison. The second level reports recharge estimates on a regional
scale, giving an overall picture of the spatial and temporal variation of groundwater
recharge for different areas of interest. This was done by undertaking detailed water
balance analysis using data generated by PRAMS 3.0, over the simulation period

to account for landuse changes and interaction between recharge and groundwater
level.
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4.1 Results from RRU: plot scale simulation

A detailed water balance for each WAVES RRU was obtained by running PRAMS
over the period 1980 — 2003 with the WAVES log file output option. These log files
give a summary of the critical components of the water balance such as rainfall,
storage change, canopy and litter interception loss, soil evaporation, transpiration
and deep drainage (recharge) over the simulation period. As discussed previously,
recharge is dependent on landuse, climate, soil and watertable depth, and running of
the model generates over 750 data files, one for each WAVES RRU. It is impractical
to report results of all RRUs, and only some important ones are presented here.

Figure 18 shows the simulation results for pasture, banksia woodland and pine
plantations for climate zone 4 (Perth regional office) and Bassendean soil under a
range of watertable depths. Recharge is expressed as a percentage of rainfall over
the simulation period (average 800 mm per annum). Negative recharge means the
evapotranspiration is greater than rainfall and that groundwater discharge instead of
net recharge occurs for the RRU.

Under pasture, the recharge rate is estimated to be about 45% of rainfall. Sharma

et al. (1991a) investigated recharge under pasture at two sites north of Perth using
hydrograph analysis and a chloride balance method and found that the recharge rate
was in the range 50-60% of rainfall. The recharge estimated by WAVES is slightly
lower but reasonably close to their results. The averaged recharge rate for pasture is
almost constant when watertable depth is greater than 2 m. This is because pasture
has a shallow root system (maximum root depth set to 1.0 m) and any infiltrated
rainfall passing through the root zone will recharge groundwater.

For the banksia woodlands, WAVES estimates that recharge rates for low, medium
and high density are about 38%, 18% and 10% respectively in the area with deep
watertable. For medium- and high-density classes, recharge rates are reduced
slightly as the depth to watertable decreases. Previous field studies to estimate
recharge under banksia woodlands using different methods gave a wide range of
results extending from 15 to 43% (Thorpe, 1985; Sharma et al., 1991a). A direct
comparison between WAVES estimates and these results is difficult since little
information on the site conditions, particularly vegetation density, was collected or
reported at these sites. Nevertheless, WAVES produces similar estimates of recharge
consistent with findings of these earlier studies.

For pine plantations, simulation results indicate that recharge occurs only under

low- and low- to medium- density classes with recharge rates of about 28% and 8%
respectively. For medium- to high-density pines, there is no recharge in the case of
deep watertable and pines may become net users of groundwater, possibly up to
40% of rainfall in the case of shallow depth to watertable. Previous studies using
environmental tracers such as chloride and bromide and water balance analysis
(Sharma et al.,1991a; Farrington and Bartle, 1991; and Butcher, 1979) indicated that
recharge under young pines could be as high as 30% of rainfall, but may be zero
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under dense pines. There are also considerable variations in the results from different
studies. A direct comparison of WAVES estimates with these results is also not
possible, particularly in the case of shallow watertable, as most of the early studies
only gave estimates of gross recharge and not net recharge. However, for the case
of great depth to watertable, WAVES gives reasonable estimates of net recharge.

A recent study by CSIRO using the McLarty datasets has shown that the WAVES
model (with vegetation growth module on) can reproduce the leaf area dynamics,
the wetting front infiltration and seasonal soil water storage cycle (Bekele and
Silberstein, 2003). There is, however, some uncertainty regarding pine water uptake
from a shallow depth to watertable. The Water Corporation has implemented field
measurements to collect pine water use data, which will be used for further model
improvement.

Table 11 shows the estimated annual rainfall recharge for various landuse classes
under deep watertable (> 15 m, except the lakes/wetlands) for climate of Perth region
office and Bassendean soil using climate data from 1980-2003.

Table 11 Estimated annual groundwater recharge (Perth region office, Bassendean
soil, deep watertable)

Landuse Descriptions Recharge Recharge
code (mm) as % of rainfall
1 Banksia — high density 85 10%
22 Banksia — medium density 135 18%
2 Banksia — low density 300 38%
3 Pasture 360 45%
5 Market garden/parkland 320 40%
6 Pine - high density 0 0%
17 Pine — medium to high density 0 0%
7 Pine — medium density 0 0%
18 Pine — low to medium density 65 8%
8 Pine — low density 220 28%
9 Urban - residential 400 50%
11 Urban — commercial/industrial 500 63%
10 Lakes/wetlands -500 -85%

As shown in Figure 18, the model simulations indicate that medium- to high- density
pines become net groundwater users when watertable depths are less than 6 m. This
is consistent with the findings of recent investigation by Benyon and Doody (2004)
into the water use by tree plantations (blue gum E. globulus and Pinus radiata) in
southeast South Australia. Their data indicate that over watertable depths less than

6 m, trees in eight of nine research plots used some groundwater at an average of
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435 mml/year. They also found that maximum depth to watertable for groundwater
uptake is approximately 6 m. However, their results may have limited application

to the Swan Coastal Plain owing to different tree species (Pinus radiata vs Pinus
pinaster) and site conditions. There are only small areas near Lexia where the current
watertable depth under pine plantations is less than 6 m. Therefore, the uncertainty

in pine water use under shallow watertable should not have a significant effect on the
simulation of regional groundwater fluxes.

Individual components of the water balance were also examined. Figure 19 illustrates
how the four key components of the water balance, namely, canopy interception

loss, litter interception and soil evaporation, plant transpiration and deep drainage
(recharge) vary for different classes of landuse. In the cases shown, depth to
watertable is greater than 15 m. As expected, the canopy interception loss increases
with increasing vegetation density (LAI). Interception loss for banksia woodland
ranges from 7% of rainfall for low density to 12% for high density.

For the pine plantation, canopy interception loss is higher and up to 21% of

rainfall is lost for the high density class. These values are consistent with those
previously reported on the Swan Coastal Plain (SCP) or in literature (Hatton et al.,
2001). Similarly, simulated litter interception and soil evaporation (mainly the litter
interception) is also much higher under pine plantations, particularly for the medium
to high density classes, with up to 28% of rainfall compared with about 12% for
banksia woodland. Modelling results also indicate that for the area with deep
watertable, medium and high density native bush transpires more water than the
medium to high density pines. This is because in areas with deep watertable the
transpiration is limited by soil water availability. Under the dense pines, the canopy
and litter interception are much higher so less rainfall is available to infiltrate into the
soil.

Simulation results indicate that recharge gradually reduces to zero when plant LAI
reaches about 1.5-2.0 depending on litter loads. This is consistent with recent work
by Ellis et al. (1999) who examined vegetation and climate data from a number of
published studies around southern Australia. They developed a relationship between
the long-term ‘equilibrium’ LAl and a climate ‘wetness index (P/Ep)’, namely:

LAI=2.9 x P/Ep (4)
where
P = annual total precipitation, and
Ep = annual total potential evaporation.

The term ‘equilibrium’ means that the LAl developed is in dynamic equilibrium with
the long-term climate. This assumes that the vegetation has evolved to a condition in
which it optimises its water use for long-term survival in conditions of highly seasonal
rainfall and episodic drought. Using the average rainfall of 800 mm/a and potential
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evaporation of 0.8 times the pan evaporation of 1780 mm/a (Perth region office)
gives an ‘optimal’ LAl value of about 1.65 .

Recharge is also affected by the soil characteristics. Figure 20 shows recharge for
different landuse classes under the same climate regimes (Perth region office) but

in an area with Spearwood soil. The figure shows a similar pattern to that in Figure
18 but the recharge rate is 3—-5% lower than the case with Bassendean soil. This

is because Spearwood soil has better soil water holding capacity and is capable of
storing more winter rainfall for plant use late in summer when evaporative demand is
high. Simulation results indicate that recharge in the areas of Quindalup soil is similar
to that of Bassendean soil. For the Guildford soil, the major landuse is pasture and
recharge is about 10% with deep watertable; and it becomes net discharge in areas
with shallow watertable.

Recharge under different climate regimes was also examined. Figure 21 shows the
simulation results for pasture and banksia in the area of Bassendean soil for climate
zones 2-5 (no Bassendean soil in climate zone 1). The average annual rainfall
ranges from 617 mm (climate zone 2) to 1078 mm (climate zone 5) for the simulation
period. As expected, recharge increases with increasing rainfall but the slope of
increase is steeper in the high rainfall regime. For medium and high density banksia
woodlands, there would be almost no recharge when rainfall falls below 600 mm/a.
However, should there be a systematic decline in rainfall, a significant shift toward
more xeric vegetation communities would also be expected, which use less water
thereby allowing slightly more recharge.

In the Gingin area, simulated recharge is about 180 mm/a for annual pasture,

150 mm/a for low-banksia woodlands and almost no recharge for the medium and
high density banksia woodlands. On the Dandaragan Plateau, the recharge rate for
annual pasture is about 100 mm/a with almost no recharge under banksia woodland.

4.2 Simulation results on a regional scale

VFM simulation results can be upscaled into different regions of interests. To account
for the dynamic nature of landuse and interaction between depth to watertable and
groundwater recharge, detailed water balance analysis using cell by cell budget

files from the coupled model (PRAMS 3.0) was carried out. The model was set up

to start from January 1980 and finish in December 2003 with the first five years run
to establish initial conditions. Data from 1985 to 2003 were used for this analysis.

To alleviate the effects of delay in recharge in the analysis, a fiscal year was used
instead of a calendar year.

The PRAMS study area was divided into different zones for analyses, which provides
recharge information at different scales under different regimes (climate, soil and
landuse etc.). Groundwater recharge is averaged over the area of interest (expressed
in mm/a) and given as total recharge in the area (GL per annum).
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4.2.1 Recharge for four regions
The modelling domain is delineated into four regions as shown in Figure 22

* North SCP: North of the Gingin Brook,
e Centre SCP: North of Swan River and South of Gingin Brook,
* South SCP: South of Swan River to Mandurah, and

* Gingin to Dandaragan: between the Gingin and Darling Scarps.

The annual recharge for the four zones over the period from1985 to 2003 is shown in
Figure 23 (mm) and Figure 24 (GL). Unless stated otherwise, an average rainfall of
800 mm/a over the period is used as the reference rainfall. Table 12 gives statistics
of recharge for each zone. Annual recharge varies significantly from year to year in
response to climate and landuse change and average annual recharge for these four
areas is 333, 356, 278 and 361 GL respectively. Average annual recharge for the
whole study area is about 18% of rainfall. For the south and central area of the SCP,
the average annual recharge is about 634 GL or 20% of rainfall.

The current PRAMS calibration focuses on the area between Gingin in the north and
Mandurah in the south (Centre and South SCP) and simulation results outside of
these areas should be treated with caution due to lack of monitoring data for model
calibration and verification.

Table 12 Averaged annual recharge and variation for period 1985-2003

Zone Area Averaged Averaged Coefficient

(km?) recharge recharge of variation
