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 EXECUTIVE SUMMARY 

 

The purpose of this study is to determine a spatial and temporal assessment of irrigation water demand 
and land surface recharge (LSR) using soil-crop-water balance modelling for the Heretaunga Plains 
(52,500 hectares). Hawke’s Bay Regional Council intends to use this water resource information to 
develop a numerical groundwater model of the Heretaunga Plains aquifer system.  

Soil-crop-water balance modelling has been undertaken using Aqualinc’s IrriCalc model. The model 
was run at a daily time step for two time periods: 

1. From 1972 to 2015, using historical climate and land use data: 

i. From 1972 to 1980, to determine average monthly outputs for the steady state 
groundwater model; and  

ii. From 1980 to 2015, to produce monthly time series outputs for the transient groundwater 
model. 

2. From 2015 to 2040 (future estimates), to produce monthly time series outputs using climate 
change predictions and current (i.e. 2015) land use data. The climate change data from six global 
circulation models (GCMs) for Representative Concentration Pathway 6.0 (RCP6.0) was used. 

 

There have been 1,792 irrigation water take consents in operation within the period from 1972 to 2015.  
Of that total, 1,568 are current (i.e. operating in 2015) and 224 have expired.  

For the steady state model period (1972 to 1980), the average annual irrigation demand has been 
estimated as 2.8 million cubic metres per year (Mm3/year). Consented irrigated area over that time is 
estimated to be less than 2,000 hectares.  

The consented irrigated area has gradually increased over time and the current estimated area (in 
2015) is approximately 26,000 hectares. The estimated irrigation water demand for 2015 is 
66.0 Mm3/year.  

For the climate change modelling period (2015-2040), there is considerable variation in predicted 
irrigation demand between different models in some years. However, the predicted average irrigation 
demand for the period is relatively similar across all models, varying between 51.2 and 56.4 Mm3/year. 

The LSR varies due to climate, soil water holding capacity, land use (crop) and irrigation methods over 
the study area. The area-weighted average annual LSR for the periods 1972-1980 and 1980-2015 is 
302 and 261 mm/year, respectively. For the climate change predictions, the average annual LSR varies 
between 231 and 314 mm/year for the six GCMs. However, the variation of annual LSR between 
models is considerable, with up to more than three times difference in some years. 
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 1 INTRODUCTION 

 

Hawke’s Bay Regional Council (HBRC) is developing a detailed numerical groundwater model of the 
Heretaunga Plains aquifer system. This model will enable improved management of the groundwater 
and associated surface water resources in the Plains. To provide water resource information for the 
groundwater model, HBRC commissioned Aqualinc Research Ltd (Aqualinc) to undertake soil-crop-
water balance modelling to determine a spatial and temporal assessment of irrigation water demand 
and land surface recharge (LSR). 

The soil-crop-water balance modelling outputs are intended to be used for two purposes:  

1. To provide input data to the groundwater model for calibration over a defined historical period; 
and 

2. To enable predictive modelling using climate change scenarios. 

This report presents the study outputs along with the study methodology, model input data and 
information, assumptions and limitations of the assessment. 

1.1 Scope of Work 

Soil-crop-water balance modelling at daily time steps has been carried out to determine irrigation water 
demand and LSR for two time periods: 

1. From 1972 to 2015, using historical climate and land use data: 

i. From 1972 to 1980 to determine average monthly outputs for the steady state 
groundwater model; and  

ii. From 1980 to 2015 to produce monthly time series outputs for the transient groundwater 
model. 

2. From 2015 to 2040 (future estimates) to produce monthly time series outputs, using six scenarios 
of climate change predictions and current (i.e. 2015) land use data. 

 

Figure 1 shows the location of the Heretaunga Plains (study area). This is an area of approximately 
52,500 hectares (ha). 
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Figure 1: Location of the study area  

 
 

 2 SOIL-WATER BALANCE MODELLING 

 

A farm-scale daily soil water balance model, Aqualinc’s IrriCalc, was used to calculate the irrigation 
water demand and LSR, i.e. drainage below the crop root zone. As recommended by Food and 
Agriculture Organization (FAO) of the United Nations, daily soil moisture water balance modelling is 
the internationally accepted method for calculating irrigation water demands (Allen et al., 1998).  This 
method has been field-verified both internationally and in New Zealand, and has been shown to 
successfully model what occurs on-farm.   

Model simulations were run for two time periods at a daily time step: 

1. From 1 January 1972 to 31 October 2015 using historical climate data; 

2. From 1 July 2015 to 30 June 2041 using a range of climate change prediction data.  

 

A description of soil water balance modelling is presented in Appendix A. The details of the IrriCalc 
model and testing of the model can be found in AEI (1991). More recently, the model has been tested 
by Aqualinc (2013). Input data used for modelling (potential evapotranspiration [PET], rainfall, soils 
information, crops and irrigation parameters) is provided in Sections 3 to 6. 
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 3 SOILS 

 

Soils data for the study were obtained from Landcare Research’s Fundamental Soils Layer (FSL) (Landcare, 
2000). The key soil property for soil water balance modelling is plant available water at field capacity (PAW). 
PAW is the amount of water that a soil can store and is available for plants to use.  

The FSL database specifies PAW for a 900 mm depth of the soil profile. Given the same soil, PAW differs 
between crops, because different crops have different rooting depths and have the ability to access water 
from different depths. For temporary crops such as vegetables, PAW varies as rooting depth changes with 
crop development. Therefore, it is important to determine a representative time series of soil-water reservoir 
depth for each crop type and estimate the relevant PAW. Based on the soil PAW distribution for the study 

area, the IrriCalc modelling has been undertaken for four PAW classes for each crop. As an example, Table 
1 lists the four PAW classes modelled for a 600 mm soil-water reservoir depth, which was used for pasture. 

Figure 1 shows the PAW distribution for 600 mm depth within the study area. 

PAW values for the crops were adjusted based on relevant soil-water reservoir depths using the “rule of 
thumb” proposed by Trevor Webb of Landcare for North Otago (Brown and McIndoe, 2003): 

 
Assume the top 200 mm of topsoil contributes 40 mm of water, and the remainder of the soil profile 
down to a maximum of 900 mm contributes a constant amount of water per unit depth.  In stony 
soils, where the majority of the available water is within the top 500 mm of soil, no adjustment of 
PAW should be made. 

Table 1: Soil plant available water (PAW) classes for 600 mm depth 

PAW range for 600 mm depth 
(mm) 

PAW class for 600 mm depth 
(mm) 

< 50 40 

51 - 70 60 

71 - 105 90 

> 106 120 
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Figure 2: Soil plant available water (PAW) distribution within the study area 

 

 4 CLIMATE DATA 

 

Daily climate data for this study was sourced from NIWA’s gridded virtual climate station (VCS) network 
by HBRC. VCS data is currently the best available source of climate data for regional water studies for 
locations where measured climate data is not available. It is important to use representative local data 
to determine soil-water dynamics, as evapotranspiration (ET) and rainfall vary with local climate. The 
data retrieved from NIWA were rainfall and PET.  There are 22 VCS’s within the study area. 

For the IrriCalc modelling, two climate datasets have been used.  

1. Historical data (1972 – 2015); and 

2. Future predictions based on impact of climate change data (2015 – 2041). 

The following subsections describe the two climate datasets.  

4.1 Historical Data 

For the historical period, climate data is available from 1 January 1972 through to 31 October 2015. 
The climate data for the 22 VCS’s shows that mean annual rainfall across the study area varies 
between 431 mm and 1,436 mm per year for the period 1972 - 2014 (i.e. excluding 10 months in 2015).  
Mean PET for the same period varies from 786 mm to 1,168 mm per year.   

Figure 3 shows locations of the VCS grid centres used for the study. 
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Figure 3: NIWA’s virtual climate station (VCS) locations within the study area  

4.2 Future Data – Impact of Climate Change 

Six global circulation models (GCM) were used to predict daily rainfall and PET: BCC-CSM1.1, 
CESM1-CAM5, GFDL-CM3, GISS-EL-R, HadGEM2-ES and NorESM1-M. NIWA provided the GCM  
data as netCDF files, covering 1980–2005 (historical data), and 2006–2050 (predicted data). The 
global circulation models predicted rainfall and PET using Representative Concentration Pathway 6.0 
(RCP6.0), which is one of the scenarios recognised by the Intergovernmental Panel for Climate 
Change to represent stabilisation of present levels of carbon dioxide in the atmosphere in the future. 

Daily rainfall and PET data was extracted from the netCDF files using R version 3.3.0 (R Foundation 
for Statistical Computing, Vienna, Austria), for each of the 22 VCS grids of interest based on their 
latitude and longitude. 

NIWA has used downscaling techniques to derive climate data predictions at VCS grid locations. This 
means that NIWA used sea surface temperatures from the six GCMs (at a large scale and low 
resolution) to drive an atmospheric global model, which in turn drove a regional climate model over 
New Zealand (at a smaller scale and higher resolution), and the data from this was further scaled down 
to approximately 5 km x 5 km VCS grid network. (Further information about NIWA’s downscaling 
techniques can be found in: Ministry for the Environment, 2016). Global models do not take into 
account local effects of topography, elevation or wind direction. Therefore, data should be adjusted for 
local conditions to correct for the geographical  bias introduced by the low resolution GCMs. In order 
to maximise efficiency of the bias correction, the 22 VCS grids of interest were grouped into four 
clusters based on their geographical locations (see Table 2).  
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Table 2: Cluster groups of virtual climate stations (VCS) used for bias correction of the global circulation model data  

Cluster VCS Agent VCS Network Longitude Latitude 

Cluster 1 

27961 P219160 176.925 -39.625 

30042 P218160 176.875 -39.625 

30043 P218161 176.875 -39.575 

30044 P218162 176.875 -39.525 

30046 P219161 176.925 -39.575 

30564 P218159 176.875 -39.675 

Cluster 2 

27422 P216159 176.775 -39.675 

27423 P216162 176.775 -39.525 

27429 P217161 176.825 -39.575 

28460 P216160 176.775 -39.625 

29002 P217160 176.825 -39.625 

30559 P217159 176.825 -39.675 

31089 P216161 176.775 -39.575 

Cluster 3 

28432 P213160 176.625 -39.625 

28991 P215160 176.725 -39.625 

29494 P214160 176.675 -39.625 

30540 P214159 176.675 -39.675 

31080 P215159 176.725 -39.675 

Cluster 4 

28426 P212160 176.575 -39.625 

30007 P212161 176.575 -39.575 

30515 P211161 176.525 -39.575 

31060 P210161 176.475 -39.575 

 
 
Bias correction was carried out by assessing the mean difference between the daily observed VCS 
data (i.e. historical) and the predicted data, for rainfall and PET in clusters at a monthly level. Then, 
the mean difference for each month was applied to the daily data for the individual VCS predicted by 
each of the six GCMs. Specifically:  

 Observed and predicted rainfall and PET were averaged for each day by cluster.  

 For each GCM from 1980 to 2005 (historical data), the percentage difference between the 
observed VCS cluster means and predicted cluster means was calculated for each day. 

 The monthly mean percentage difference was calculated for the twelve months of the year.  

 This monthly mean percentage difference was applied to the daily predicted data from 1 July 
2015 to 30 June 2041 for each VCS individually, for all six GCMs.  

 
The percentage differences of mean monthly data between predicted model data and observed VCS 
data for the four clusters are presented in Appendix B. 
 
This method of bias correction (mean percentage difference for each month) was chosen because it is 
efficient and intuitive. Trends of the change in observed VCS and predicted model data were not used 
because observed VCS trends may not be actual climate change signals, but may instead be a 
reflection of random effects and/or other climate deviations such as the El Niño Southern Oscillation, 
or other unknown factors. 
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 5 LAND USE 

 

Irrigation water demand and the amount of LSR are dependent on land use (i.e. the land cover or crops 
grown). Other factors such as climate, soils and land management also affect the irrigation demand 
and LSR. The amount of water used by irrigators to compensate for the crop ET loss (i.e. crop water 
requirements) varies between crops. For example, pasture and grapes grown at the same location 
would have different water demands due to factors such as different rooting depths, leaf area and 
growing stage. 

The spatial and temporal distribution of land use over the study area has been determined using data 
and information from the following sources: 

 HBRC’s GIS database for current and expired irrigation consents; 

 Three HBRC land use surveys from 1994, 2003 and 2008, to estimate change of land use over 
time; 

 Water use data; and 

 Information by HBRC staff for the areas for which data is unavailable and/or available data 
appears to be incorrect when water use data is assessed. 

 

The following subsections describe further how land use areas were determined. 

5.1 Irrigated Areas 

HBRC’s GIS database for irrigation water take consents specifies the primary crop type irrigated under 
the consent. However, the database only provides a broad level of categorisation. The crop 
categorisation is: crops, nursery, orchards, pasture farm, vineyard. This level of categorisation is 
insufficient for orchards and cropping farms as a large number of crops types are grown within the 
farms in the study area. The timing of water demand and total seasonal water demand for different 
crops within each category vary due to factors such as different rooting depth and leaf area change at 
different times of the year.       

The three HBRC land use surveys in 1994, 2003 and 2008 produced mapped land use at the time of 
each survey. However, the spatial extent of each survey varies, with the greatest spatial coverage 
provided in 2008. Land use surveys provide a finer categorisation of crops within each farm unit. 
However, there are discrepancies between consent data and land use surveys. 

To better understand the land uses within the study area, we have consulted two professionals who 
regularly work with local farmers/irrigators in the area: Melanie Smith of HydroServices (a division of 
Aqualinc) and Dan Bloomer of Page Bloomer Associates.  They advised that land use changes within 
farms are high, and therefore water use under a resource consent would significantly vary between 
years. In addition, a large number of farmers use leased land. Therefore, it is generally common that 
entire areas or parts within some farms are unused in some years (i.e. when not leased). Due to this 
high land use variability, it is not pragmatic to assign temporal variation of land use for most land areas.  

In the absence of suitable data and information, a workable approach has been developed in 
consultation with HBRC to estimate appropriate land use data. A combination of consent data and 
2008 land use survey maps (i.e. the survey with the highest area coverage) were used to develop the 
land use types, i.e. irrigated crops. It has been assumed that the same crop is irrigated throughout the 
consent period. Table 3 lists the resulting consented irrigated areas at five-year intervals. 
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 Table 3: Consented irrigated areas change over time 

Year  Irrigated area (ha) 

1980 1,794 

1985 7,706 

1990 12,801 

1995 15,051 

2000 17,428 

2005 21,168 

2010 26,372 

2015 26,956 

 

HBRC has advised that consent records prior to 1980 are not reliable. Therefore, the irrigated areas 
between 1972 and 1979 have been estimated to be the 1980 area with a 5% reduction per year from 
1979. For example, the total consented irrigated area in 1979 was estimated to be 1,704 ha (95% of 
1,794 ha) and that in 1978 was 1,615 (90% of 1,794 ha). 

Non-irrigated areas were modelled as dryland pasture to develop LSR outputs. However, only 75% of 
the water balance model recharge was used for model cells within built-up areas (e.g. city areas) to 
account for paved areas that increase run-off into the stormwater system and reduce groundwater 
recharge. 

5.2 Water Use Data 

Monthly water use data is available for 197 consents between October 2012 and June 2015. This data 
was used to optimise the irrigation management parameters (application depth, return period and 
irrigation trigger) and verify the determined crop type for each consent (see Section 5.1). 
 

5.3 Crop and Irrigation Parameters 

Melanie Smith of HydroServices provided a list of typical irrigation application depths and return periods 
for different crop types and irrigation systems. This information is listed in Table 4.  
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Table 4: Typical irrigation management parameters for different crops and irrigation systems within the study area (supplied by 
Melanie Smith of HydroServices)  

Crop  Irrigation system Application depth 
(mm) 

Minimum return 
period (days) 

Pasture K-Line 35 7 

Pasture Centre-pivot 10 2 

Grapes Drip 3 1 

Pip/Stone Micro Sprinklers 6-12 2-3 

Pip/Stone Travelling Irrigator 30-40 8-14 

Beetroot Gun 30 7 

Beetroot Pivot/Linear 15 3 

Onions Gun 30-40 7-10 

Onions Pivot 15 3 

Peas/Beans Pivot 12 3 

Carrots Gun 30 7-10 

Carrots Pivot/Linear 20 4-5 

Squash Gun 35 10-12 

Tomatoes Gun 30-35 7-10 

Tomatoes Pivot 12-15 3 

Sweetcorn Pivot 12-15 3 

Sweetcorn Linear 20 4-5 

 

HBRC and local experts were unable to accurately specify the irrigation systems that are being used 
under different resource consents. Therefore, the most common irrigation system that is used for 
irrigation of each crop type in the area has been modelled. Comparison of actual water use records 
against the modelled irrigation demand using the parameters listed in Table 4 shows that actual water 
use is significantly lower. The lower water use, as described above in Section 5.1, is primarily due to 
the underutilisation of the consented irrigated area. It is not feasible to determine the exact spatial area 
that is irrigated in each year because this information is not recorded.  

To better simulate actual irrigation water use (i.e. water abstraction within the groundwater model area) 
and LSR, irrigation parameters were adjusted so that the average modelled water demand over the 
consented irrigated area was reasonably similar to the actual water use (i.e. irrigation area was kept 
unchanged, while application depth and return intervals were adjusted to reduce the simulated average 
water use). However, in reality, irrigation water is applied over a smaller area than the entire consented 
area (Section 5.1), at a higher intensity that is similar to that listed in Table 4. This is likely to affect the 
LSR as a greater intensity or greater application depth increases drainage below the root zone due to 
higher water content within the soil profile. Therefore, in consultation with HBRC, it was decided to use 
a pragmatic approach to better account for both irrigation water use and LSR; the average modelled 
irrigation demand was kept slightly higher than the measured water use.  

HBRC’s Water Project Co-ordinator, Vicky Bloomer (2015) has identified that irrigators who do not use 
technologies such as soil-moisture sensors tend to over-irrigate. However, these growers generally 
operate small farms. It is realistic to assume that water meter data used for comparison in this study 
are not representative of smaller farms. Therefore, it is reasonable to model a slightly higher average 
irrigation water use (i.e. per hectare) than measured in larger farms. 

The crop and irrigation parameters used for IrriCalc modelling are listed in Table 5. The irrigation 
season was modelled from 1 September to 31 May. 
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Table 5: Crop and irrigation parameters modelled 

Crop  Water 
reservoir 

depth (mm)1 

kc
2 UCC3 Irrigation 

trigger as a 
% of PAW 

Application 
depth (mm)4 

Minimum 
return period 

(days)5 

Pasture 600 0.8 – 1.06 70% 60% 
15 5 

25 5 

Grapes 1,200 0.25 - 0.7 90% 65% 1.7 1 

Apple 1,000 0.45 - 0.95 80% 60% 9 4 

Kiwifruit 900 0.4 – 1.1 80% 60% 12 3 

Maize 75 - 750 0.6 – 1.2 80% 60% 9 3 

Stone fruit 1,000 0.5 -1.15 80% 60% 9 4 

Nursery 75 - 600 0.4 – 1.15 80% 65% 5 – 20 2 - 10 

Crop – 
rotation 16 

75 - 600 0.4 – 1.15 70% 65% 5 – 20 2 - 10 

Crop – 
rotation 27 

75 - 600 0.4 – 1.15 70% 65% 5 – 20 2 - 10 

Dryland 600 0.8 – 1.06     

1 Based on rooting depth. This depth indicates the depth that the crop can utilise soil water from.  
2 kc is the crop coefficient (see Appendix A). The range indicates the kc variation due to seasonal effect and/or 

level of the crop growth (e.g. vegetable). 
3 Christiansen’s (1941) coefficient of uniformity (see Appendix A). 
4, 5 Application depths and return period may not represent the actual irrigation practices in the area. The 

parameters were adjusted to simulate average irrigation water use and LSR. 
6 Crop rotation 1 – Peas (100 days), fallow 20 days and Beans (90 days). 
7 Crop rotation 2 – Beet (80 days), fallow 10 days and Tomatoes (90 days). 

 
 

 

 6 QUICK-FLOW SEPARATION 

 

IrriCalc makes the assumption that all rain or irrigation falling onto the land surface is either evaporated, 
transpired by plants, or drains into the underlying subsurface.  However, in reality, some of this 
recharge will move laterally to nearby streams, either as direct land surface run-off or near-surface 
lateral flow (via field tiles, preferential flow paths and other shallow discharge mechanisms).  The 
remainder will drain to deeper recharge of the regional groundwater system.  The net LSR to the 
regional groundwater system is therefore the total LSR less the short-term contribution to river flows 
(referred to as the ‘quick-flow’ component).   

The general approach is to estimate the quick flow run-off based on the daily time series of calculated 
LSR and measured river flow data for a closed catchment. The basis of the quick-flow separation is 
the assumption that soils can only accept a finite rate of deep recharge, and the remaining flow is 
routed directly to rivers as quick-flow.  The amount of land surface recharge that is re-routed as quick-
flow can be determined by specifying maximum threshold values (i.e. the finite rate of deep recharge 
that soil can accept) for different soil types (generally based on PAW). Above these thresholds, flow is 
assumed to be quick-flow.  The threshold values are usually calibrated based on measured quick-flow 
response. A number of days (generally a three- to five-day) running weighted average through the 
quick-flow time series is used to account for lag times and storage in the upper soils.  The weighting 
of this running average is also calibrated for the current day and previous days. This approach has 
been successfully applied within upper Waikato River catchments. 
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HBRC provided the daily flow time series for the Raupare Drain at Ormond Road, which was assumed 
to be the only available flow data time series that is not affected by other sources such as urban 
stormwater discharge. However, analysis showed that the Raupare Drain is getting recharged from 
different sources other than LSR, possibly from the Ngaruroro River. Therefore, in consultation with 
HBRC, it was decided that the Raupare Drain flow data were inappropriate for a quick-flow 
assessment. 

Due to the lack of relevant data to determine the quick-flow component, the LSR thresholds were 
calibrated to satisfy an approximately 5% quick-flow contribution of the total recharge. This level of 
quick-flow contribution is generally representative for largely flat areas such as the Heretaunga Plains, 
as shown in the land slope distribution (Landcare, 2000) in Figure 4. Aqualinc (2014) showed that 
average quick-flow contribution for reasonably flat areas is approximately 5% of recharge. 

 

Figure 4: Land slope in the study area based on Landcare (2000) 
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 7 RESULTS 

 

The model outputs of daily irrigation demand and LSR have been summarised into monthly totals to 
be used in the groundwater model. This electronic data has been provided to HBRC.  

7.1 Irrigation Demand 

The irrigation water demands were assembled by consents. The spatial area of some consents lies 
within a number of VCS grids (i.e. relevant climate data) and different soil PAWs. Therefore, the 
combinations of ‘crop, climate and soil’ by each consent, and pertinent area (hectares) for each 
combination have been determined using GIS analysis. The daily water demand volume for each 
combination was then calculated (i.e. using the daily irrigation demand depth for each crop-climate-
soil combination and area). Summation of all relevant combinations gives the irrigation demand for a 
consent. There are 1,792 consents, of which 1,568 are current (i.e. operating in 2015), and the 
remaining 224 being expired consents. Irrigation demand has been calculated for the period that a 
consent has/had been operating only. The monthly irrigation demands have been calculated using 
daily demands. 

The irrigation demand outputs by consent were presented for three time periods: 

1. Average monthly data from 1 September 1972 to 31 August 1980 to be used in the steady-
state groundwater model; 

2. Monthly data from 1 January 1980 to 31 October 2015 to be used in the transient groundwater 
model; and 

3. Six sets of monthly data for each climate change scenario modelled from 1 July 2015 to 30 
June 2041. 

 

Table 6 summarises the annual irrigation water demand for the historical period from 1972 through to 
2015. Note that an irrigation year spans from 1 July to 30 June the following year. The average annual 
irrigation demand (for the irrigation year) is estimated to be 2.8 Mm3/year from 1972 to 1979. The 
irrigation demand has gradually increased as larger areas were being irrigated (Table 3). The estimated 
demand for the 2014 irrigation year is 66.0 Mm3/year. 

 

  



 
 

Irrigation Report / Irrigation water demand & land surface recharge assessment for Heretaunga Plains  

Hawke’s Bay Regional Council  / C16053\1 / 021/06/2016 © Aqualinc  Research Ltd.  15 
 

 
 

Table 6: A summary of modelled irrigation water demand for the historical period from 1972 to 2015 

Irrigation year1 / 
Period  

Total annual irrigation 
demand (Mm3/y) 

Irrigation year1 / 
Period  

Total annual irrigation 
demand (Mm3/y) 

1972-1979 2.8 (annual average)   

1980 3.7 1998 41.2 

1981 7.2 1999 41.8 

1982 12.4 2000 43.4 

1983 11.1 2001 31.2 

1984 16.2 2002 47.3 

1985 20.2 2003 42.0 

1986 18.8 2004 47.5 

1987 18.4 2005 45.6 

1988 29.4 2006 64.6 

1989 29.3 2007 57.3 

1990 27.2 2008 59.5 

1991 30.3 2009 51.3 

1992 13.6 2010 50.4 

1993 36.8 2011 47.9 

1994 37.8 2012 77.5 

1995 28.0 2013 63.3 

1996 32.9 2014 66.0 

1997 49.3   

1 An irrigation year spans from 1 July to 30 June the following year 

 

Table 7 lists the annual water demand estimated under the climate change scenarios. The irrigated 
area for this period is the current (i.e. 2015) irrigated area. These outputs show that variation of 
irrigation demand under different GCM’s is considerable in some years. For example, while the total 
irrigation demand under GISS-EL-R model scenario in 2025 is 27.1 Mm3/year, the demand under BCC-
CSM1.1 for the same year is 71.8 Mm3/year, which is a 165% increase relative to the former. However, 
the average irrigation demand for 2015-2040 period is similar for all models, ranging from 51.2 to 56.4 
Mm3/year.   
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Table 7: A summary of modelled irrigation water demand for climate change using six models and Representative Concentration 
Pathway (RCP) 6.0 from 2015 to 2041 

Irrigation 
year1  

Total annual irrigation demand (Mm3/y) 

GCM 

BCC-
CSM1.1 

CESM1-
CAM5 GFDL-CM3 GISS-EL-R 

HadGEM2-
ES 

NorESM1-
M 

2015 55.4 61.6 50.6 52.5 62.9 35.0 

2016 57.9 48.6 39.8 37.4 40.1 57.7 

2017 46.7 58.8 66.9 52.7 67.0 69.4 

2018 47.3 43.4 46.2 71.4 59.2 38.6 

2019 39.7 69.0 49.7 40.2 60.5 50.1 

2020 53.5 49.9 49.1 52.1 36.7 63.6 

2021 49.2 58.5 57.3 56.0 58.5 59.8 

2022 65.0 65.5 61.5 65.3 66.0 45.3 

2023 63.1 64.2 48.2 66.8 57.2 48.4 

2024 56.0 39.9 63.1 58.0 55.3 47.8 

2025 71.8 67.4 62.5 27.1 66.6 44.1 

2026 69.4 55.7 65.0 73.5 59.7 62.6 

2027 58.7 36.1 54.4 44.5 61.6 58.2 

2028 54.3 49.2 67.3 57.8 57.3 58.0 

2029 64.1 35.6 70.5 56.2 52.0 51.2 

2030 41.3 62.9 47.2 36.1 66.1 57.3 

2031 32.8 65.1 61.9 60.8 58.7 55.4 

2032 55.4 58.8 44.1 54.4 36.6 37.9 

2033 38.5 66.2 62.9 43.6 49.3 60.5 

2034 59.0 54.9 71.1 60.4 66.6 43.4 

2035 46.6 59.7 42.3 59.9 58.6 36.9 

2036 50.2 32.6 68.5 55.0 53.9 22.7 

2037 51.1 55.1 41.0 45.1 41.5 48.2 

2038 58.5 74.3 63.5 52.7 65.2 58.6 

2039 48.3 57.3 69.2 49.6 46.8 58.4 

2040 45.8 63.3 36.2 55.4 62.5 61.7 

Average 
(Mm3/y) 

53.1 55.9 56.2 53.2 56.4 51.2 

1 An irrigation year spans from 1 July to 30 June the following year 

7.2 Land Surface Recharge 

The net deep drainage component for each ‘crop, climate and soil’ combination modelled has been 
calculated using the quick-flow separation assessment described in Section 6. This data was 
summarised by crop-climate-soil-consent for each groundwater model grid. The relevant consent(s) 
for each grid location has been used, as the operating period of a consent affects the LSR; i.e. prior to 
and following expiry of the consent, LSR needs to be calculated based on the dryland (unirrigated) 
scenarios.  
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There were 3,147 different crop-climate-soil-consent combinations within the study area. The monthly 
LSR data has been calculated from the daily outputs and electronic data has been provided to HBRC. 
Again, similar to irrigation demand data, LSR data was presented for three time periods: 

1. Average monthly data from 1 September 1972 to 31 August 1980; 

2. Monthly data from 1 January 1980 to 31 October 2015; and 

3. Six sets of monthly data for each climate change scenario modelled from 1 July 2015 to 30 
June 2041. 

 

Table 8 lists the  annual LSR over the study area from 1972 through to 2015, area-weighted by the 
area associated with each crop-climate-soil-consent combination. The area-weighted average annual 
LSRs for the periods 1972-1980 (i.e. steady-state model period) and 1980-2015 are 302 and 261 
mm/year, respectively.  

Table 8: Area-weighted land surface recharge (LSR) over the study area for the historical period from 1972 to 2015 

Irrigation year1 / 
Period  

Area-weighted LSR 
(mm/y) 

Irrigation year1 / 
Period  

Area weighted LSR 
(mm/y) 

1972-1979 302 (annual average)   

1980 290 1998 343 

1981 331 1999 147 

1982 89 2000 111 

1983 81 2001 244 

1984 256 2002 210 

1985 189 2003 363 

1986 197 2004 336 

1987 186 2005 414 

1988 297 2006 230 

1989 250 2007 378 

1990 443 2008 268 

1991 198 2009 456 

1992 388 2010 424 

1993 64 2011 225 

1994 292 2012 242 

1995 195 2013 355 

1996 463 2014 92 

1997 91   

1 An irrigation year spans from 1 July to 30 June the following year 

 

Table 9 summarises the area-weighted annual LSR by irrigation year for climate change scenarios 
modelled using six GCMs. Similar to irrigation demand predictions, the area-weighted LSR varies 
considerably between different model scenarios for some years. In 2036, the predicted LSR of 
NorESM1-M (680 mm/year) is more than three times greater than that of GISS-EL-R (211 mm/year). 
The average annual LSR over the modelled period varies between 231 and 314 mm/year for the six 
GCMs.  
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Table 9: Area-weighted land surface recharge (LSR) for climate change using six models and Representative Concentration 
Pathway (RCP) 6.0 from 2015 to 2041 

Irrigation year1  

Area-weighted LSR (mm/y) 

Global Climate Model 

BCC-
CSM1.1 

CESM1-
CAM5 GFDL-CM3 GISS-EL-R 

HadGEM2-
ES 

NorESM1-
M 

2015 246 175 206 409 151 468 

2016 465 268 229 289 324 373 

2017 596 256 223 255 233 144 

2018 378 250 374 131 152 328 

2019 380 336 193 334 405 253 

2020 378 360 264 220 310 123 

2021 345 302 209 328 353 170 

2022 124 208 281 203 241 370 

2023 201 114 232 284 289 473 

2024 269 277 182 360 193 319 

2025 193 213 551 395 287 220 

2026 240 361 233 300 123 143 

2027 141 232 308 342 123 276 

2028 411 434 154 244 244 197 

2029 201 255 149 237 216 279 

2030 373 232 247 303 108 203 

2031 528 131 388 206 399 410 

2032 97 212 524 337 217 417 

2033 188 187 88 358 287 392 

2034 248 235 191 304 212 279 

2035 310 223 176 215 148 448 

2036 506 398 223 211 263 680 

2037 427 173 130 281 112 343 

2038 156 69 478 193 211 220 

2039 286 309 201 286 135 262 

2040 427 147 355 194 268 378 

Average 
annual LSR 

(mm/y) 
312 245 261 278 231 314 

1 An irrigation year spans from 1 July to 30 June the following year 
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 Appendix A: Water balance model 

 

The water balance models used for this study are based on the approach developed by the Food and 
Agriculture Organization (FAO) of the United Nations (Allen et al, 1998). The relationship between crop 
and reference evapotranspiration is: 

 

Crop evapotranspiration = ks×kc×Reference evapotranspiration Equation 1 

 

where ks is the water stress reduction factor and kc is the crop coefficient.   

 

The water stress reduction factor is a function of current soil moisture status.  As recommended by 
Allen et al. (1998), it is assumed that ks equals 1.0 when the soil water content is equal to the plant 
readily available water, and ks reduces linearly down to a value of zero at wilting point.  Readily 
available water is assumed to be equal to 50% of the plant available water at field capacity (PAW).  
Crop coefficients that have been used are given in Section 5.3.   

For each day the soil moisture is calculated from: 

ASMday i= ASMday i-1 + (rain + effective irrigation - crop evapotranspiration)day i  Equation 2 

  

where ASM = plant available soil moisture.   

 

Effective irrigation is the irrigation water that is applied and retained within the root zone.  Effective 
irrigation is calculated using the total depth of irrigation water and the application coefficient uniformity 
(CU) (Christiansen, 1942). The model assumes that the maximum water the soil can hold is the PAW 
value; any rain in excess of that required to reach field capacity is assumed to drain below the root 
zone. In other words the maximum value of ASM for any given day is the PAW.  

Modelling assumed that the soils are free draining, and the depth to groundwater is greater than crop 
soil-water reservoir depths. 

When water drains below the root zone, the groundwater system can accept only a finite rate of deep 
recharge, and the remaining flow is routed directly to rivers as quick-flow.  This quick-flow component 
was estimated and taken out from the modelled drainage outputs, using post-processing, to determine 
the net land surface recharge to the regional groundwater system (see Section 6). 
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 Appendix B: Bias correction of climate change data 

 

The following tables list the percentage mean monthly differences from 1980 to 2005 for rainfall and PET between the global circulation models (GCMs) and 
observed VCS data for the four clusters used for bias correction. The bias correction methods is described in Section 4.2. 

Table B.1:  Mean monthly rainfall difference from 1980 to 2005 between predicted model and observed virtual climate station (VCS) data by cluster for six global circulation models (GCMs)  

GCM Cluster 
Percent monthly difference between VCS and model data (%) 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

BCC 1 35.9 2.8 0.8 -23.6 5.0 -17.2 -29.4 5.1 8.7 3.0 -4.4 12.9 

BCC 2 32.7 -0.5 -2.7 -18.7 8.1 -18.8 -29.7 6.3 6.6 -0.5 -7.2 9.6 

BCC 3 35.2 -2.8 -7.3 -8.5 15.4 -18.2 -26.5 10.9 4.5 -2.4 -6.9 6.6 

BCC 4 34.9 -3.8 -16.7 -4.7 16.3 -6.0 -24.1 14.0 6.1 5.4 -8.4 5.4 

CAM5 1 16.7 -3.9 -32.2 -8.0 17.9 10.4 -45.3 22.1 11.2 2.6 -2.6 -1.8 

CAM5 2 17.6 -7.6 -28.4 -10.0 20.1 10.7 -48.2 26.2 12.7 -2.3 -7.9 -6.5 

CAM5 3 25.4 -8.6 -24.1 -11.4 23.9 14.5 -48.6 32.1 16.5 -5.0 -10.3 -9.8 

CAM5 4 24.7 -10.1 -25.1 -9.8 26.1 19.4 -39.4 34.5 14.4 -0.9 -14.2 -9.0 

GFDL 1 27.7 1.2 10.9 -19.9 5.9 -8.6 -45.0 29.6 35.3 19.7 3.7 2.7 

GFDL 2 23.1 0.5 9.8 -21.2 10.3 -5.7 -49.1 30.4 31.4 19.9 -1.0 -7.8 

GFDL 3 24.1 4.2 11.9 -22.4 18.4 2.5 -48.9 31.4 27.6 22.7 -3.3 -20.7 

GFDL 4 20.8 -6.0 -1.2 -16.0 19.7 9.5 -45.2 34.2 22.6 24.7 -5.8 -18.8 

GISS 1 37.5 -8.0 4.8 -53.5 5.6 -19.1 -33.1 21.4 13.7 23.4 3.7 -2.6 

GISS 2 33.0 -1.8 0.4 -52.3 7.7 -22.2 -31.2 25.6 12.3 22.6 0.4 -14.6 

GISS 3 34.8 4.5 -4.7 -49.3 11.8 -22.5 -23.8 32.6 12.9 25.6 -0.3 -29.7 

GISS 4 30.9 8.3 -11.7 -38.5 19.9 -9.9 -20.7 31.6 8.2 22.2 -4.5 -23.4 

HadGEM 1 13.9 1.9 -29.3 -9.7 -23.7 -6.4 -43.9 5.7 26.7 11.3 0.7 9.8 

HadGEM 2 8.5 0.1 -27.7 -12.1 -12.9 -8.9 -47.4 7.9 24.5 5.0 -1.3 1.9 

HadGEM 3 8.8 -1.7 -22.7 -15.6 1.0 -10.4 -47.4 12.1 23.4 -0.8 -1.2 -4.8 

HadGEM 4 14.7 3.5 -24.3 -8.8 8.7 -1.8 -46.1 22.1 18.3 2.8 -1.8 -11.3 

NorESM 1 26.8 -2.7 -12.7 -44.5 -12.4 -15.2 -43.4 19.2 26.5 8.3 2.1 -10.1 

NorESM 2 21.5 -0.7 -8.7 -42.2 -8.4 -15.6 -42.7 21.7 22.1 3.4 -3.9 -23.0 

NorESM 3 22.1 1.9 -1.4 -37.8 -3.0 -15.1 -34.8 25.6 15.5 0.2 -8.9 -38.6 

NorESM 4 22.0 -0.3 -10.9 -29.6 7.8 0.3 -34.5 27.0 10.7 6.6 -11.2 -38.8 
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Table B.2:  Mean monthly potential evapotranspiration (PET) difference from 1980 to 2005 between predicted model and observed virtual climate station (VCS) data by cluster for six global circulation 
models (GCMs)  

GCM Cluster 
Percent monthly difference between VCS and model data (%) 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

BCC 1 24.6 28.4 32.0 44.4 54.3 61.4 57.8 47.7 40.4 34.7 29.6 27.9 

BCC 2 24.8 28.8 32.4 44.6 54.4 61.0 57.0 48.4 41.2 35.7 30.4 28.4 

BCC 3 26.4 30.0 34.1 46.1 56.2 62.1 57.5 50.5 43.1 37.9 32.9 30.4 

BCC 4 28.3 31.7 35.9 47.6 57.1 62.2 58.0 52.6 44.7 39.9 35.4 32.7 

CAM5 1 27.3 28.9 30.8 44.6 55.0 60.0 59.1 46.7 39.7 34.0 30.7 26.1 

CAM5 2 27.5 29.3 31.3 44.8 55.2 59.5 58.6 47.0 40.7 35.1 31.4 26.9 

CAM5 3 29.2 30.4 33.2 46.4 56.6 60.6 59.7 48.7 43.0 37.7 33.6 29.5 

CAM5 4 30.9 32.2 35.4 47.7 57.3 61.0 60.3 50.3 44.7 39.6 36.2 32.3 

GFDL 1 29.5 31.3 28.8 45.2 56.6 61.1 60.1 46.7 38.0 29.9 27.2 27.8 

GFDL 2 29.8 31.8 29.3 45.4 56.9 60.7 59.6 47.1 38.9 30.9 27.8 28.5 

GFDL 3 31.3 33.2 31.1 46.7 58.5 62.1 60.7 48.7 41.5 33.0 30.0 31.0 

GFDL 4 32.7 34.9 33.2 48.1 58.9 62.4 61.0 50.1 43.7 35.9 33.1 33.8 

GISS 1 22.3 28.3 30.3 46.3 55.6 62.2 58.5 46.7 37.5 28.7 27.5 27.6 

GISS 2 22.6 28.5 30.8 46.6 55.8 61.8 57.9 47.2 38.5 29.7 28.2 28.2 

GISS 3 24.4 29.8 32.7 48.2 57.5 63.1 58.9 49.2 40.7 32.3 30.5 30.2 

GISS 4 26.6 31.4 34.4 49.4 57.8 63.3 59.5 50.9 42.9 35.0 33.6 32.9 

HadGEM 1 25.1 27.3 29.8 44.5 55.1 61.2 56.6 46.6 38.0 30.4 27.9 27.8 

HadGEM 2 25.2 27.5 30.3 44.6 55.3 60.9 55.9 47.1 39.0 31.6 28.5 28.5 

HadGEM 3 26.7 28.5 32.2 45.7 56.9 62.2 56.8 48.7 41.4 33.9 30.7 31.1 

HadGEM 4 28.7 30.3 34.8 47.0 57.7 62.9 57.9 50.5 43.4 36.6 33.5 33.5 

NorESM 1 25.0 28.4 30.7 44.8 54.7 62.5 59.3 46.2 35.9 31.6 28.2 29.2 

NorESM 2 25.3 28.8 31.1 45.1 55.0 62.2 58.7 46.5 36.8 32.8 28.9 30.0 

NorESM 3 26.8 30.3 32.9 46.9 56.9 63.5 59.7 48.2 38.9 35.2 30.8 32.4 

NorESM 4 28.7 32.6 35.3 48.5 58.1 63.7 60.4 49.7 41.4 37.7 33.8 34.7 

 
 


