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Abstract: Catchment management is a complex task that, over the past decade, has become increasingly
important to the community. Information for this management increasingly is being obtained from
implementation of catchment modelling systems. Implementation ofa catchment modelling system requires three
steps, which are the calibration ofthe system, the validation ofthe calibration, and the extrapolation of the system
to different hydrologic events and catchment conditions. The robustness of the simulations when this
extrapolation is undertaken is related to the calibration and validation of the catchment modelling system, which
in turn are impacted by the quality and reliability of the input data, A catchment modelling system for simulation
of catchment processes can be considered to consist of four conceptual components. Within each of these
components, there are many alternative transformations available with each of these transformations being the
result of different combinations of process models. The concept of system calibration is to select the appropriate
transformations and input information that best represents the catchment being simulated. Within the generation
component an important aspect is the model used to transform the point rainfall measurements into a spatially
distributed rainfall over the catchment. There have been many alternative models proposed for this
transformation. Presented herein is an analysis of the influence of alternative rainfall models on the simulated
hydrograph and hence the influence on the system calibration. This analysis will be based on real events recorded
at the outlets of the Centennial Park catchment (1.3km?) and the Upper Parramatta River catchment (110km?) in-
Sydney, Australia. It was found that an increase in the robustness of the predictions obtained was related directly
to the storm variability as defined by the spatial and temporal semi-variograms developed during the study.
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1 INTRODUCTION presented by Ball (1992) and consists of the

, following four components
Mla)magement of the quantity and qualitykof wa;le{1 in *  Generation - the
urban drainage systems is a complex task which has primary concern is
become .increasingly important to the community GENERATION the estimation of
over the last’ few decades. This community . the available
awareness has increased the need for managers of quantity of water
these systems to obtain information relevant to the and pollutant
response of the systems invested in their control. constituents;
Two methodologies by which the desired system * Collection - the
information can be obtained are, firstly, through primary concern is
monitoring ofthe system for stormwater quantity and the prediction of
quality, and, secondly, by mathematical simulation COLLECTION the quantity and -
through application of catchment modelling systems. quality of flow at
Where management changes to the drainage system the entry point to
are proposed and it is desired that the impacts of the transport
these changes be predicted, it is necessary to use the ‘component - the
second methodology; the first methodology can only hydrologic
provide historical information after implementation component of the
of the proposed management changes. system;
TRANSPORTATION -« Transport -
Following a reductionist philosophy, catchment primary concern is
modelling systems comprise numerous process the motion of the
models which simulate pertinent hydrologic and water and
hydraulic processes influencing the quantity and constituents along
quality of runoff from a catchment. In general, these the channels - the
process models are formulated as a mathematical : hydraulic
system which is amenable to either analytical or component of the
numerical evaluation. In reviewing a system of this DISPOSAL system; and
kind, i’; is convenient to arbitraril)l/) subdifvide the tota} » Disposal -
modelling system into a number of conceptua : . primary concern is
components with each of these conceptual I;/}goucrlznling C?;g?: nmt how the runoff
components consisting of process models simulating Conceptual Components and constituents
pertinent catchment processes.. One conceptual are discharged
subdivision is that shown in Figure 1 which was first into receiving
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waters.

One of the concerns of the Generation component is
the rainfall model necessary to estimate the spatial
and temporal distribution of rainfall over the
catchment. The influence of the selected rainfall
model on the predictions obtained from a catchment
‘modelling system applied to an urban catchment is
the focus herein. Furthermore, this influence and its
relationship to the spatial and temporal variability of
storm events will be investigated.

2 STUDY CATCHMENTS

" Two urban catchments, which are different in size
and with entirely different configurations of
pluviometers were used in this study; these
catchments were the Upper Parramatta River
Catchment and the Centennial Park Catchment.
These two urban catchments are located within the
metropolitan area of Sydney as shown in Figure 2.
For consistency, the catchment simulation model
used for bot catchments was the Stormwater
Management Model (SWMM) while the observed
flows at the catchment outlet were utilized in
assessing the influence of the rainfall model on the
catchment simulation.,
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Figure 2 - Study Catchments

2.1 Upper Parramatta River Catchment

" As shown in Figure 2, the Upper Parramatta River
Catchment is located in the western suburbs of
‘Sydney, Australia. Covering an area of 110km?, it
contains a population of more than 220,000 and is
bounded by Prospect Reservoir to the southwest,
Blacktown to the northwest, Castle Hill to the north
and Carlingford to the east. The stormwater system
within the catchment consists of a series of pipes,
box culverts, open channels and creeks which
ultimately discharge into the Parramatta River .

There are fourteen telemetered pluviometers within
the Upper Parramatta River Catchment; locations of
these gauges are shown in Figure 3. All of these
gauges are 0.2mm tipping bucket pluviometers and
have have been installed and maintained by the
Upper Parramatta River Catchment Trust since its
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formation in 1989, Records from these fourteen
pluviometers were obtained for the years from 1996
to 1999. During this period, 26 storm events where
the event total rainfall was greater than 10mm were
extracted for use in the study.

Cagtla Hi11

Blacktowx

Carlingtord

o
7383

213004 A
(Haxadan Waix}

7299

Catchment Outlet

© Raindsugen

A ucn&uug-
w—— Catehment Roundary
7381 Gauge Ret. Ho.

_.4,.

Figure 3 - Upper Parramatta River Catchment
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2.2 Centennial Park Catchment

The 132 ha (1.32km?) Centennial Park Catchment is
located approximately 4km south of the Central
Business District of Sydney and lkm to the north-
west of the University of New South Wales. The
stormwater system within the catchment consists of
a series of pipes, box culverts and open channels
which ultimately discharge mto Musgrave Pond in
Centennial Park.

For this catchment, the four pluviometers around the
outskirts of the Centennial Park Catchment were
among the six pluviometers considered. These four
pluviometers are located within a radius of 7km from
the study area and were used to supplement the
pluviometers located within the catchment. The
locations of these pluviometers are shown in Figure
3. All of these gauges are digitally logged 0.2mm
tipping bucket ~pluviometers except for the
Paddington gauge which has a 0.5mm bucket. The
rainfall data used for this study were extracted from
the HYDSYS database in the School of Civil and
Environmental Engineering at UNSW. Events with
more than 10mm in total were used in this study and
based on this approach, 13 events from 1997 to 1999

were extracted for analysis.

2.3 Catchment Modelling System

For consideration of the importance of the rainfall

model in a catchment modelling system, both

catchments were simulated using the Stormwater
Management Model (Huber and Dickinson, 1988).

In the case of the Upper Parramatta River catchment

was subdivided into 29 subcatchments after Downes



(1998) while the Centennial Park Catchment was
subdivided into 42 subcatchments, after Abustan
(1997), with the size of the individual subcatchments
ranging from 0.5ha to 27ha.
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Figure 4 - Centennial Park Catchment
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3 RAINFALL HETEROGENEITY

3.1 Classification of Storm Events

Prior to discussing the importance of the rainfall
model on the catchment simulation, it is necessary to
define the temporal and spatial variability of storm
events.  Using the estimators proposed by
Umakhanthan (2002), it is possible to classify
different events into one of the following four
categories

+  High Spatial and High Temporal heterogeneity
+  High Spatial arid Low Temporal heterogeneity
«  Low Spatial and High Temporal heterogeneity
+  Low Spatial and Low Temporal heterogeneity

An event classified as having a high spatial
variability will show a minimum or no dependency
between instantaneous rainfall data obtained from
different gauges. In a similar manner, an event
clagsified as having a high temporal variability will
show no uniformity in the time dimension.

3.2 Rainfall Semi-Variograms

The basis of the categorisation is the determination
of spatial and temporal semi-variograms for each
event. Previous studies such as those by Bastin et al.
(1984) and Storm et al. (1989) have shown the utility
of the semi-variogram approach in estimating the
average annual, monthly and daily precipitation
values respectively for catchments. Despite the fact
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that these studies in the past considered the seasonal
trend when producing the yearly and monthly
variograms (temporal dimension), the potential
spatial variability of different events within the
periods considered was not incorporated in their
analyses.

In general, rainfall data are available only at a
limited number of locations which, usually, are
located randomly across a catchment. The resultant
scarcity of the data requires the use of analytic
semi-variogram models. Gaussian, exponential and
spherical models have been offered as acceptable
models to represent stationary semi-variograms. In -
a similar manner, power, linear and logarithmic
models have been proposed as acceptable models to
represent non-stationary semi-variograms. While the
range of parametric experimental semi-variogram
models is extensive, previous hydrologic
applications, see for example Bastin et al. (1984),
and Storm et al. (1989), suggest that fairly simple
power function models can be used with reliability.
Consequently, power function models were used in
developing the semi-variograms for the Upper
Parramatta River and Centennial Park catchments.
As described by Umakhanthan and Ball (2002a), the
spatial semi-variogram function was computed for
the complete event using every pair of pluviometers
within the hydrometric networks used for the two
catchments considered. = The semi-variogram
obtained was plotted against the separation distance
of the corresponding gauge pairs in order to form a
scatter plot known as a raw variogram for that event.
Typical raw variograms computed for events which
occurred on 27" July 1996 and 2™ May 1998 over
the Upper Parramatta River Catchment are shown as
Figure 5.
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Figure 5a - Raw variogram for 27" July 1996 Storm
Event on the Upper Parramatta River Catchment
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Figure 5b - Raw variogram for 2™ May 1998 Storm
Event on the Upper Parramatta River Catchment




To categorise events according to their spatial
variability, it is necessary to define a measure of the
spatial variability. The basis of this measure was the
separation distance to a semi-variogram value of 1,
e the separation distance resulting in no correlation.
This separation distance can be considered as the
distance by which a storm cluster holds a spatial
dependence. Ifthe raw variograms shown in Figure
5 are considered, then it can be seen that the
separation distance for the 27" July 1996 event is
approximately 21km while that for the 2" May 1998
event is approximately Skm. For purposes of storm
event classification, it was considered that if the
. separation distance was greater than the scale of the
catchment, then the storm was a low spatially
variable event and the reverse was the case if the
‘separation distance was less than the scale of the
catchment. As discussed by Umakhanthan (2002),
for the Upper Parramatta River and the Centennial
Park catchments, the selected catchment scales were
20km and 7.5km respectively. '

Similar to the estimation of the spatial
semi-variograms, the temporal semi-variograms were
calculated for different time Iags individually for all
events. The semi-variogram was calculated for each
gauge record and averaged over all gauges used for
that catchment. . The calculated average semi-
variogram for a particular event was then plotted
against the corresponding time lags in order to
estimate the temporal semi-variogram corresponding
to that event. Typical semi-variogram patterns for
selected events from the Upper Parramatta River
catchment and the Centennial Park catchment are
shown in Figure 6.

In this case, the classification of individual storm
events was based on the correlation of the time lag
within of the storm event with the lag where a null
‘correlation existed defining the extent of temporal
correlation. Based on an analysis of the catchment
response times, the adopted catchment temporal
scales were lags of 10 and 20 for the Centennial Park
and Upper Parramatta River catchments respectively, -
Where-the extent of temporal-correlation -was-less-
than the adopted catchment response time, then the
storm was considered to have high temporal
variability. For the reverse situation, the storm was
considered to have low temporal variability.
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Figure 6a - Temporal Semi-variograms for the
Centennial Park catchment
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Figure 6b - Typical temporal semi-variograms for
the Upper Parramatta River catchment.

Based on the developed spatial and temporal
variograms, the individual storm events over the two
catchments were classified into the four categories
previously noted. Shown in Figure 7 is a graphical

representation of the resultant storm event
classification.
4 MODELLING RAINFALL

A detailed rainfall distribution model in space and
time was developed for the study catchments within
a GIS framework. The basis of this model for
estimating the spatial and temporal distribution of
rainfall is an extension of the model developed by
Ball and Luk (1998) through a temporal
discretisation of the storm event as discussed by
Umakhanthan and Ball (2000). Based on the rainfall
recorded at pluviometers, the spatial distribution of
rainfall was ascertained at five-minute increments
using a thin plate spline algorithm which has been
used previously to spatially interpolate hydrological
phenomena by, for example, Hutchinson (1995) and
Ball and Luk (1998). The method employed for

~ estimation of the spatial distribution at five-minute

increments can be summarized as

* For each rainfall gauge, rainfall data were
extracted from HYDSYS. ,

»  Theextracted data were appended and converted
to an Arc-Info compatible format.

*  Foreach time step;

»« Rainfall data were loaded into Arc-Info and
spatially linked to the locations of the
gauges. :

«» A rainfall grid was interpolated from the
current rainfall intensities using a thin plate
spline surface interpolation technique:

=+ Subcatchment grids were combined with the

rainfall grid to produce the mean rainfall
within subcatchment boundary.

¢ Thesubcatchment rainfall were extracted astime
series hyetographs to produce the rainfall input
in ‘a compatible format for the Catchment
Modelling System to be used.
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Figure 7 - Classification of Storm Events occurring over the Upper Parramatta River Catchment

5= IMPACT OF RAINFALL MODELS ON
RUNOFF PREDICTION

While the techniques outlined above can be used to
determine . the variability of an .individual storm
event, it remains to determine the influence of the
rainfall variability on the predictions obtained from
a catchment modelling system. These impacts were
ascertained by considering the prediction errors
resulting from the use of two alternative rainfall
models with a catchment modelling system and
recorded data. These two alternative rainfall models
were the detailed rainfall model described previously
and a rainfall model based on Theissen polygons
while the catchment modelling system used, as
previously discussed, was SWMM., ~

_ Prediction accuracy, as outlined by Lettenmaier and
Wood (1993), is a measure of the difference between
predicted and observed values and is best assessed
by retrospective comparison of the values. There are
many performance measures inclusive of the Mean
Square Error (MSE), Root Mean Square Error
(RMSE), Mean Absolute Error (MAE), Variance,
Bias and Absolute Errors. Each of these alternative
measures has advantages and disadvantages which,
in turn, are related to the problem requiring
development of the model.

Shown in Figure 8 are the predicted hydrographs
obtained using both rainfall models for the 18
October 1999 storm event which is typical of other
storm events. The improvement in prediction of the
peak discharge for the events considered in the study
are summarised in Figure 9. As shown in this figure,
the spline surface rainfall model consistently resulted
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in a better fit to the recorded event than the Thiessen
rainfall model. :
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Figure 8 - Event of 18" October 1999
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An interesting issue is whether the magnitude of the
improvement in the predicted hydrograph is related
to the spatial variability of the storm event as
measured using the variogram technique outlined
earlier. Umakhanthan and Ball (2002b) present




Table 1 - Performance Statistics for Alternative Rainfall Inputs

Sp
MSE - (m¥/sy* | 0.001 0.001
RMSE - (m%/s) 0.032 0.032
MAE - (m¥s) 0.024 0.026
Variance - (m%s)? ©0.001 0.001
Bias - (m3/s) -0.005 -0.001
Variation in Peak (%) 6.5 14.0

various measures of fit for two storm events which
occurred on 19" October 1998 (low spatial
variability) and 9" October 1998 (high spatial
variability).  Presented in Table 1 are the
performance parameters for these two events and the
improvement in the performance parameters. As
indicated by an analysis of these performance
parameters, the improvement in the catchment
modelling system predictions arising from the
changed rainfall model are a function of the spatial
variability of the rainfall. Hence, it can be concluded
that the more variable the rainfall, the greater the
need for a rainfall model which incorporates this
variability in space and time.

6 CONCLUSIONS

Reported herein have been the results of an
investigation into the importance of the rainfall
model for robust predictions from catchment
modelling systems. Two alternate rainfall models,
namely a Thiessen based rainfall model and a spline
surface rainfall model, were considered. It was
found that the rainfall model significantly influenced
the predicted hydrographs obtained from a catchment
modelling system. Furthermore, it was found that the
spline surface rainfall model, which considered the
spatial and temporal variability of the rainfall in
greater detail than the Thiessen rainfall model
resulted-in predicted hydrographs that more closely
duplicated the recorded hydrograph for the same
parameter set. The degree of this improvement in the
predicted hydrograph was found to be dependent on
the spatial and temporal variability of the storm
event.

7 REFERENCES

Abustan, 1, Modelling of Phosphorus Transport in
Urban Stormwater Runoff, Doctoral Dissertation,
School of Civil and Environmental Engineering,
UNSW, Australia, 1997 ' o

Ball, JE, A Review of Numerical Models for
Prediction of Catchment Water Quantity and
Quality, Research Report No. 180, Water
Research Laboratory, Dept. of Water
Engineering, School of Civil Engineering, The
University of New South Wales, ISBN

.. 0/85824/419/5, 38 pages, 1992

Ball, JE and Luk, KC, Modelling spatial variability of
rainfall over a catchment, ASCE, Journal of
Hydrologic Engineering, 3(2):122-130, 1998

Bastin, G, Lorent, B, Duque, C and Gevers, M,

373

0 0.002 0.011 0.009

0 0.045 0.105 0.060
0.002 0.025 0.046 0.021
0 0.002 0.010 0.008
0.004 -0.002 0.032 0.030
7.5 -11.6 42.6 31.0

Optimal estimation of the average rainfall and
optimal selection of rain gauge locations, Warer
Resources Research, 20(4):463-470, 1984

Downes, S, Urban stormwater pollution loads in the
Upper Parramatta River Catchment, Unpublished
Professional Practice Project Report, Deakin
University, Australia, 1998 -

Huber, WC and Dickinson, RE, (1988), Stormwater
Management Model - Version 4; User’s Manual,
Report No. EPA/600/3-88/001a, Environmental
Research Laboratory, US Environmental
Protection Agency, Athens, Ga, USA.

Hutchinson, MF, Interpolating mean rainfall using
thin plate smoothing splines, International
Journal of GIS,9(4), 1995

Lettenmaier, DL and Wood, EF, Hydrologic
Forecasting, Chapter 26 in Handbook of
Hydrology, Maidment DR (ed), McGraw-Hill
Book Co., New York, USA, 1993

Storm, B, Jensen, KH and Refsgaard, JC, Estimation
of catchment rainfall uncertainty and its influence
on runoff prediction, Nordic Hydrology, 19:77-
88, 1989

Umakhanthan, K, Estimation of the spatio-temporal
heterogeneity of rainfall and its importance
towards robust catchment simulation within a

hydroinformatic environment, Doctoral
Dissertation, School of Civil and Environmental
Engineering, UNSW.

Umakhanthan,K--and--Ball;—JE,--Integration—of-
hydroinformatics with catchment models, Proc.
Hydroinformatics 2000, Iowa City, lowa, USA,
2000.

Umakhanthan, K and Ball, JE, Estimation of Rainfall
Heterogeneity Across Space and Time Scales,
Proc. 9" International Conference on Urban
Drainage, Portland, Oregon, USA, published as
a CD, ISBN 0-7844-0644-8, 2002a

Umakhanthan, K and Ball, JE, Importance of Rainfall
Models in Catchment - Simulation, Proc. 13"
Congress of Asia Pacific Division of IAHR,
Singapore, Volume 1, pp 551-556, ISBN

--981-238-108-2,2002b : :

8 ACKNOWLEDGEMENTS

The authors wish to acknowledge the support of the
Upper Parramatta River Catchment Trust for the
provision of rainfall and flow data for the Upper
Parramatta River Catchment and the Centennial Park
and Moore Park Trust for their support in the
operation of the Centennial Park catchment gauging
station. ’ :





