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Abstract
A case study was conducted in the Orari
catchment near Timaru, New Zealand, to
assess the potential hydrological impacts
of irrigated agriculture on catchmentscale hydrological processes. Impacts on
catchment hydrology are quantified as the
additional evapotranspiration losses caused
by irrigated agriculture in comparison
to dryland evapotranspiration. Different
land-use scenarios with varying irrigation
intensities are investigated with the
ACRU agro-hydrological modeling system
(Agricultural Catchments Research Unit
(ACRU), Department of Agricultural
Engineering, University of KwaZulu-Natal,
Republic of South Africa (http://www.beeh.
unp.ac.za/acru/). ACRU was applied to
calculate components of the water balance
at a daily time step for hydrological response
units delineated for the lower, irrigated part
of the Orari catchment. Irrigation water
demand and application were simulated
using a soil-moisture-driven demand model
and compared with a dataset of observed
irrigation takes. Simulations based on current
irrigation demand indicated that irrigation
resulted in a 17% increase of average annual

evapotranspiration over the whole lower
Orari catchment, compared to dryland (nonirrigated) agriculture. This figure could go
up to 37% if all crop and dryland pastoral
areas in the lower Orari catchment were to be
be converted to irrigated dairy farms. These
increases show large spatial and temporal
variations. For a complete dairy conversion,
the catchment total peak summer monthly
irrigation application rate could go as high
as 20% of the total (rainfall and upstream)
input into the catchment water balance.
The related changes in evapotranspiration
due to land-use intensification can be as
high as 20% of the total monthly water
balance, equivalent to a 60% increase of
total catchment evapotranspiration when
compared to dryland evapotranspiration.
For the most intensely irrigated areas,
evapotranspiration could increase to as high
as 200% when compared to dryland farming.
Irrigation and evaporative irrigation losses
play significant roles in the Orari catchment
water balance under current irrigation
and even more so under intensified future
irrigation scenarios. Man-made changes to the
catchment water balance affect downstream
groundwater and lowland surfacewater
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systems and related ecosystem services. This
highlights the need for prudent management
of Canterbury’s intensively used hydrological
systems to balance the costs and benefits of
land-use intensification.
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Introduction
Water for irrigation is a critical component of
New Zealand’s economy. Projections indicate
that New Zealand’s dairy, horticulture and
viticulture sectors will all expand in the
future, resulting in a growing demand for
more water and reliable water supplies for
irrigated agriculture (Doak, 2005; MAF,
2004; Parliamentary Commissioner for
the Environment, 2004). The economic
implications of these trends have been
assessed (Doak, 2005; MAF, 2004), however,
little is known about the impacts of irrigated
agriculture on catchment hydrology and
water resources as water demands increase
relative to a static and, under future climate
conditions potentially declining, water supply.
As water resources become scarcer and water
supply becomes less certain due to projected
climate change (IPCC, 2007), it is pertinent
to assess the impacts of intensified irrigation
practices on catchment hydrology. The report
‘Growing for good’ of the Parliamentary
Commissioner for the Environment (2004)
contains some qualitative estimates about
current trends in water quality and water
quantity for New Zealand’s regions. These
qualitative estimates need to be translated
into quantitative evaluations to manage
water use in New Zealand’s catchments and
to balance the economic value of irrigation
with environmental costs and sustainable
agricultural practices (Poff et al., 2003).
The potential impacts of irrigation on water
resources include changes to river flow rates
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– in particular low flows, and lowering of
groundwater levels as a result of abstraction,
as well as changes in recharge rates. Surface
water and groundwater systems sustain
complex ecosystems. Changes in water flow
rates and storage quantities may have adverse
effects on those ecosystems, potentially
altering them significantly (Larned et al.,
2008; Parliamentary Commissioner for the
Environment, 2004; Poff et al., 2003).
Impacts on catchment hydrology of landuse change, including the introduction
of irrigated agriculture, large reservoirs,
irrigation canal systems (races), farm dams
and inter-basin transfer, can be assessed
from long-term hydrological observations
of streamflows, groundwater levels, or soil
moisture conditions. These observations
quantify the changes in fluxes and storage
rates in a hydrological system. Available
records are often not long enough nor
detailed enough to allow a comprehensive
quantitative assessment of the impact of
irrigated agriculture on hydrology. Moreover,
records do not allow the prediction of the
potential impacts of future developments
in land use. As an alternative approach,
catchment water fluxes and storages can be
simulated for different pre- and post-water
development scenarios. Such a simulation
requires that the selected model has the
capability to not only simulate the major
elements and processes of the hydrological
cycle, but is also sensitive to land cover
changes and incorporates elements of the
infrastructure for irrigated agriculture that
are likely to affect catchment hydrology.
This case study focuses on estimating the
hydrological impacts of irrigated agriculture
in the Orari catchment, South Canterbury,
New Zealand. The aim is to highlight
differences in the catchment’s hydrological
responses under dryland conditions and
under irrigated agriculture, by using a
physically-based hydrological model to
simulate both the dryland hydrology of

the catchment and a number of irrigation
scenarios. We selected the ACRU agrohydrological model (the acronym ACRU is
derived from the Agricultural Catchments
Research Unit, Department of Agricultural
Engineering, University of KwaZulu-Natal,
Republic of South Africa; Schulze, 1995).
In addition to calculating all elements of the
natural catchment water cycle, this daily time
step, physical-conceptual and multipurpose
model can simulate irrigation supply/demand
and return flows and has been structured
to explicitly represent impacts of landuse change. In this paper we describe the
characteristics of the Orari catchment, and
the configuration for use with the ACRU
model. We apply the model with a baseline
land cover to simulate pre-irrigation
conditions and show the effects of four
scenarios of irrigated and non-irrigated
agriculture on the Orari’s water resources.

Study area
The Orari catchment is located in South
Canterbury, New Zealand, about 35 km
north of Timaru (Fig. 1; De Joux, 1980).
The Orari catchment has a total area of about
850 km2 and comprises two hydrologically
distinct parts: the upper part with steeply
sloped headwater catchments with shallow
steepland soils covered by short and tall
tussocks, improved pastures and various
scrub species, and the lower part with gently
sloping farm lands. A large part of the lower
catchment area (about 20–30%) is under
irrigation. Closer to the Orari gorge there
are large areas used for dryland lowproduction grassland to feed cattle and sheep.
The upper part of the catchment (referred to
as upper Orari catchment), about 520 km2 in
area, drains the foothills of the Southern Alps
and reaches altitudes up to 2000 m above
sea level in the headwater catchments. This
area is dominated by steep rugged slopes and
entrenched gorges. The Orari river emerges

onto the Canterbury Plains at Orari Gorge,
where flow records are available since 1965
(see Figure 1 for the location of the flow
gauge). The mouth of the gorge is about
250 m above sea level, and 40 km inland from
the coast, and the Orari then turns into an
intermittent alluvial plains river in the lower
part of the catchment (referred to as lower
Orari catchment).
Annual precipitation varies from around
1600 mm in the mountainous headwaters,
to 1000 mm at the transition from hills to
plains, to around 600 mm near the coast
(De Joux, 1980; Scarf, 2003; Fig. 1). Rainfall
shows a seasonal trend: low in May to
September (winter) and high from October
to January (spring). Temperature and
the associated potential evapotranspiration
(PET) vary with altitude widely across
the catchment. Mean annual potential
evapotranspiration at higher altitudes was
estimated at around 600–700 mm, whereas
it was around 800 mm at lower altitudes,
largely spread over the Canterbury Plains
(Fig. 1). Mean river flow at the Orari Gorge is
about 9 m3s-1, with an average annual 7-day
low flow of around 3 m3s-1. Flows to the gorge
are influenced by seasonal snowmelt, and
monthly average flows at the gorge can be as
high as 10 m3s-1 from October to December.
In summer (January-March) and autumn
(April-June) the river typically recedes, with
average monthly flows of about 6 to 8 m3s-1.
The daily irrigation takes from the rivers
and from groundwater in the Orari catchment
were monitored by the regional authority,
Environment Canterbury, over an 18-month
period from July 2006 to December 2007
for over 200 irrigators in the lower Orari
catchment. This represents about 90% of the
actual irrigation takes in the Orari catchment
(Fig. 2) (Ritson, 2008, pers. comm.). The
majority of irrigation takes occur in the lower
end of the catchment, where crop and dairy
farms are concentrated (Fig. 2). McEwan
(2002) analyzed groundwater well data
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Figure 1 – Physical characteristics of the Orari catchment. Topography (shaded relief ), annual rainfall,
mean annual potential evapotranspiration PET (derived from VCSN station network, Tait et al.
2006), elevation, generalized land cover (derived from land cover database, LCDB), and soil types
(derived from land resource inventory, LRI).

and delineated the groundwater zones and
groundwater flow directions in the lower part
of the catchment (Fig. 2). Additionally, in
June 2006, Environment Canterbury installed
several shallow observation wells, 10–20 m
deep, across the lower part of the catchment
to record the water table fluctuations during
and between irrigations seasons (Vincent,
2008, pers. comm.). These observations
indicate that in Groundwater Zones 1 and 4,
where the observed irrigation takes were the
lowest among the four zones, the water table
response reflected both rainfall and irrigation
takes. A drop in the rate of irrigation take
or cessation of irrigation directly influenced
the water table depth; this is consistent with
the hydrogeological characteristics of that
region (‘… shallow groundwater abstractions

within this zone will have direct effects on
the surface water resources adjacent to the
abstraction’, McEwan, 2002). However, such
rapid responses were absent in downstream
Groundwater Zone 2, even though irrigation
takes were much higher here. Groundwater
Zone 2 is a semi-confined aquifer system in
which subsurface flows emerge as seepage
zones and springs (McEwan, 2002).

Methods – Irrigation impact
modeling
The Orari catchment comprises a managed
hydrological system with irrigation takes
from both groundwater and surface water
bodies. Its groundwater system is complex,
and surface water – groundwater interactions
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Figure 2 – Irrigated land parcels in the lower Orari catchment – shown are parcels used for dairying and
irrigated crops (Source: Environment Canterbury, pers. comm.). Points indicate consented annual
irrigation volumes from surface water and groundwater takes (Source: Environment Canterbury,
pers. comm.). Lines show groundwater zones of major groundwater aquifers in the Orari catchment
(McEwan, 2002).
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lead to seasonal drying of the surface water
systems. To assess the impacts of irrigation
abstractions on the Orari hydrological
system, we aimed at quantifying total losses
to the catchment water balance. A simplified
conceptual catchment model (Fig. 3) was
used for that purpose. As the river enters
the Canterbury Plains, it loses water to the
groundwater, and in the summer the river
often goes dry for an extended stretch of
river length along its main stem. Ground
water-fed springs contribute to lowland
streams in the lower Orari catchment
close to the coast. The Orari groundwater
system exchanges water with neighboring
catchments, in particular with the Waihi
catchment to the south. The magnitude
of that interaction, however, is unknown
(Fig. 3). Here we assume that the ground-
water system for the lower Orari catchment
loses water only to the neighboring catch

ments and the ocean, hence the total water
balance can be determined from the Orari
River input, measured at the gorge (Fig. 1) and
the catchment rainfall (simulated by NIWA’s
Virtual Climate Station Network, see below).
The catchment outputs, lowland streams and
groundwater seepage to the ocean, are not
quantified in this study because of insufficient
data. Irrigators abstract water both from the
Orari River and from the groundwater. Parts
of the water used for irrigation inevitably are
lost to evaporation and evapotranspiration.
These increased evaporative losses due to
irrigation reduce the remaining water quantity
(surface and groundwater) which feeds the
lowland streams. Hence, our model strategy
aimed at quantifying those evaporative
losses for current water use and future landuse intensification scenarios. For that purpose
we applied the process-based hydrological
model ACRU.

Figure 3 – Conceptual model of the water balance of the lower Orari catchment as
used in this study for quantifying water losses due to irrigated agriculture. Black
arrows: natural (dryland) water fluxes; grey arrows: fluxes due to irrigation. For
this study, several components of the catchment water balance are simulated and
evaluated (bold arrows): upstream catchment input, rainfall input, natural (dryland)
evapotranspiration, irrigation application, and irrigation evapotranspiration.
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The ACRU agro-hydrological modeling system

The ACRU agro-hydrological modeling
system (from here on referred to as ACRU)
was developed in the late 1970s by the
Agricultural Catchments Research Unit
(ACRU), Department of Agricultural
Engineering (now the School of Bioresources
Engineering and Environmental Hydrology)
at the University of KwaZulu-Natal,
Republic of South Africa (ACRU, 2007).
The developers (Schulze, 1995; Smithers
and Schulze, 1995) refer to the ACRU
model as a multi-purpose, multi-level
integrated, physical-conceptual hydrological
catchment model that simulates the impacts
of evapotranspiration, soil water, reservoir
storages, land cover and abstraction on water
resources and streamflows, at a daily time
step. ACRU is a complex hydrological
modeling system, similar in overall
complexity to HEC_HMS (Hydrologic
Engineering Center, 2000), HSPF (Bicknell
et al., 1997), PRMS (Leavesley et al.,
2005), SWAT (Gassman et al., 2007), or
WATFLOOD (Kouwen, 2008). The soilvegetation simulations are similar to SWAT
and WATFLOOD. For example, HSPF
lacks detailed and dynamic land cover and
irrigation variables, and while the SWAT
model is strong in crop water use and irriga
tion, it is predominantly a long-term yield
model rather than a hydrograph prediction
model (Beven, 2004). WATFLOOD does
not have detailed irrigation routines.
Having its roots in Agricultural
Engineering, ACRU has routines that
explicitly deal with hydrological land cover
processes and irrigation. All variables are
changing seasonally, through the input of
monthly values, and smoothed internally
through harmonic analysis to obtain daily
values of interception potential (based on leaf
area index or estimates), water use coefficients,
and rooting depth and distribution. In
addition, water stress threshold values (when
the plants reduce transpiration when the soil
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is drying) and reactions to changes in CO2
are available, as are a limited number of crop
yield models. ACRU has detailed routines to
simulate irrigated agriculture, and can account
for all major water management practices,
including water sources for irrigation, a
variety of irrigation scheduling options, farm
storages, conveyance losses, spray irrigation
losses, and water stress behaviour of crops
(Schulze, 1995; Smithers and Schulze, 1995).
Spatial variations in rainfall, soils, and land
cover are facilitated by operating the model
in a distributed mode, by subdividing
catchments as ‘hydrological response units’
(HRUs). Water balance equations are solved
for each hydrological response unit, and are
hydrologically connected to route surface
and groundwater. ACRU has been used
extensively in South Africa for water resource
assessments (Everson, 2001; Kienzle et al.,
1997; Schulze et al., 2004), flood estimation
(Smithers et al., 1997; 2001), land-use
impacts (Tarboton and Schulze, 1993),
nutrient loading (Mtetwa et al., 2003),
climate change impacts (Schulze et al., 2004)
and irrigation supply (Dent, 1988), and
has recently been applied in New Zealand
(Kienzle and Schmidt, 2008).

Setting up ACRU for the
Orari Catchment
Hydrological response units were delineated
based on elevation, catchment boundaries,
land cover, soils, and climate, and, where
necessary, were matched with streamflow
gauging stations. A total of 55 response units
were derived, which represent land areas
similar in precipitation, mean elevation,
soil texture and land cover (Fig. 1). For
the simulation of the water balance and
modifications by abstractions, return flows
and irrigation practices, model input for each
hydrological response unit included:
• locational information such as surface

area, mean elevation, and links to up- and
downstream hydrological response units;
• daily climate data, including rainfall,
minimum and maximum temperatures,
and potential evopotranspiration (from
the Virtual Climate Station Network, see
next section);
• soils information, e.g., area-weighted
texture values for critical soil water
retention constants, thicknesses of topand subsoils, saturated drainage rates;
• land cover information consisting of
monthly above- and below-ground
hydrological attributes of land cover/use
(e.g., interception loss per rain day, leaf
area index, water use coefficient, root mass
distribution) (both soil and land cover
parameters were derived from regional
maps and lookup tables of typical values,
see below);
• streamflow control variables such as
baseflow recession constants, monthly
abstractions, fractions of impervious
areas and effective soil depths from which
stormflows are generated;
• irrigated areas, with associated monthly
crop water demands, monthly interception
values and monthly rooting depths, as
well as soil properties of the irrigated
areas, source of irrigation water, mode of
irrigation scheduling and frequency, and
conveyance, farm dam and application
losses.
Climate variables

Daily precipitation, temperature, and
evapotranspiration time series for the study
area were derived from the Virtual Climate
Station Network (VCSN), a compilation of
daily climate variables since 1972 for regular
gridded points all across New Zealand (Tait
et al., 2006). The VCSN precipitation data
was compared with long-term daily rainfall
measurements (Station ‘Orari Estate’, agent

number 5061). While daily data showed a
large scatter, monthly VCSN precipitation
values compared well with measured data
(r 2 =0.97). The evaporation data were
compared with calculated station data in
and near the Orari catchment using both
Penman (Penman, 1948) and Priestley-Taylor
(Priestley and Taylor, 1972) equations as class
A-pan type evaporation pan equivalents.
Data on measured evaporation and
evapotranspiration calculated using PriestlyTaylor methods were obtained from Timaru
Aero weather station, located 8 km southeast
of the Orari catchment. The Penman
estimates from VCSN used are about average
for the other station estimates.
Soils and land cover

Soils information was derived from the New
Zealand Land Resource Inventory (LRI)
Fundamental Soils Layer (FSL) extension
(Wilde et al., 2000). Area-weighted averages
of soil parameters were derived for all
hydrological response units. In ACRU,
soil depth is considered to be equal to the
average rooting depth of the plants in order
to account for soil moisture losses through
transpiration. Soil porosity, field capacity
and wilting point were estimated based on
the soil texture and reduced proportionally
by the amount of gravel reported in the soil
database. Daily interception values can have
a large effect on evapotranspiration losses, as
any intercepted water reduces the effective
precipitation reaching the land surface. The
interception loss information for use with
ACRU was derived from De Villiers (1975,
1978, 1980, 1982), which were organised by
Schulze (1981) for direct use in ACRU.
Due to the lack of detailed information
on irrigated pastures, it was assumed that all
irrigated land is cultivated pasture with a mix
of ryegrass and clover. Associated hydrological
parameters were, again, based on the work by
De Villiers (1975, 1978, 1980, 1982) and
Schulze (1981).
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Model scenario setup

The datasets of daily irrigation abstractions
for the irrigation season 2006/2007 (Fig. 3,
Jen Ritson, Environment Canterbury, pers.
comm.) show that monthly irrigation takes
make up to 7% of the total catchment water
balance (Fig. 4).
This dataset of irrigation takes served
as a baseline for comparison of our model
scenarios. The hydrological modeling system
ACRU was set up to calculate irrigation
demand and actual irrigation takes based
on simulated daily soil moisture deficit. We
applied the ACRU irrigation scheduling
option that applies irrigation water to refill
the soil profile to field capacity when the soil
has dried below 30% of plant-available water.
Water applications are assumed to be on the
following day after the soil moisture values
dropped below the set threshold value. This

irrigation scheduling method is based on the
same principles as applied by Environment
Canterbury for demand estimation (Schedule
WQN9 of NRRP, Environment Canterbury,
2005). The modeled irrigation application
rates were compared with the measured takes.
Figure 5 shows comparisons of monthly
measured irrigation takes and the simulated
irrigation application rates as totals for
two modeled hydrological response units.
Generally the model depicts the temporal
pattern of irrigation takes (irrigation season
and lower irrigation in December 2006/
January 2007, when unusually high
precipitation occurred). The simulated
irrigation volumes tend to match reasonably
well to the surveyed data in January/February/
March, but the early season irrigation
(October-December) is not modeled that
well. This may be due to an under-sampling

Figure 4 – Monthly observations of irrigation, streamflow at gorge, and rainfall for the hydrological
year 2006/2007. Irrigation is also shown as the fraction of total lower Orari catchment input (rainfall
+ streamflow at gorge). Note the unusually high rainfall in December, leading to a very low irrigation
demand in this irrigation season.
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of the takes (according to Environment
Canterbury the data represents about 90%
of the known takes), and due to potential
weaknesses in the simulated soil moisture
representation in summer (soil properties were
derived from national maps and no field data
were available). The high observed application
rates in September/October might indicate
an early start of the irrigation practices that
is not reflected in the soil moisture deficit.

Another factor is the uncertainty that the
VCSN rainfall used represents real rainfall
for that period. For this scenario exercise, we
consider the results overall adequate and used
the demand model for all irrigation scenarios.
Note that the soil-moisture-driven irrigation
scheduling model implies optimal irrigation
with minimal irrigation losses, therefore the
results cannot be used to make any inferences
about irrigation efficiency.

Figure 5 – Comparison of monitored groundwater and surface water takes for irrigation with the soil
water-driven irrigation water demand model used in this study for two of the hydrological response
units (HRUs) modeled.
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Table 1 – Current and simulated land management scenarios used in the model for the lower Orari
catchment (total catchment area 33,000 ha, values rounded).
			
‘current’
‘crop conversion’
current dairy
all current crop and
irrigation area
arable land
Scenarios
allocations only
converted to dairy
ha
%1
ha
%

‘intensification I’
50% of the land
currently in dryland
and pastoral use
converted to dairy
ha
%

‘intensification II’
100% of the land
currently in dryland
and pastoral use
converted to dairy
ha
%

Total area for dairy	  8300
25
14000
42
19700
60
25500
77
Total irrigated crop
area	  3100	  9	     0	  0	     0	  0	     0	  0
Total non-irrigated
arable area	  2600	  8	     0	  0	     0	  0	     0	  0
Total area for dryland
pastoral use
11500
35
11500
35	  5800
18	     0	  0
Area used for
irrigation
11400
34
14000
42
19700
60
25500
77
Eff. area used for
irrigation2
6900
21	  8400
26
11700
35
15200
46
1
2

Expressed as a percent of the entire lower Orari catchment area.
Area actually irrigated, based on the assumption that 60% use of the land area is used for irrigation at any
point in time due to rotation.

Several land-use scenarios were set up,
representing an increasing trend in the
irrigated area due to land-use conversion
from crop and dryland pastoral areas to
irrigated dairy pastures (Table 1). The
relative areal fractions for those scenarios
were derived by intersecting land-use maps of
dairy, arable land, and dryland pastoral area
with the hydrological response units. These
scenarios are of a preliminary nature and
we plan a further refinement in the future
in consultation with stakeholders. However,
dairy intensification is the major trend of
land-use change in the Canterbury Plains over
the last decade (MAF, 2004; Parliamentary
Commissioner for the Environment, 2004;
Doak, 2005), and therefore these scenarios
can be seen as extrapolations of current
trends. The goal of this study was to provide
estimates of relative irrigation impacts on
regional hydrology, and we consider these
scenarios to be consistent with that. ACRU
was then run for five scenarios, for the period
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1972–2008, and for the 55 hydrological
response units in the lower Orari catchment.

Results
Results listed in Table 2 and Figure 6 are
annual summaries of the water budget
components for the lower Orari catchment
as simulated by ACRU. Generally, these
results show that the additional evaporative
losses due to irrigation abstractions are of
significant magnitude when compared to
the non-irrigated water budget components.
The gross mean annual water input into the
lower, irrigated part of the catchment is about
10.0 m3s-1 from the upper catchment (flows
at the Orari Gorge), and about 8.6 m3s-1 from
rainfall recharge. Natural evapotranspiration
losses are about 4.6 m3s-1, and irrigation
leads to evapotranspiration increases of about
0.8 to 1.7 m3s-1, depending on the scenario.
Expressing these evapotranspiration rates
in relative terms, Figure 6 shows increases

Table 2 – Results of land-use intensification scenarios, quantified as evaporative water balance losses
(compare Fig. 6). Note that the change in evaporation exceeds the applied irrigation water because of
the different land cover, with increased transpiration and interception components.
Scenarios
‘dryland’
‘current’
‘crop conversion’ ‘intensification I’ ‘intensification II’
		    water balance components as average annual rate [m3s-1]

Average annual flow from the
upper Orari catchment1 (m3s-1)
10.01
10.01
10.01
10.01
10.01
Rainfall on the lower
Orari catchment (m3s-1)	  8.59	  8.59	  8.59	  8.59	  8.59
Applied irrigation (m3s-1)	  0.00	  0.70	  0.84	  1.16	  1.47
Proportion of irrigation to
the total input to the lower
0
4
5
6
8
Orari catchment2 (%)
Simulated evapotranspiration
losses from the lower Orari
catchment (m3s-1)	  4.56	  5.32	  5.51	  5.89	  6.25
Proportion of evapotranspiration
losses from the lower Orari
catchment to the total input (%)
24
29
30
32
34
Evaporative irrigation losses as
fraction of dryland evaporation (%) 0
17
21
29
37
1
2

Flows measured at the Orari Gorge.
Total input to the lower Orari catchment includes flow from upper Orari catchment, irrigation and rainfall
input on the lower Orari catchment.

Figure 6 – Impacts of different scenarios of land-use and irrigation on water loss to the Orari catchment
system, shown as additional evaporative losses from the catchment. Shown is the total water budget
for the Orari catchment, consisting of the upstream hill catchment input, lower catchment rainfall,
lower catchment natural actual evapotranspiration (AET) and the additional actual evapotranspiration
losses for the different irrigation scenarios. Note that the increase in evaporation exceeds the applied
irrigation water because of the different land cover with increased transpiration and interception
components, which leads to increased evaporation even without irrigation.
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ranging from 17% (for ‘current’ scenario) to
37% (‘intensification II’ scenario), or 4% (for
‘current’ scenario) to 9% (‘intensification II’
scenario) if that increase is expressed as part
of the entire catchment water balance (Fig. 6).
Under these assumptions, irrigation leads to
an increased evapotranspiration component
of the total water balance from 24% under
no irrigation to 34% (‘intensification II’
scenario, 77% of catchment area under
irrigation). The simulated evapotranspiration
increase exceeds the amount of irrigation
because of the changed land cover in the
irrigation scenarios, which leads to increased
evapotranspiration rates even without
irrigation (Table 2).
If these annual evapotranspiration rates
are broken down to monthly values, the
local and temporal pattern of the irrigation
component of the water balance becomes
evident (Fig. 7). For the irrigation fields

alone, peak monthly irrigation application
rates can be as high as 60 mm, which is
in the range of monthly rainfall in the
Orari catchment. Consequently, monthly
evapotranspiration rates during irrigation
season are about double the value of dryland evapotranspiration. Figure 8 shows
simulated monthly values for irrigation
application and evapotranspiration averaged
over the whole lower Orari catchment,
together with the monthly catchment inputs
of rainfall over the entire catchment/lower
Orari catchment and streamflow from the
upstream catchment.
Analyzing the monthly values in relative
terms provides insight into the impact of
irrigation on the water balance. Figure 9
shows the monthly irrigation application
rate and monthly evapotranspiration losses
for the different scenarios as a fraction of the
catchment input. For the most intensively

Figure 7 – Rainfall, irrigation application, natural (dryland scenario) actual evapotranspiration (AET),
and AET from irrigated land only as simulated by ACRU. Monthly average values for the irrigated
area of whole lower Orari catchment. (Note: the figures are in mm for irrigated area, therefore
irrigation application and irrigated AET does NOT change for the different irrigation scenarios,
which vary only in extent of irrigation area).
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Figure 8 – Monthly water balance components (rainfall, discharge Q, irrigation, actual evapo
transpiration AET) for the lower Orari catchment for the different irrigation scenarios. The figure
indicates the water stress due to irrigation: under irrigation conditions, monthly AET in the irrigation
season increases to a significant part of the water balance, amounting approximately to the total
rainfall recharge the catchment receives during peak irrigation.

irrigated summer months, irrigation quantities
vary from 10% to 20% of the total water
balance, with evapotranspiration reaching
peak values of 60% of the water balance for
the worst-case scenario (intensification II).
These peak evapotranspiration changes are
equivalent to a 60% increase compared to the
monthly dryland evapotranspiration (Fig. 9).
The simulation results can be analysed
per hydrological response unit to look at
spatial variations of irrigation impacts on
the water budget. Figures 10 to 12 show
the evapotranspiration increases as average
(annual) absolute (Fig. 10), average (annual)
relative (compared to dryland evaporation,
Fig. 11) and maximum monthly relative
(compared to dryland evapotranspiration,
Fig. 12) values for the 55 hydrological
response units. For the worst-case scenario,

local evapotranspiration increases reach
100% (Fig. 11) annually, and 200%
(Fig. 12) for the summer peak in the lower
part of the catchment, where potential
evapotranspiration is the highest and rainfall
is the lowest (Fig. 1).

Discussion and Conclusions
The results reported here serve as first
estimates, as many variables used in the setup
of scenarios and simulations are uncertain
– in particular the irrigation volumes. The
objective of future work will be to refine those
scenarios in more detail, once appropriate
field data become available. Nevertheless,
the results show the significant impact of
irrigation on the water resource and on the
catchment water balance. These results
provide an indication of the magnitude of that
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Figure 9 – Monthly
irrigation (top)
and actual
evapotranspiration
AET (middle) as
fraction of total lower
Orari catchment
input (rainfall +
streamflow at gorge,
compare Figure 8).
The simulations
indicate that irrigation
is using significant
amounts of the
catchment water
balance; monthly
values could reach
up to 20% under
intensified irrigation
scenarios. Monthly
evaporation under
the ‘current’ scenario
reaches up to 50% of
the catchment water
input, and could
reach up to 60%
under intensified
irrigation scenarios
(compare Figure 8).
Bottom graph shows
the change in total
monthly evaporation
for the lower Orari
catchment for the
different irrigation
scenarios, expressed
as change in AET in
relative to dryland
evaporation (=100%).
(Note the small
increase in AET in
non-irrigation season
is due to the change
in vegetation for the
irrigation scenarios).

88

Figure 10 – Spatial distribution of annual simulated evaporative water losses due to irrigated agriculture
for different land-use scenarios. Data shown are the difference between simulated dryland evaporation
and evaporation under the different irrigation scenarios (average values for hydrological response units,
numbers indicate HRUs).
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Figure 11 – Spatial distribution of annual evaporative water losses due to irrigated agriculture for
different land-use scenarios. Data shown are the relative increase in simulated evaporation from the
dryland scenario to the different irrigation scenarios compared to the dryland scenario evaporation
(average values for hydrological response units).
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Figure 12 – Spatial distribution of maximum monthly (February) evaporative water losses due to irrigated
agriculture for different land-use scenarios. Values shown are the relative increases in simulated
evapotranspirationration from the dryland scenario to the different irrigation scenarios compared to
the dryland scenario evapotranspiration (average values for hydrological response units).
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impact on annual and monthly time scales
and regional and local spatial scales. Increases
in irrigated agriculture from currently around
34% of the catchment area to 77% would
lead to 5% more evaporative losses, doubling
irrigation-related evapotranspiration losses,
annually. A major concern is, however, the
concentration of the evaporative losses in the
irrigation season leading to monthly losses
of 50–60% of the total catchment water
balance (compared to 40% under the dryland
scenario). These losses from the water balance
are spatially unevenly distributed, with most
of the losses occurring in the lower catchment
area close to the coast, where natural recharge
is at its lowest. This means a reduction of
water availability in summer months for other
hydro-system and eco-system services in the
lower Orari catchment. Potential impacts
include seasonal lowered groundwater levels,
depletion of surface waters and sea water
intrusion.
Future climate change (IPCC, 2007) may
further aggravate the situation on the dry
east coast alluvial plain areas due to further
drying of the headwaters of the catchment,
which would result in additional reductions
in water yield, especially during low flow
and drought conditions. But this study
shows the importance of the evaporative loss
components in an irrigated catchment, which
are strongly influenced by future temperature
changes. Predictions of changes in catchment
precipitation are highly uncertain compared
to temperatures (IPCC, 2007), which
are predicted to increase 1° to 2° Celsius
until the mid to end of this century for the
alluvial plains areas of Canterbury (Ministry
for the Environment, 2008). Temperature
increases directly lead to increased potential
evapotranspiration (PET), and, under
increased availability of surface water under
irrigation, to a disproportional increase in
actual evapotranspiration. Consequently,
even under unchanged irrigation extent and
intensity and with uncertain precipitation
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predictions, evapotranspiration and
catchment losses are bound to increase under
climate change. A combination of climate
change and irrigation intensification is likely
to create even higher catchment water losses
than predicted in this study.
This study focused on quantifying
evaporative losses relative to known
components of the Orari water balance
(Fig. 3). The impacts of the reduction in net
water balance on downstream users and on
the groundwater and surface water aquatic
ecosystems during low flows have to be
further evaluated. Instream flow needs, once
established, are an important measure to
potentially provide limits for expansion or
intensification of irrigated agriculture. The
data presented in this paper are intended to
contribute to a more extensive cost-benefit
analysis of irrigation effects in managed
catchments, which should include the
environmental costs and the economic benefits
(MAF, 2004; Parliamentary Commissioner
for the Environment, 2004; Poff, 2003).
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