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Forecastlng Inﬂows for the Upper Waitaki
Storage Lakes in New Zealand

'E.J. Peters' &
D.J. Painter?

An apprdach lmkin_g a climate genérator, which‘ utilises multiple discriminant analysis
(MDA) and multivariate chaining (MVC), to the University of British Columbia

(UBC) Watershed Model was zmplementefi to simulate the response of the Upper

: Watmkz Watershed, New Zealand. This approach was applied to the catchment for

' comparmg inflow estimates to observed inflows under conditions where a short-term

or long-term forecast of flow to the lakes can'be obtained by usirig weather

_information. This could be as a weather forecast from the local MetService or where
a series of daily weather data can be estimated using historic records in-addition to
local climatic indices in a multiple discriminant analysis routine. The approach was
tested on the 1992 drought and showed that had the Electricity Corporation had -
available such a tool better estimates of the Jow flows could have been made which
would have created the opportunity for improved management of power generation.

Keywords: UBC Watershed Model, multivariate chaining, multiple djscﬁminant analysis,

1. Introduction

The storage lakes of the Upper Wa.ltakt in New Zealand’

are major components of the Waitaki Hydro Group
system which produces an annual average of
9000 GWh from 12 stations with a total installed
capacity of 1817 MW. This generation is enough to
meet 30% of New Zealand’s power demand. The power
stations on the Upper Waitaki contribute about half of
the total capacity -of the Waitaki Hydro Group.
About 85 % of the water used in the Waitaki Hydro
_ Group system comes from the catchments of the Upper
Waitaki.
- The Electricity Corporation of New Zeaiand

. because of the sparsity of h‘ydrometeorological stations

due to the rugged terrain and braided character of the -

Upper Waitaki rivers. In this paper, it is demonstrated
that more accurate forecasts of inflows are possible by
using the University of British Columbia (UBC)
Watershed Model (Qulck 1993) and multivariate
chammg, MVC (Young, 1988; Peters, 1996).

2.  Forecasting Streamflows

- Generally, mathematical models of streamflows can

(ECNZ) used a variety of methods to optimise the -

~ management of its hydro storage lakes (HaHiburton
& Truesdale; 1994). [Since 1999, ECNZ has been
split into three separate generating companies. ]
Improvement in the management of the Upper Waitaki
syster, to reduce unnecessary spill and to avoid
downstream ﬂoodmg, is- possible with improved
forecasts of inflows as proposed by Davison ef al.,
(1992). However, traditional methods for forecastmg
streamﬂows are not quite suited to the Upper Waitaki

rainfall-runoff process;

be sub-divided into four classes: purely stochastic
representation; stochastic models with hydrologic
inputs (typlcally rainfall); deterministic models giving
detailed description of the physical mechanism of the

representation with lumped deScriptions of the physical

mechanism (Bolzern et al., 1980). The simplest models

involve constant-coefficient input/output formulations
and are suitable for termporal resolutions of a month
(Delleur et al., 1976; Tao & Delleur, 1976a).

For shorter intervals, adaptive models of differing
complexﬂ:es provide for time-varying coefficients and
can be used for extending current forecasts (Wood &
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Szollosi-Nagy, 1978; Bolzern et al., 1980; Bidwell,
1992; Bender & Simonovic, 1994; Hisdal & Tvelto,
1993 and Awward ef al., 1994). .

Ideally, the best model would be a .
deterministic description of the rainfall-runoff process
using the equations of mass, energy and momentum
to describe the movement of water over the land surface
and through the saturated and unsaturated zones which

“could be solved numerically with two or three-
dimensional formulations. Abbot et al., (1986)
reported on Systeme Hydrologlque Europeen (SHE),
which uses modular construction for the addition of
new components. Further, two-dimensional
hydrodyriamic modelling of ranoff routing was used

by Zhang & Cundy, (1989) and James & Kirn, -
(1990). Goodrich et al., (1991) used a finite element

approach for modelling space properties and finite
differences to solve the resulting equations in time for
modelling surface flow. Notwithstanding the
mathematical sophistication of the above models, the
spatial variability of rainfall and its influence on surface
runoff is inadequately simulated. The cost of the large

quantity of data required for these models can be

prohibitive.
- Although in theory, estimating the runoff given

meteorological inputs should be based on the

application of these laws, in practice the complexity. -

of natural catchments precludes such a rigorous
approach. Consequently, hydrologists have been
encouraged to simplify the representation of the
elements of the catchment and the description of the

physical process into lumped models, This is necessary .

in order to include, in a limited number of global
parameters, all information needed fo simulate a quite
-complexed natural system (Todini, 1988). Some of the
earliest watershed models [Stanford Watershed Model
{(Crawford & Linsley, 1966), USDA-HL Model
(Holtan et al., 1975), SCR TR-20 Watershed Model
(US Soil Conservation Service, 1965), ANSWERS
(Beasley, 1977)] enjoyed wide apphcanon but were
limited to small watersheds.

For large alpine watersheds, models for

continuous simulation-including snowmelt are
relatively fewer. In 1983, the World Meteorological
Organisation (WMO) completed a second inter-

comparison project that was devoted exclusively to

snowme]t-runoff models where model simulation
accuracy was a major concern (WMO, 1986): As a
follow-up to that inter-comparison, WMO conducted

tests of runoff models in partially-simulated forecasts

during the period 1987-1990. Seven models

[CEQUEAU (Morin ef al., 1981); ERM (Turcan,

1981); HBV (Bergstrom, 1975); SRM (Martinec

et al., 1983); SSARR (U.S. Army of Corps Engineers,”
1975); TANK (Sugaware ef al., 1984) and UBC

(Quick & Pipes, 1977)] from the 10 used in the
previous inter-comparison were used in the 1987-1990

project (WMO, 1992). With the exception of
CEQUEAU which is distributed, all the models are
lumped continuous and use at least the index approach
for simulating snowmelt. Although no identifying
conclusions were published on particular models, all
models’ forecast results were more accurate than “no
model” forecasts (Rango & Martinec, 1994).

3. The Upper Waitaki Watershed
The Upper Waitaki (Figure 1) consists of three major
: sub-catchments Tekapo, Pukaki and Otiaa w1th a total
“arca of 5995 km? and contains large, glacxaliy-fonned
- lakes with the associated rivers running in braided
gravel beds: The catchment features sharp relief w1;h
high, steep, glaciated mountains with an average barrier
height of 3200 m and reaching a highest point at
Mt. Cook (3764 mASL). The rivers which flow into
the lakes respond quickly to rainfall and rise fast as.
rainfall commences, falling rapidly as the rain stops.
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FIGURE 1: Map of the Upper Waitaki
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The Upper Waitaki’s intermontance basin
character results in a sub-continental climate in
contrast to the overall mid-latitude maritime climate
of New Zealand. Precipitation decreases from a
maximum of about 4,000 mm/year along the main
divide to a minimum of about 600 mm or less in the
lower elevations of the intermontane basins.
Most forests are below 1000 m and are about 2%
(18,680 ha) of the total area.

4. The MDA-MVC-UBC Model Approach
The MDA-MVC-UBC Model approach utilises:

(a) A multiple discriminant analysis (MDA)
to estimate a seasonal precipitation
amount based on weather indices, and |
historic records as described by Peters,
(1996);

(b) Multiple variate chaining to distribute
the precipitation and representative
temperatures on & daily basis; and

(c) The UBC Watershed Model to simulate
daily inflows in the catchment.

The inflow forecasts are obtained for short-term; one
to a few days, or medium-term; in terms of weeks to
months. In these forecasts, a three-stage procedure is
utilised. First, an estimate of the total precipitation for
the region as expected at the individual stations in the
catchment is obtained. Short-term estimates are based
on Meteorological Service of New Zealand Limited

(MetService) one to five-day forecasts for areas on the.

West Coast, New Zealand, including Franz Josef, in
conjunction with probability-exceedence relationships
for Franz Josef and stations in the Upper Waitaki.
For example, if an extreme storm warning is out for
Franz Josef and a precipitation forecast of 125 mm is
given, then there is an 80% probability that the
precipitation at Mt. Cook would exceed 75 mm.
Medium-term forecasts are obtained using MDA of
circulation indices and other weather records for the
region (Peters, 1996) or weather outlooks based on
regression analyses of circulation indices (Cherry,
1992a & b). Where the preceding estimates are
inappropriate or unobtainable, forecasts are based on
different precipitation scenarios: very dry, dry, average,
wet, very wet. Secondly, the total precipitation for a

specified period is distributed on a daily basis using
MVC (Young, 1988; Peters, 1996). In the case of
medium-term forecasting, the total amount is first
distributed to the relevant months using the method of
fragments (Valencia & Schaake, 1973; Svanidze,

© 1980; Srikanthan & McMahon, 1982). The use of
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MVC preserves the interdependence between
precipitation and temperature.

5. Short-term Forecastlng

Rased on the five-day weather forecasts available to
ECNZ, the integrated model was used to demonstrate
a short-term forecast. A case based on an historic
weather forecast is used to demonstrate an application
of the model. This used a hypothctica.l ‘very heavy
rain warning” given in February 1989 for the Upper
Waitaki and the West Coast Precipitation totals for
Franz Josef, Mt. Cook and Ohau are assumed to be
140 mm, 120 mm and 80 mm respectively. The model
can be used to simulate a seven-day series of daily

weather data where the total precipitation is restricted

in a range that includes the forecast total. For example,
for Mt, Cook, a series would be accepted if the total is

in the range 120 + ¢ % where the value of . ensures.

an accuraié precipitation total which can be obtained
using a reasonable number of chaining simulations.
Figure 2 shows the forecast hydrograph for the first
seven days of February based on the hypothetical
MetService forecast of total precipitation for those
days, Since different combinations of daily
precipitation during the seven days could give the
specified precipitation, then an infinite number of
hydrographs is possible. However, the cumulative
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mﬂows over the period should not be significantly

different, Simulation results show that the forecasts

for the first three to four days are within 10% of the

observed values.

6. Long-term Simulations when

Estimates of Total Prec:pltatlon

are available
The model was used to illustrate the sunu!atlon of sets
of inflows to Lakes Pukaki, Tekapo and Ohaufor 1990,
and the best estimates of annual precipitation for
individual stations in the siib-catchments were obtained
(Peters, 1996). In the éxperiment, the annual
precipitation for Mt. Cook from MDA was 4,747 mm,

~which is close to the observed amount, 4,769 mm.

- Applying the method of fragments (Srikanthan &
McMahon, 1982), the annual total is disaggregated
into monthly totals. These monthly amounts are then
distributed into' daily amounts using the model.
Simulations were carried out using either a key site
(KS) or selecting a site at random (RS) for
disaggregating the annual’ precipitation amounts.
In addition, the simulation was carried out either using

one fixed set of daily data from the disaggregation
(referred to as continuous) or refining the
disaggrggation by utilising the monthly precipitation
amounts as they became avaﬂable in the simulation
(updating).

Sample results from using the model for the
three sub-catchments of the Upper Waitaki: Tekapo,
Ohau and Pukaki, for the first three months of 1990

-are shownin Flgure 3.The updatmg-forecast approach
L8] produced higher, final cumulative inflows than the
‘continuous-forecast approach (C).

- Thesimilated inflows from the forécast annual
precipitation and the simulated daily weather data were
compared to the curnulative mean inf}ows f(gr the three
lakes in the first three months of 1988—1990. In all
cases, the forecasted inflows from the model prov1ded'

<cumulative inflows that were closer to the observed..-
The maximum differences between simulated and
observed in the cases for Ohau, Tekapo and Pukaki -
were 27%, 16% and 14% respectively. The mean -
differences between the forecasted cumulative inflows
and observed cumulative flow for the cases studied
were 7.75% afd 4.25%: for updating-forecast and
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FIGURE 3 (a): Cumulative Inflows to Lake Tekapo for the First Three Months of 1990
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continuous-forecast options respectively. Simulated-

-actual cumulative inflows for individual lakes were

found to be in the range of £10%—15% of the observed
cumulative inflows over this three-month period for
the years 1988-1990.

7. Simulating the 1992 Drought

It is of interest to demonstrate what effect, if any, the
availability and application of the modél might have
had in mitigating the severity of the “1992 Electricity
shortage’ (Davison ef al. ,1992) Two scenarios were
tested for the first seven months of 1992 (i.e., the mid-

summer to mid-winter seasons). First, the estimates of

the total annual precipitation at selected meteorological

~ stations in the Upper Waitaki obtained from MDA were
'used to simulate inflows. This scenario represents a
cas¢ where an estimate of the total precipitation in the
period is known a priori.

The second scenario represents the case where
there is no prior information on the expected total
precipitation for the forecast period. In this second case,
five levels of ‘wetness’ for the year in which inflow
estimates are required are set and used in generating
appropriate sets of daily weather. The ‘wetriess’ levels
speciﬁed as: very dry, dry, average, wet, and very- wet
were approximated by the minimum, first quartile,

the beginning of 1992, there would have been an
overestimation of inflows to Lake Pukaki by about
10%. The overestimation from the use of the model is
in the range of 10%—37%. The overestimation of
cumulative inflow mcreased progressively as expected
to 37% after 6 months. The model provided better
estimates of the 1992 flows than using mean monthly
flows which were the operational forecast estimates at
the time. ' _
Shqxflation experiments for lake inflows using -
model-simulated weather data which were updated
with observed weather data as they becaie available
were carried out. The particular case using the set of
simulated weather data that produces the largest

" estimates of inflows was considered. The results are

shown in Figare 4b. Although by the end of March
there was a reduction in the difference between the
final observed and simulated inflows, there is no-
significant improvement in the net estimate of the
remaining period. By using a large number of weather
simulations of daily weather data for a selected season
Jforecasti, probabilities fg)r‘ different cumulative total

. inflow can be estimated.

median, third quartile and maximum totals from the -

historic records, respectively.
7.1 - The 1992 Drought with
Predetermined Tofal
Annual Precipitation

For the first scenario, MDA estimates of the expected
total annual precipitation for the selected sites in the
"Upper Waitaki (Peters, 1996) were applied with the
MVC to simulate daily weather data for January to
July 1992. This data set was used to extend the data

series known up to December 31, 1991, and then

applied in the UBC Watershed Model to simulate daily
inflows to the storage lakes.

-Four sets of simulation results, for
predetermined total annual precipitation, are shown in
Figure 4a, and compared to the observed and
‘simulated actual’ simulation {using the actually
observed weather data). The estimated cumulative
inflows to Lake Pukaki for the first seven months are
all higher than the observed and ‘simulated actual’
inflows. The ‘simulated actual’ results indicate that
even if the daily weather data were known exactly at

The 1992 Drought using Different:
Levels of ‘Wetness’

In cases where there is no prior information on the
expected total precipitation during a forecast period,
the integrated approach can still provide useful inflow
estimates by assuming different levels of ’wetness’
based on average precipitation for stations in the

7.2

- watershed. In ‘the following example, five levels of

‘wetness’ usifig minimum, lower quartile, median
upper quartile and maximum historic values as
identifiers are used to demonstrate the approach.
The precipitation amount for a particular level of
wetness is obtained by randomly selecting the identifier
amount plus or minus a%, where a is an integer from
0 5. For example, for a very dry year the precipitation
at Mt. Cook with an identifier amount of 2848 mm
(minimum annual precipitation 2848 mm) would be
one of the following: 2706, 2734, 2762, 2791, 2822,
28717, 2905, 2933, 2962 and 2991 [mm].

The simulation results for the different levels
of wetness for the individual sub-catchments and
their combinations are shown in Figures 5 a~d,
The simulation results for the very dry year total
precipitation at the Upper Waitaki stations estimated

—-extremely low flows for the first six months of 1992,

18
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For Lake Pukaki, there was no difference between the
simulated and observed flows up to the beginning of
May and only a 6% difference by the end of June.
Similar results were observed for Lakes Ohau and
Tekapo with differences at the end of June of 4% and
11% respectively.

For -the very wet year, the simulated
cumnlative inflows at the end of June overestimated
the observed inflows by 62%, 72% and 77% for Lakes
Pukaki, Ohau and Tekapo, respectively.
The use of combinations of total precipitation for very
dry, dry and average years simulated cumulative
inflows that are within 26% or less of the observed
inflow,

8. Discussion and Conclusions
In this study, a model is used for estimating inflows to
the storage lakes of the Upper Waitaki with particular
simulations of the 1992 drought. This proposed
approach utilises the catchments’ antecedent water
storage status at the beginning of the forecast period
as part of the initial conditions of a corrected-forecast
UBC Watershed Model.

When the annuval precipitation is assumed
known or can be estimated, for example, by using the
MDA approach, inflows for the sub-catchments of the

Upper Waitaki can be estimated. The mean differences

between the observed and simulated cumulative
inflows were 1.2%, 6% and 12.2% for Lakes Ohan,
‘Tekapo and Pukaki, respectively for 1989, These levels
of differences would be quite satisfactory for
operational purposes. In the case of Lake Pukaki for
1990, the 0.6% mean difference between the observed
and simulated cumulative inflows is small, indicative
of an exceptionally good forecast . The 1990 results
for Lakes Ohau and Tekapo, although satisfactory, are
not as good with mean differences of 8.6% and 15%,
respectively.

When the model is used in a continuous mode,
further improvement in flow estimates can be obtained
if the weather data are continuously updated with
observed data as they become available. This would
create a dafa set comprising observed data followed
by MDA-MVC simulated data.

In the case of the 1992 drought, although the
forecasted results were higher than the observed and
the simulated actual, they are within reasonable limits.
Hence, they would have provided a better indicator of

the likely inflows to the Waitaki lakes than the average
recorded inflows. Without prior insight into the kind
of precipitation regime that is likely for a forecast
period, the model can provide useful information for
the management of the storage lakes of the Upper
Waitaki. By simulating different levels ofwetness from
very dry to very wet, it is possible to produce an
unlimited number of inflow series to the individual
lakes. These inflow series represent upper and lower
bounds for inflows during the forecast period. If this
approach had been used prior to the 1992 drought, the
simulation of inflows for a hypotheticaily very dry year
would have produced cumulative inflows that were
representative of the observed inflows,

During the 1992 drought, the best’ mdxcator of
future inflows available to ECNZ was the average of

- pastinflows (Davison ef al., 1992). The above analysis

22

has demonstrated that use of the model produced
inflows which were closer to the observed than the
average inflows. Consequently, it can be concluded
that had this model been available prior to the 1992
drought, management would have been better informed
on the nature of future inflows. The model has greatest
application for inflow forecasts for short periods of up
to seven days when estimates can be kept within 10%
differences between simulated and observed inflows,
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