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Abstract
The WATYIELD water balance model is
designed to help land and water managers
make informed decisions on the effects of
land-cover changes on catchment runoff. It
is a lumped conceptual model of catchment
rainfall and runoff. Losses before runoff are
calculated from the water balance equation,
and water stored in the soil is released as quick
or delayed flow to estimate discharge. Input
requirements are daily rainfall totals, average
monthly reference evapotranspiration, an
interception fraction (the amount of rainfall
lost through interception), a crop coefficient
to convert the reference evapotranspiration
to a loss equivalent to transpiration by the
vegetation on the site, information on total
and readily available soil water, a base-flow
index (the proportion of flow as base flow),
and a coefficient that defines the rate of baseflow recession.

The model was calibrated and validated
against flow from one of the two experimental
catchments at Glendhu Forest in upland
east Otago (GH1, in tussock). It was
subsequently used to predict annual water
yields and minimum 7-day low flows from
this catchment and the forested catchment
(GH2), and then applied to four other
catchments displaying a variety of land covers:
Rocky Gully in South Canterbury (23 km2,
pasture and tussock), the Shag catchment in
coastal east Otago (319 km2, tussock, pasture,
and forest), the Orongorongo catchment in
southern Wairarapa (7.10 km2, native forest),
and the Kokopu catchment near Whangarei
(3.08 km2, pasture). WATYIELD was able
to predict annual water yields to ±5% of
the measured values. However, its ability to
predict mean annual 7-day low flows was
highly variable. For the tussock catchment at
Glendhu (2.18 km2) the predicted value was

Footnote
WATYIELD is available at: http://icm.landcareresearch.co.nz
together with a User’s Guide which describes the model in detail,
and a set of reports and reviews of land-use hydrology studies in New
Zealand and elsewhere.
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only 9% higher than the measured value, but
for the Orongorongo and Shag catchments
the modelled 7-day low flow values were
68% and 73% respectively below the measured
values. There was a good match between
observed and predicted changes in water yield
and low flow following afforestation of one of
the Glendhu catchments.
WATYIELD can be used to predict
mean annual water yields from catchments
ranging in size from 1 to 100 km2, but is not
recommended for predicting mean annual
low flows for catchments exceeding 5 km2
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Introduction
At a workshop for land and water managers
charged with making decisions on water
allocation held in 1999 by Tasman District
Council and Landcare Research, foremost
among the issues raised was the need for
information and tools that would predict
the effects of land-use change on stream
runoff (Rowe, 1999). In response to the
concerns expressed at this meeting, Tasman
District Council and Landcare Research,
with assistance from the Ministry for the
Environment’s Sustainable Management
Fund, initiated a project entitled ‘Land Cover
Effects on Water Availability’ (SMF2167).
The general aims of the project were to
compile background information on water
use by different vegetation covers in New
Zealand, and to use this information to
develop a comprehensive decision support
system that would assist users and managers
of land and water to predict the effects of
land-cover changes on annual water yields
and low flows.
The first of these aims resulted in the
publication of six reports. These included
three annotated bibliographies, one on water
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use by radiata pine (Rowe et al., 2001a), one
on water use by Douglas fir (Rowe et al.,
2001b), and the third on water use by other
land covers (Rowe et al., 2001c). The others
comprised summaries of the hydrological
effects of different vegetation covers (Rowe et
al., 2002) and of New Zealand catchments
with data available for use in evaluating
land-cover effects on water resources (Rowe,
2003a), and a comparison of streamflow
from catchments with different land uses
(Rowe, 2003b).
The second aim involved the modification
of a spreadsheet-based existing water balance
model, with the addition of an interactive
graphical user interface to make a decision
support tool. The model, now known as
WATYIELD, is intended for use in situations
where there is a limited amount of data on the
climate, soil, and vegetation of a catchment.
The objectives of this paper are to describe
the model and to evaluate the accuracy with
which it can simulate annual water yields and
low flows from different catchments and from
catchments undergoing changes in land use.

Background to the model
Agricultural daily water balance models are
usually designed to calculate the daily change
in the amount of water in the soil in relation
to crop growth or irrigation management
(New Zealand Meteorological Service,
1986; Allen et al., 1998; Woodward et al.,
2001). Hydrological models are designed
to calculate the amount and timing of
water that drains from the soil and becomes
streamflow or groundwater recharge. Gabites
(1956) was one of the earliest users of a daily
water balance model in New Zealand and he
provided a clear statement of one of the basic
assumptions:
‘The calculations assume that all rain
falling after the soil has reached field capacity
is lost as run-off, and that all rain falling
when the soil moisture is below field capacity

is retained: this ignores run-off when rainfall
intensity exceeds the infiltration rate.’
WATYIELD is a water balance model but
is designed for its hydrological output rather
than for calculating water in the soil available
for crop growth. It is a lumped conceptual
model that calculates the daily soil water
balance from a daily rainfall time series and
an estimate of evaporation for the site. The
daily drainage, Q, from the soil when it has
reached field capacity is obtained from the
water-balance equation:
Q = P - E - ∆S
where P is rainfall, E is evaporation, and
∆S is the change in water stored in the root
zone of the soil profile. The evaporation, E,
can be a single quantity, as it usually is for a
complete short grass cover, but for most other
forms of vegetation it can be the sum of two
or more components, e.g., interception by a
forest; and evaporation and transpiration by
grass, trees, or forest understorey, or bare soil
between rows of a crop or recently planted
trees. Transpiration and evaporation from
bare ground are controlled by either the
weather or by the amount of water in the
soil. The water that drains from the soil is
assumed to go beyond the root zone and is
not available for plant use. Some of this water
leaves the catchment within the day as ‘quick
flow’ (Rf ), while the rest enters a groundwater
store from which it eventually reaches the
stream as ‘base flow’ (Rb ).
The model enables a given catchment to
be divided into a maximum of 10 sub-areas
based on features that distinguish those areas
and are likely to influence water yield or low
flow, e.g., vegetative cover, soil characteristics,
geology, and rainfall. Each sub-area can be
as small as 1%, or as large as 100%, of the
total catchment area. Where the purpose of
the analysis is to assess the effects of a change
of land use on the stream flow regime it is
essential to identify the potential change at

this stage and to create the sub-areas where
the change will occur. Some knowledge of the
catchment’s present land cover, and general
soil characteristics, is desirable when dividing
the catchment up into its constituent areas.
For selecting relevant sub-areas, it is also useful
to have some understanding of the relative
importance of each sub-area contribution to
annual water yield. For example, the upper
reaches of a catchment will normally produce
more runoff than the lower reaches because
of higher rainfall in the headwaters. In some
catchments several patches of land with
similar characteristics, e.g., wetlands along
a river valley or blocks of trees planted for
shelter, may be aggregated into a single area.
The minimum hydrological requirements
are daily rainfall totals from a local or
nearby rainfall station, and average monthly
reference evapotranspiration from a climate
station. For calibration, or if a comparison is
to be made between measured and modelled
flow, the model also accepts measured flow as
daily values. The same daily rainfall series and
average monthly reference evapotranspiration
are used for all sub-areas. However, the rainfall
can be scaled up or down for each sub-area,
on the basis of additional data if available, or
from rainfall isohyetal information.
Parameters for sub-areas

After deciding on the rainfall scaling factor,
the next parameter assigned to each sub-area
is an estimate of the average annual amount
of rainfall lost through interception (the
interception fraction). The model considers
only the fraction of rainfall intercepted
according to vegetation type, and not the
amount stored on the canopy, and thus does
not incorporate the details of the interception
process. Data from many interception
studies are listed in Rowe et al. (2002). They
include values for radiata pine, Douglas fir,
native forest species, tussock grassland, and
exotic and native scrub species. The second
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parameter is one that converts the reference
evapotranspiration to a loss equivalent to
transpiration for the cover type when it is well
supplied with water (the crop transpiration
coefficient). The average monthly ‘reference
evapotranspiration’ (ETref ) for the site is
equivalent to potential evaporation for an
extensive surface of actively growing short
grass under well-watered conditions, as
calculated by the Penman method (New
Zealand Meteorological Service, 1986) or
the FAO-56 method (Scotter and Heng,
2003). Formerly referred to as ‘potential
evapotranspiration’, it is the maximum
quantity of water that can be evaporated
from such a surface in a given climate. It is
calculated from meteorological data and
vegetation parameters for the reference crop.
The New Zealand Meteorological Service
lists data on reference evapotranspiration
for 51 stations throughout the country, and
Scotter and Heng (2003) provide data for
16 stations.
The next requirement is a set of factors
to calculate evaporation under water stress
conditions. These include available water in
the surface or top layer, total available water
in the root zone of the soil profile (TAW), and
readily available water in the root zone (RAW).
These parameters are needed for calculating
a daily soil-water balance. They provide the
modelled amount of water draining from
the soils of the catchment sub-areas under
the vegetation cover selected for each. The
main source of information for the soil water
storage parameters is the soil fundamental
data layers (Newsome et al., 2008). The
soil fundamental data layers contain spatial
information for 16 soil attributes obtained
from the National Soils Database (NSD)
(http://gisportal.landcareresearch.co.nz).
To account for the effect of rain when the
soil profile is relatively dry, a surface-layer
soil-water storage zone is defined (based on
Scotter et al., 1979, p. 456), from which up
to 25 mm of water can be evaporated at the
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potential rate, regardless of the amount of
water in the overall soil profile.
Base-flow parameters

The two parameters used in the model
are the base-flow index and the base-flow
recession coefficient. These provide estimates
of outflow from a base-flow store similar to
that used by Boughton (1993, 2002). In
the model, they are considered as wholecatchment properties. The base-flow index
(BFI) is defined as the proportion of total
flow that appears as base flow (Hewlett and
Hibbert, 1967). Its calculation requires
a record of streamflow from a nearby
catchment, or one with similar lithological
and climatic characteristics. Hydrological
databases used in New Zealand such as
TIDEDA and HYDSYS have procedures
for separating total flow into storm flow and
base flow. If no flow record exists, Jowett and
Duncan (1990) provide tables and a map
to assist in identifying base-flow indices for
groups of rivers throughout the country. The
second parameter is the base-flow recession
coefficient (k), which defines the rate of baseflow recession from the base-flow store. If Rb
is assumed to be runoff derived from base
flow, then on any one day:
Rb = Sb (1 − k),
where Sb is the amount of water in the baseflow store at the end of the previous day.
Rb is calculated for each day as a function
of the amount in store in the previous day.
Theoretically, k can range from zero to unity,
but usually resides at the upper end of the
scale (0.900–0.999).
To calculate k, a tabulated daily streamflow
record is required from a catchment nearby,
or from one with similar characteristics,
from which long, uninterrupted recession
periods are identified. Values of k can be
estimated from the number of days taken for
flow during the recession to halve or double
(Martin, 1973).

Model calibration and validation
Catchment selection and description

The model was calibrated using data from
one of the Glendhu experimental catchments
located in the east Otago uplands 60 km
west of Dunedin (Fig.1). The main aim
of the Glendhu study was to investigate
the hydrological effects of converting midaltitude tall tussock grasslands to plantation

forestry. There are two catchments, both
north-facing, comprising rolling-to-steep
topography with an altitudinal range of
460 to 650 m. The schist bedrock has
been weathered to form a widespread but
discontinuous mantle of colluvium, which has
infilled many fossil gullies and depressions.
Soils on the broad interfluves and steep
side-slopes are imperfectly to well-drained
silt to fine sandy loams, commonly with a

Figure 1 – Location of catchments used in the study.
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significant loess component (Webb et al.,
1999). Valley bottom soils are poorly drained
and peaty. Some headwater sub-catchments
support wetlands that extend downstream
as riparian bogs. Narrow-leaved snow
tussock (Chionocloa rigida) is the dominant
indigenous species.
In 1982, after a 3-year pre-treatment
period, one catchment (GH2, 3.1 km2) was
ripped and about 67% of its area planted in
Pinus radiata at 1230 stems per hectare. The
other catchment (GH1, 2.2 km2) remained
in tussock as the control. Catchment area
rainfall is estimated from a network of
manual gauges. These data were augmented
with information from three weighing bucket
gauges, and later by tipping bucket gauges.
Broad-crested V-notch concrete weirs are
used to measure runoff. All rainfall and
flow recorders are attached to data loggers,
and flow data are available down to a time
resolution of 1 hour.
The lowest average daily flow for seven
consecutive days in a given year (the
minimum annual 7-day low flow) is used as a
measure of low flow. Because minimum low
flows are more likely to occur in the warmer
months, the water year (July to June) is used
as the basis for identifying and comparing
the minimum annual 7-day low flows, rather
than the calendar year.
Input parameters

Because rainfall distribution was considered
to be uniform across the two catchments, the
rainfall scaling factor was retained as 1 for the
10 sub-areas. Total and readily available water
were set at 200 and 100 mm respectively,
based on field and laboratory data collected
by Webb et al. (1999). The interception
fraction was set at 0.2 for the tussock cover
in catchment GH1. It was derived from data
collected from a large weighing lysimeter
containing nine tussock plants, located
between the two catchments at an altitude of
580 m, between April 1985 and March 1986
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(Campbell, 1989; Campbell and Murray,
1990). A similar interception fraction for
tussock was calculated using a water-balance
procedure described by Pearce et al. (1984).
The reference evapotranspiration used for
the Glendhu catchments was derived from
that estimated for Mahinerangi Dam (396 m
elevation), in the Waipori basin 20 km east
of Glendhu, by Coulter (Jackson, pers.
comm.). Based on information in Brash and
Murray (1980) it was adjusted downwards
by a factor of 0.85 to account for the higher
elevation of the experimental catchments,
producing an annual total of 656 mm.
The crop coefficient required to make the
reference evapotranspiration representative
of the tussock grassland cover of GH1 was
set at 0.3 in accordance with water balance
calculations by Campbell and Murray (1990).
This provides 200 mm for transpiration,
which is the same as that estimated by Pearce
et al. (1984) as part of their water-balance
calculations for the tussock cover of both
catchments before GH2 was planted. The
base-flow index (0.65) was calculated using
the Hewlett and Hibbert (1967) procedure
in which the base flow and quick flow for
individual storms were separated on the basis
of a line of constant slope, and each one
summed over the year to give the annual base
flow and quick flow. The recession coefficient
(0.98) was estimated following the procedure
outlined by Martin (1973).
Statistical test for model performance

Only the most sensitive model parameters
need adjusting to achieve an adequate
calibration. Therefore the first task in
this process is to find the most sensitive
parameters. Sensitivity of model parameters
can be determined by monitoring the change
in model performance against a change in the
parameter value.
Performance of the model can be tested by
statistical measures of goodness-of-fit (Loague
and Green, 1991; Zheng and Bennett, 1995;

Mulla and Addiscott, 1999; Buyuktas et al.,
2004). Analysis of residual errors such as
maximum error (ME), root mean square error
(RMSE), coefficient of determination (CD),
modelling efficiency (MEF) and coefficient of
residual mass (CRM) are commonly used for
model evaluation (James and Burges, 1982;
Green and Stephenson, 1986). Equations for
these statistical measures are given below.
ME = Max [Pi – Oi ] n
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where Pi is the predicted value, Oi is the
observed value, n is the number of samples,
and O is the mean observed value.

The measures of goodness-of-fit described
above can also be used to calibrate the model
and to identify the best model parameters,
as shown later. The best model parameters
can be selected from the lowest limits of the
maximum error, root mean square error,
and coefficient of determination, and the
maximum value of the modelling efficiency.
Previous studies have identified modelling
efficiency as being most suitable for testing
the sensitivity of model parameters (e.g.,
Mulla and Addiscott, 1999). In all, six
measured model parameters were used in
the preliminary model run (Table 1). They
were the interception fraction (IF), the crop
coefficient (CC), total available water in the
profile (TAW), readily available water in the
profile (RAW), the base-flow index (BFI),
and the recession coefficient (RC).
Table 1 – Input parameters from the tussock
catchment at Glendhu used in the preliminary
test run for model calibration and validation.
Parameter

Value

Interception fraction (IF)

0.20

Crop coefficient (CC)

0.30

Total available water (TAW)

200

Readily available water (RAW)

100

Base-flow index (BFI)

0.65

Recession coefficient (RC)

0.985

Flow data for the period 1980 to 1989
were used for model calibration, and data
for the period 1990 to 2006 for validation.
Each parameter was changed over a specified
range (up to 50%) based on its value used
in the original test run (Table 1), while
the other parameters were kept constant.
The results are summarised in Table 2. The
most sensitive model parameters are the
crop coefficient, interception fraction, baseflow index and recession coefficient. The
interception fraction and the crop coefficient
are site specific and determined by the
land cover, and do not require calibration.
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satisfy this condition. For example, one could
select three combinations of the lowest root
mean square error and the highest modelling
efficiency from Figure 2, each of which
will produce different model predictions.
The challenge is to find the best parameter
combination.
This can be achieved
by
comparing model
Table 2 – Sensitivity of model parameters as measured against the
p
r
e
d
ictions
with
change in model efficiency.
measured values for each
Model
Model
parameter combination.
Model parameter
parameter
efficiency
Daily measured and
% increase
% increase
predicted water yields
estimated for three
Total available water (TAW)
50
0.19
combinations of baseReadily available water (RAW)
33
0
flow indices and recession
Top layer capacity (TLC)
50
0
coefficients are shown in
Interception fraction (IF)
50
270
Figure 3. They can be
graphically inspected
Crop coefficient (CC)
50
200
to select the best model
Initial top layer water content (ITW)
50
0
parameter combination
Initial profile water content (IPC)
50
0.05
capable of predicting the
Initial base flow store content (IBF)
25
0.02
daily flows closest to the
measured daily values.
Base flow index (BFI)
25
57
Daily flows were selected
Recession coefficient (RC)
10
90
for visual inspection
because they are the
Model calibration
most difficult to predict. A set of parameters
The model was then calibrated using the that can reliably predict daily flows should be
previously described statistical measures of capable of accurately estimating monthly and
goodness-of-fit to identify the best values of annual flows.
the base-flow index and recession coefficient
Graphical inspection enables us to compare
for subsequent use in model testing. To the estimated and measured flows and select
derive the residual error coefficients for both the best parameter combinations. In Figure 3,
parameters, the model was run for a selected for example, the combination of a base-flow
range of each parameter while the other was index of 0.54 and a recession coefficient of
kept unchanged (Fig. 2). The modelling 0.991 (as identified in Fig. 2) overestimates
efficiency and root mean square error values the maximum daily flows, and underestimates
for a selected range of base-flow indices and the low flows. On the other hand, a base-flow
recession coefficients are shown in Figure 2. index of 0.77 and a recession coefficient of
According to the residual error analysis, the 0.986 show a better maximum daily flow
best model parameter is selected for the lowest prediction but poor base-flow estimates. After
root mean square error and highest modelling graphical inspection of the estimated and
efficiency values. Figure 2 shows that it is measured daily flow data (Fig. 2) a base-flow
possible to select multiple combinations of index of 0.67 and a recession coefficient of
base-flow indices and recession coefficients to 0.989 were selected as the best combination
However, because topography, soil cover, and
underlying geology all vary spatially, the baseflow index and recession coefficient, which
are derived from flow hydrographs using
arbitrary procedures, are the least certain
parameters for a given catchment, and thus
need to be calibrated.
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Figure 2 – Analysis of residual errors, showing the best model parameters for the base-flow index
(0.67) and the recession coefficient (0.989), selected for (a) the lowest RMSE (root mean
square error) (10.4) and (b) the highest ME (model efficiency) (0.79) for the tussock catchment
at Glendhu.

Figure 3 – Three different combinations of base-flow indices (BFI) and
recession coefficients (RC) producing three different daily flow time
series for the tussock catchment at Glendhu. The best combination of
base-flow index and recession coefficient was selected by comparing the
estimated time series with the measured one (graphical inspection).

for calibrating and validating the model for
the tussock catchment at Glendhu.
Model performance was assessed by
comparing calibrated and validated values
of minimum annual 7-day low flows and
annual flows against measured values
for both the calibration and validation
periods using linear regression. Figure
4 compares the predicted and measured

minimum annual 7-day low flows for
the validation period. It shows that the
modelled values tend to track above their
measured counterparts. The best match
(modelling efficiency 0.64 and root
mean square error 13.5) was between the
measured and modelled annual totals
(Fig. 5). Therefore the annual totals were
used for model calibration.
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Figure 4 – Estimated and measured minimum annual 7-day low flow for
the validation period for the tussock catchment at Glendhu.

Figure 5 – Plots of estimated and measured annual total flows for (a) the calibration period (1980–
1989) and (b) the validation period (1990–2006) for the tussock catchment at Glendhu.

Initial test run on Glendhu
experimental catchments
After calibration and validation, the model
was used to predict annual water yields and
minimum annual 7-day low flows for the
tussock catchment at Glendhu using the
parameters listed in Table 1, but with the baseflow index and recession coefficient changed to
0.67 and 0.989 respectively. The same model
input parameters were then used to estimate
annual water yields and the minimum 7-day
low flows for the planted catchment (GH2)
over the period 1980 to 1987. This includes
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the pre-treatment period (1980–1982) and
the period during which tree growth had no
detectable effect on water yield (1983–87).
The model input parameters were then
adjusted to account for the replacement of
the tussock grassland cover with radiata pine
over approximately 70% of the catchment (7
out of 10 sub-areas), at the time of canopy
closure (1991). All the soil water parameters
used in the tussock grassland model were
retained for the forest cover. The interception
fraction was increased from 0.2 to 0.3 on
the basis of throughfall measurements made

between 1998 and 2000 beneath a stand of
radiata pine in the headwaters of GH2. The
crop coefficient was altered to 0.7 (the default
value in the model for mature forest, based
on data collected by Rowe et al. (2002)) in
the same sub-areas to take into consideration
the planted area of GH2. For the non-planted
areas (3 out of the 10 sub-areas) comprising
the steep valley sides and wet valley bottoms,
the interception fraction was retained at 0.2
and the crop coefficient at 0.3.
Test results

Figure 6 shows the measured and modelled
annual water yields and the minimum annual
7-day low flows for the tussock catchment

(GH1) and for the pre-and post-canopy
closure periods for the planted catchment
(GH2). Overall, the modelled totals closely
matched the measured values for both
catchments. The modelled minimum annual
7-day low flows for the tussock catchment
tended to fluctuate more widely than their
measured counterparts (Fig. 6b). For the
pre-canopy-closure period for the planted
catchment, they tracked more closely, but
after canopy closure the modelled values were
consistently lower than the measured values
(Fig. 6d).
Table 3 lists the values for annual water
yields and minimum annual 7-day low flows
averaged over the 28-year period of record.

Figure 6 – Measured and modelled annual water yields and minimum annual 7-day low flows for the
tussock catchment (a & b) and the planted catchment (c & d) at Glendhu, 1980 to 2007.
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The measured average (±SD) annual water
yield for the tussock catchment was 828
(±157) mm, while the modelled value was
865 (±136) mm. Model efficiency was 0.74
and the root mean square error was 14.5. The
modelled values for the pre- and post-canopyclosure period for GH2 were marginally
higher than the measured values. The model
efficiency and root mean square error for the
pre-canopy closure period were 0.76 and 11.5
respectively, and for the post-canopy period
they were 0.49 and 21.2 respectively. Table
3 shows that the modelled minimum annual
7-day low flows for the tussock catchment
(GH1), and the pre-canopy-closure period for
the planted catchment (GH2) were slightly
above their measured counterparts (model

efficiency 0.51 and root mean square error
16.2), but the modelled value for the postcanopy-closure period (0.51 (± 0.24) mm
day‑1) underestimated the measured value
(0.66 (± 0.17) mm day‑1). This is reflected in
the negative model efficiency (-0.85) and the
high root mean square error (53.4).
In both catchments the timing of the
modelled and measured values for the
minimum annual 7-day low flows did not
always coincide. At GH1, for example, 11 of
the 28 modelled values occurred earlier than
their measured counterparts, and 6 occurred
later. At GH2, 7 out of the 16 modelled values
available since canopy closure occurred on or
about the same day as the lowest measured
values, but 7 occurred later.

Table 3 – Measured and modelled values for annual water yields and mean minimum
7-day low flows (in mm, with standard deviations in brackets) for the tussock
catchment at Glendhu (GH1) averaged over the period of record (1980–2007),
and the planted catchment (GH2) for the pre-canopy-closure period (1980–1987)
and the post-canopy-closure period (1991–2007). Catchment area rainfall was
1320 mm, 1370 mm, and 1315 mm for the periods 1980 to 2007, 1980 to 1987,
and 1991 to 2007 respectively.

Mean annual runoff (mm)
Tussock (GH1)
Planted (GH2):
Pre-canopy closure
Post-canopy closure
Mean minimum annual 7-day low flow
(mm day1)
Tussock (GH1)
Planted (GH2):
Pre-canopy closure
Post-canopy closure
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Measured

Modelled

828 (±157)

866 (±136)

855 (±188)
579 (±109)

876 (±183)
593 (±96)

0.84 (±0.26)

0.92 (±0.14)

0.84 (±0.18)
0.66 (±0.17)

0.92 (±0.24)
0.51 (±0.24)

Application of the model to
other sites
Having predicted annual water yields and
low flows from the tussock and planted
catchments at Glendhu, the model was
applied to larger catchments with different
land covers and rainfall regimes. Choice of
catchments was constrained by the availability
of reliable rainfall and runoff records. Four
catchments were chosen (Fig. 1): Rocky Gully
(23 km2) in South Canterbury, comprising a
50% mix of tussock grassland and pasture;
the Shag catchment (319 km 2) in north
Otago, with a land cover made up mostly of
tussock grassland and pasture, with scattered
pockets of exotic forestry; the upper reaches
of the Orongorongo catchment (7.1 km2) in
southern Wairarapa (native forest), and the
Kokopu catchment (3.1 km2) in Northland
(pasture). These catchments represent a wide
range of land covers (native forest to pasture),
size (3.1 to 319 km2), annual rainfall (600 to
2500 mm) and geographical locations (Otago
to Northland).
Rocky Gully (South Canterbury)

The first application of the model was to Rocky
Gully, a medium-sized catchment (23 km2)
located on the north-east-facing flanks of
the Hunter Hills 50 km west of Timaru (Fig.
1). The objective was to establish whether
WATYIELD was able to predict mean annual
water yields and mean annual 7-day low flows
from a catchment with similar characteristics
to Glendhu (in terms of geology, soil cover,
and rainfall regime) but at a larger scale.
Daily rainfall from a gauge located
midway up the catchment at an elevation
of 900 m (Site No. 403711) and daily mean
flows from Site No. 69621 (Rocky Gully at
Rockburn) were supplied by Environment
Canterbury for the period 1988 to 2007.
Based on rainfall isohyet data, catchment
rainfall was increased by a factor of up to 1.5
in the upper reaches (maximum elevation

1500 m), and reduced by 0.9 in the lower
reaches. The nearest climate station for which
Penman evapotranspiration data are available
is at Waimate (elevation 61 m) 35 km to the
south (New Zealand Meteorological Service,
1986). The mean annual evaporation at this
site is 686 mm, which is slightly higher than
that for Glendhu (656 mm). Based on the
environmental similarities between Rocky
Gully and Glendhu, it was decided to use
the Glendhu data estimates as the reference
evapotranspiration.
The Land Cover Data Base (LCBD1,
satellite imagery collected in 1995–1996)
shows the catchment to be 50% tussock,
47% pasture, and 3% scrub. Tussock is
more common in the upper 50% of the
catchment, and pasture in the lower 50%. An
interception fraction of 0.15 was assigned for
the depleted tussock cover in the headwaters
(sub-area 1). This was increased to 0.2 (the
default value for tall tussock grassland) in
the upper reaches (sub-areas 2 and 3) where
the tussock cover was expected to be more
complete, and decreased to 0.15 to account
for a mix of short tussock and introduced
pasture in the middle reaches (sub-areas
4 and 5). Sub-areas 6 to 9 (lower reaches)
were assigned to pasture, and sub-area 10
to a combination of pasture and scrub with
an interception fraction of 0.1. The default
values in the model for the crop coefficients
were used (0.3 for tall tussock grassland, and
1 for pasture), with some adjustment for an
incomplete tussock cover in sub-areas 1, and
4 and 5.
Rocky Gully is underlain by moderately
indurated greywacke and argillite (Grindley
et al., 1959). Soils with silt loam and sandy
loam textures are present in the lower and
upper reaches respectively (New Zealand Soil
Bureau, 1968; National Soils Database). The
total available water for silt loam has a default
value of 200 mm in the model, and 150 mm
for the sandy loam. Because of thinner soils
at higher elevations, these values have been
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reduced by up to a quarter in those subareas in the upper reaches of the catchment.
Readily available water was set at 50% of the
total available water. The initial top-layer
water content is assumed to be 25 mm in all
cases, and the initial profile water content
to be 10–20% lower than the total available
water. The initial base-flow store was also set
at 25 mm.
Based on known base-flow indices for
adjacent catchments of similar size and
geological characteristics, a value of 0.60
(approximately midway between Jowett
and Duncan’s (1990) Groups 1 and 2) was
adopted for use in the model. Environment
Canterbury supplied the master base-flow
recession for the nearby Pareora River, from
which a k value of 0.98 was derived. The
input parameters for the 10 sub-areas used in
the model calculations for the existing land
cover are listed in Table 4.

Apart from the years 1990 to 1993,
the annual measured and modelled values
for annual water yield track each other
closely (Fig. 7a). The average values for the
period of record are correspondingly close –
425 (±98) mm for the measured value, and
421 (±115) mm for the modelled value.
Model efficiency is 0.65 and the root mean
square error is 12.3. There is less of a match
year-to-year when the measured and modelled
mean minimum annual 7-day low flows are
compared over the same period (Fig. 7b),
with the modelled values tending to oscillate
more widely. However, the annual-low-flow
values averaged over the 19-year period are
surprisingly close—0.30 (±0.07) mm day-1
for the measured value, and 0.29 (±0.10) mm
day-1 for its modelled equivalent. Once again,
however, only 12 of the modelled values were
calculated to fall on the same day as the 19
measured values.

Table 4 – Input parameters used in the model calculations for mean annual water yield
and mean minimum annual 7-day low flows for Rocky Gully, based on the existing land
cover (tussock, tussock and pasture, pasture, and pasture and scrub).
Sub-area
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Landcover

Rainfall
weighting

IF

CC

TAW
(mm)

RAW
(mm)

IWC
(mm)

1

Tuss.

1.5

0.15

0.4

50

25

40

2

Tuss.

1.4

0.2

0.3

100

50

90

3

Tuss.

1.3

0.2

0.3

100

50

90

4

T+P

1.2

0.15

0.5

100

50

90

5

T+P

1.1

0.15

0.5

100

50

90

6

Past.

1

0

1

200

100

190

7

Past.

1

0

1

200

100

190

8

Past.

1

0

1

200

100

190

9

Past.

1

0

1

200

100

190

10

P+S

0.9

0.1

0.9

200

100

190

recognised as a recreational
fishing area, conflicts have
arisen in recent years over
water allocation, especially
during low-flow periods
in summer. Much of the
catchment is underlain
by schist, with greywacke
outcropping along its
northern boundary. Loess,
varying in thickness from
0.2 to 5 m, covers up to
60% of the catchment
(Otago Regional Council,
2000). The most common
soils are orthic browns
(22%), firm browns (20%)
and perched gleys (20%)
(Otago Regional Council,
2000). The Land Cover
Data Base shows pasture
as the prevailing land
use (70%), with tussock
grassland making up 20%,
mostly in the headwaters,
and scrub the remainder
(10%).
Rainfall from five
stations in the catchment,
coupled with the rainfall
isohyet map (Otago
Regional Council, 2000)
Figure 7 – Measured and modelled values for (a) annual water yield shows that the middle and
and (b) annual minimum 7-day low flows for the Rock Gully lower reaches receive about
650 mm annually. This
catchment, 1988 to 2006.
rises to over 1000 mm
in the north-west corner
of the catchment (elevation 1500 m). The
Shag catchment (coastal Otago)
To assess its ability to predict annual water rainfall record for Islay Downs (NIWA Site
yields from large catchments (>100 km2), No. I50251) in the middle-to-upper reaches
the model was applied to the Shag River in was chosen as most representative of the
coastal east Otago north of Dunedin (Fig. catchment, and was weighted in accordance
1). The catchment covers an area of 544 km2 with the isohyetal information. The main
and is an important source of water for input parameters used to model flow from
irrigation and town supplies. Because it is also the catchment are listed in Table 5.
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Table 5 – Input parameters used in the model calculations for mean annual water yield and mean
minimum annual 7-day low flows for the Shag catchment, coastal east Otago.
Sub-area

Landcover

Area %

Rainfall
weighting

IF

CC

TAW
(mm)

RAW
(mm)

IWC
(mm)

1

Tussock

5

1.4

0.2

0.3

50

25

40

2

Tussock

10

1.07

0.1

0.4

100

50

90

3

Pasture

10

1.07

0

1

100

50

90

4

Pasture

10

1.0

0

1

100

50

90

5

Pasture

10

1.0

0

1

100

50

90

6

Pasture

10

1.0

0

1

200

100

190

7

Pasture

10

1.0

0

1

200

100

190

8

Pasture

15

1.0

0

1

200

100

190

9

Pasture

15

1.0

0

1

200

200

190

10

Scrub

5

0.9

0.2

0.4

150

75

140

The nearest station with evaporation
data is Dunedin airport, 60 km to the
south (780 mm). Given the range in
elevation for the catchment (0–1500 m),
it was decided to use the Glendhu data as
reference evapotranspiration ETref. Flow was
calculated from the NIWA Site No. 72603
(Shag at Grange), which drains just over half
the catchment (319 km2). The separation
procedure described by Hewlett and Hibbert
(1967) was used on flow data supplied by the
Otago Regional Council for the period 1990
to 2001 to assess the relative contribution of
quick flow and delayed flow to the total flow.
From this the base-flow index was calculated
as 0.7, but it is noteworthy that annual values
ranged from 0.49 to 0.96. The recession
coefficient (0.92) was estimated from the
same flow data following the procedure
described earlier.
The modelled values of annual water yield
gave good predictions when compared with
the measured values (Fig. 8). The model
efficiency was 0.77 and the root mean square
error 28.2. Over the 12-year period of record,
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measured annual water yields averaged 179
(± 102) mm and the modelled equivalents
averaged 175 (± 120) mm. However, the
modelled mean minimum annual 7-day low
flows were all lower than their measured
counterparts. The modelled values averaged
0.013 (± 0.014) mm day‑1, and measured
values 0.057 (± 0.035) mm day‑1. Again this
is reflected in the low model efficiency (-1.28)
and the high root mean square error (96.4).
Upper Orongorongo catchment
(southern Wairarapa)

The Orongorongo catchment is located
approximately 10 km south-east of Stokes
Valley (Fig. 1), and is an important water
supply catchment for the city of Wellington.
It is representative of high rainfall steepland
catchments with an indigenous forest cover.
It flows in a south-south-westerly direction
for approximately 5 km from the headwaters
to the weir and pipeline intake (Orongorongo
River at Upper Dam, Wellington Regional
Council Site No. 29503) paralleling the main
divide of the Rimutaka Range on its eastern

150 mm; readily available
water 75 mm), Rimutaka
soils on the west-facing,
and upper east-facing
flanks (total available
water 120 mm; readily
available water 50 mm),
and Renate soils on the
lower east-facing side
(total available water
105 mm; readily available
water 50 mm). These
three soils make up 20%,
50%, and 30% of the
catchment respectively.
The Land Cover Data
Base (LCDB1, based
on imagery collected in
1995–1996) indicates
indigenous evergreen
beech forest to be the
prevailing cover, although
the valley floor, which
forms about 15% of the
catchment, has extensive
areas of swamp.
Daily rainfall totals
are available from a site
upstream from the weir
(Orongorongo Swamp,
WRC Site No. 152010).
Records commenced
in 1980, and annual
totals normally exceed
2500 mm, making this
catchment the wettest of
Figure 8 – Measured and modelled values for (a) annual water yield all those used in this study.
and (b) minimum annual 7-day low flows for the Shag catchment, Annual rainfall increases
1990 to 2001.
up-valley, and the rainfall
input to the model was
flank. It is a long narrow catchment with weighted accordingly. The nearest available
steep slopes that rise to over 800 m. It covers reference evapotranspiration measurements
an area of 7.1 km2. The prevailing rock type is are at Kaitoke (elev. 223 m, 15 km to the
greywacke. The New Zealand Land Resource north) estimated at 787 mm annually. The
Inventory reveals three soil series: Heretaunga base-flow index (0.45) was estimated from
soils in the valley floor (total available water information supplied by Jowett and Duncan
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(1990), and the recession coefficient (0.94)
was calculated from the procedure described
by Martin (1973). The interception fraction
and crop coefficient used in the model for
the indigenous forest cover were 0.2 and 0.7
respectively. Adjustments were made for the
absence of a forest cover on the wetter areas
of the valley floor (sub-areas 9 and 10 in
Table 6).

data set, the measured annual water yield is
1851 (± 243) mm and the modelled value
is 1779 (± 184) mm (model efficiency 0.49;
root mean square error 19.7). The overall
shortfall in the modelled annual water yield
may be due to a change in instrumentation
or recording procedure after 1989. Likewise,
Figure 9(b) shows that, apart from 1986, the
modelled minimum annual 7-day low flows

Table 6 – Input parameters used in the model calculations for mean annual water yield and
mean minimum annual 7-day low flows for the upper Orongorongo catchment, southern
Wairarapa.
Sub-area

Landcover

Rainfall
weighting

IF

CC

TAW
(mm)

RAW
(mm)

IWC
(mm)

1

Forest

1.3

0.2

0.7

105

50

80

2

Forest

1.3

0.2

0.7

105

50

80

3

Forest

1.2

0.2

0.7

105

50

80

4

Forest

1.2

0.2

0.7

120

50

80

5

Forest

1.1

0.2

0.7

120

50

80

6

Forest

1.1

0.2

0.7

120

50

80

7

Forest

1.1

0.2

0.7

120

50

100

8

Forest

1.0

0.2

0.7

120

50

100

9

F+grass.

1.0

0.05

0.8

150

75

120

10

F+grass.

1.0

0.05

0.8

150

75

120

Daily flow and rainfall data are available
from 1981, but some years were found to
have substantial gaps. Thus, while Figure 9
shows the comparison in measured versus
modelled annual water yields and minimum
7-day low flows for the period 1981 to 1998,
not all years are included. The earlier part of
the record (1981–1988) shows a reasonable
match between measured and modelled annual
water yields, but from then on the modelled
values underestimated the measured values.
Averaged over the 11 years with a complete
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are underestimating the measured values,
and that there is substantial variability from
year to year. This is reflected in the 11-year
averages, where the modelled estimate is 0.14
(± 0.12) mm day‑1and the measured value
is 0.44 (±0.16) mm day-1 (model efficiency
‑3.1; root mean square error 89.2).
Kokopu catchment (Northland)

The Kokopu catchment is a small (3.1 km2)
catchment located 15 km west of Whangarei

170   mm, and a readily
available water capacity
of 112 mm.
The daily rainfall
record for Whangarei
Airport was used as
input to the model
(mean annual total
of 1365 mm). Flow
data from Kokopu at
McBeths (NIWA Site
No. 46465) are available
for the period June 1977
to August 1986, but gaps
meant that modelling
had to be restricted to
the years 1980 to 1984.
Evaporation estimates
for Kaikohe, 65 km to
the north-west, were
used as the reference
evapotranspiration
(985 mm annually). The
interception fraction
was set at 0, and the
crop coefficient at 1.
The base-flow index was
calculated at 0.5 and the
recession coefficient at
0.85. Because of its small
size and uniform land
cover, there was no need
to break the catchment
down into sub-areas.
Figure 10 shows a
close correspondence
Figure 9 – Measured and modelled values for (a) annual water yield and
between measured values
(b) minimum annual 7-day low flows for the upper reaches of the
and modelled estimates
Orongorongo catchment, 1981 to 1998.
of annual water yield:
555 (± 96) mm and
549 (± 133) mm
in an area of low relief on sandstone and respectively (model efficiency 0.67; root mean
shale. Land use is mainly improved pasture, square error 12.3). Because of the occasional
with a few pockets of horticulture. The period of zero flow from this catchment,
National Soil Data Base shows the prevailing measured and modelled minimum 7-day low
soils to have a total available water capacity of flows were not compared.
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Comparison with
other models
A report prepared by He
and Woods (2001) for the
Otago Regional Council
describes the application
of the TOPNET model
to quantify the potential
effects of plantation
forestry on water yields
and low flows in the Shag
catchment. TOPNET is
a spatially distributed,
process-based rainfallrunoff model, developed
by N I WA f o r t h e
continuous simulation
of catchment water
Figure 10 – Measured and modelled values for annual water yield, for balances and river flow
(He and Woods, 2001).
the Kokopu catchment, 1980 to 1984.
It operates at a higher
level of complexity than
Predicting the effects of a
WATYIELD and requires input parameters
land-use change
that are less readily available.
The question remains as to whether
He and Woods (2001) concluded that,
WATYIELD can provide an adequate for the Shag catchment, TOPNET could
assessment of the hydrological effects of provide good predictions for mean annual
a land-cover change. To evaluate this, the flows, and generally acceptable predictions
model was used to predict what the effects for mean annual 7-day low flows in the long
would be on annual water yields and low term (e.g., over 10 years). Table 7 lists the
flows of converting the tussock cover of the measured values and those predicted by the
GH1 catchment at Glendhu to two-thirds two models for the water years 1990/1991
forest. The accuracy of the prediction was to 1999/2000. It shows that both TOPNET
compared with actual measurements from and WATYIELD were able to predict the
GH2 after canopy closure in 1991. The model mean annual flow over the 10-year period at
predicted a 29% reduction in annual water the Grange site to within 3% of the measured
yield, and a 40% reduction in minimum value. Both models underestimated mean
annual 7-day low flow as a consequence of minimum annual 7-day low flows, the former
planting 66% of GH1 in pines, whereas the only slightly so (9%), but the latter by 72%.
measured reductions for GH2 were 32% and
He and Woods (2001) used TOPNET to
24% respectively. Thus the model slightly assess the effects of converting up to 40%
overestimated the reduction in annual water (125 km2) of the middle and lower reaches
yield and substantially overestimated the of the Shag catchment above the Grange
reduction in annual low flows arising from recording site into plantation forestry on
afforestation of tussock.
mean annual flows and 7-day low flows. The
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Table 7 – Measured and modelled values (L s-1) for mean annual flows, and
mean minimum annual 7-day low flows for the Shag catchment at
Grange using TOPNET and WATYIELD for the water years 1 July 1990 to
30 June 2000. Percentage differences between measured and modelled values
are given in brackets.
Measured

Mean annual flow
Mean ann. 7-day low flow

Modelled
TOPNET

WATYIELD

1848

1796 (−2.8%)

1780 (−3.0%)

227

207 (−8.8%)

59 (−71.9%)

model predicted a 49% reduction in the
former, and a 44% reduction in the latter.
WATYIELD was used to make a similar
assessment of the effects of a 40% increase
in plantings in the middle and lower reaches
of the catchment. This was achieved by
changing the interception fraction and the
crop coefficient in sub-areas 5 to 8 to 0.3 and
0.7 respectively, running the model for the
11-water-year period 1 July 1989 to 30 June
2000, and comparing the output with that
obtained from the model using the parameters
assigned to existing land-cover conditions.
Both the modelled mean annual and 7-day
low flows declined, but the reductions were
small (7 and 14% respectively) compared
with those predicted by TOPNET. The
reason for the different response between
TOPNET and WATYIELD is not clear but
may be related to a difference in the location
of the proposed plantings in the middle
and lower reaches of the catchment. In the
WATYIELD model these are represented
by sub-areas 4 to 8 in Table 5. In the input
to the model, sub-areas 5 to 8 have annual
rainfall totals in the 700-mm range. The
upper reaches (sub-areas 1–3 in Table 5) are
estimated to have up to 50% more rainfall.
These high-water-yielding areas will thus
be unaffected by the proposed expansion

in forestry and will continue to convert the
bulk of the rainfall into runoff.

Summary of results
Table 8 shows the degree to which
WATYIELD overestimated or underestimated
mean annual flows and mean annual
minimum 7-day low flows for all catchments,
including those at Glendhu. In four of the
catchments the model underestimated mean
annual water yield by between 1 and 4%. For
the remaining two catchments WATYIELD
overestimated annual water yields but again
by no more that 5%. Thus, WATYIELD was
able to predict annual water yields from all
catchments to within ±5%. The accuracy
with which WATYIELD was able to predict
water yield from a catchment as large as the
Shag (320 km2) is particularly noteworthy.
For catchments exceeding 100 km2 it is often
necessary to use flow routing routines in a
model to overcome the limitations associated
with the lack of spatial differentiation. Such
routines are not available in WATYIELD,
but it was still able to predict annual water
yields from large catchments such as the Shag
to within 2% of the true value. However,
the predicted value for the minimum annual
7-day low flow for the Shag catchment was
much lower than the measured value.
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Table 8 – Differences in mm between measured and modelled values of mean annual water yield and
minimum annual 7-day low flows for all catchments using WATYIELD.
Catchment

Area
(km2)

Prevailing
land use

Mean annual flow
(mm)

Difference

Measured Modelled

Min. ann. 7-day
low flow (mm)

Difference
(mm & %)

Measured Modelled

Glendhu
(GH1)

2.18

Tussock

828

866

38 mm
(5%)

0.84

0.92

0.08 mm
(9%)

Glendhu
(GH2)a

3.10

Pine
plantation

579

593

14 mm
(2%)

0.66

0.51

−0.19 mm
(−29%)

Kokopu

3.08

Pasture

555

549

−6 mm
(−1%)

Orongo.

7.10

Native forest

1851

1779

−72 mm
(−4%)

0.44

0.14

−0.30 mm
(−68%)

Rocky Gully

23.0

Tussock +
pasture

425

421

−4 mm
(−1%)

0.30

0.29

−0.01 mm
(−3%)

Shag

319

Tussock +
pasture

179

175

−4 mm
(−2%)

0.057

0.013

−0.04 mm
(−73%)

a Post-canopy

Conclusions
Of the five catchments for which comparisons
could be made between measured and
modelled mean annual 7-day low flows, four
were underestimated by between 3 and 73%,
and one was overestimated by 9% (Table
8). This demonstrates that WATYIELD has
difficulty in predicting mean minimum 7-day
low flows at all catchment scales. It should be
noted, however, that with low flows we are
normally dealing with very small amounts
(often less than a tenth of a millimetre of
runoff per day, averaged over 7 days) and a
small absolute difference between two values
can be substantial as a percentage. In all cases
the order of magnitude of the estimates is
correct. In addition, low flows are strongly
influenced by catchment geology, which is
not normally taken into consideration in
hydrologic models.
This paper concentrates on the application
of WATYIELD to the estimation of catchment
water yields and low flows. However, a
large body of supporting information was
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No data

No data

closure

assembled as part of the original Sustainable
Management Fund project that led to the
development of the model. The reports,
referenced in the introduction, comprise a
comprehensive and up-to-date account of
the state of our knowledge on land-cover
effects on New Zealand’s hydrology. They
contain data that will assist those involved
in resource management issues to choose the
most appropriate input parameters for use in
the WATYIELD water balance model. The
reports, the model and an accompanying
user’s guide (Fahey et al., 2004) can be
downloaded from the Landcare Research
website at hhtp://icm.landcareresearch.co.nz/
land/landcovereffectsonwater.asp.
Finally, one of the main issues facing
managers of land and water resources is
deciding whether a particular predictive
model is going to be cost-effective and provide
accurate hydrological predictions. Calls have
been made for independent testing of models
with the results being published in the public
domain. This paper goes some way towards

filling this need. The WATYIELD model is
limited in its ability to predict low flows and
thus the effect of a land-use change on low
flows, but it has the potential to accurately
predict changes in annual water yields
associated with a specific land-cover change
for catchments up to and possibly exceeding
100 km2. Its greatest benefit is the ease with
which a simple model can be run with readily
available climate, soils and land-cover data.
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