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Rating curves are the primary tool for converting water level data into flows. They are determined based
on velocity measurements at a discrete location during different flow conditions and are generally
developed by episodic flow metering during significant flow events. The strategy in Western Australia to
the present has been to make sure that the rating curve does not over-estimate the yield of the catchment.
This strategy, and the difficulty of gauging large flashy rivers with extremely high flows, has meant that the
upper ends of the rating curves have historically been under estimated. In the Pilbara region of Western
Australia, the effect has been found to significantly underestimate the flow during larger flood events,
sometimes by an order of magnitude.
This paper discusses the rating curves developed for several case studies from the Pilbara and Kimberley,
including the Harding Dam, Moochalabra Dam and Ophthalmia Dam. The paper will discuss the impact
of underestimated rating curves on the design of infrastructure. An example has occurred at Harding Dam
where the pump station was designed to be inundated at a 1:100 AEP and this is now estimated to occur at
a lower AEP. The paper will also discuss methods to improve the accuracy of rating curves and the
challenges associated with determining accurate rating curves.
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Case Study - Harding Dam
This story started when repeated flooding of the pump
station at the Harding Dam caused us to take a forensic
look at the background to the problem. The pump station
had originally been designed on the premise that it would
flood with an annual frequency of 1:100. However after
the pump station flooded for the third time in 20 years
following Cyclone Monty (2004), we started to wonder if
we had got something wrong.

Photograph 2 Pump Station Flooded

The Harding Dam lies about 25 km inland from
Roebourne on the Pilbara coast in north west Western
Australia. The dam was built in 1983/84 and experienced
the flood of record in the middle of construction. Severe
tropical cyclone Chloe flooded the construction site to a
depth of 10 m. The project hydrologists advised that this
was not particularly extraordinary and fitted quite well
with the current flood frequency plot. The project
continued with no further reviews of the data.
Photograph 1 Harding Dam Spillway, Cyclone Monty
2004

Photograph 3 Harding Dam Intake tower during
Cyclone Chloe 1984

Figure 1 Locality Plan – Harding Dam

Stream Gauging History

Field Investigations

At this stage it is worth dwelling on the history of stream
gauging in this region. The first stream gauges were not
operational until 1967. These had been constructed
following an initiative in July 1964 by the Federal
Government under Acting Prime Minister John Gorton
who initiated a national “10 year accelerated programme
of stream gauging” by providing State funding on a “$ for
$” basis for capital works & operational funding incentive
payments. This was followed later that year by the
recruitment of 5 trainee hydrographers and 3 experienced
East African hydrographers. An initial selection of
Pilbara gauging sites was made during the 1965 dry
season expedition and these became operational during
the 1966/67 wet season.

Following Cyclone Monty, and the flooding of the
Harding Dam pump station for the third time in 20 years,
the flood levels in the river valley downstream were
marked and subsequently surveyed. The first step was to
check the tailwater rating at the site. Using the surveyed
flood levels and known flow over the spillway a
HECRAS routing model was calibrated and then used to
develop a revised rating curve. The original tailwater
rating curve had been developed by similar means, but
without the benefit of flood levels to calibrate it against.
This was compared to the design curve (Figure 2) and
found to be in relatively good agreement if not slightly
conservative.

The emphasis on establishing the rating curves was
therefore to focus on the flows that would determine the
yield of the system as it was argued that the really large
flows would exceed the reservoir capacity and flow over
the spillway anyway. As far as determining spillway
capacity the approach was to use other methods and be
conservative.
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The difficulties of stream gauging on these rivers cannot
be over emphasised. The majority of the significant flow
events are caused by infrequent tropical cyclones and the
average rainfall is less than 300 mm. The Harding River,
for example, has a time of concentration, from start of
rainfall on the catchment to the flow starting, of about 6
hours. The peak occurs within 12 hours and flood is gone
in 24 hours. There were no roads and once it started to
rain it was impossible to move anywhere. All gauging
effort had to be inserted by helicopter and resupplied the
same way.
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Figure 2 Harding Dam Comparison of design and
calibrated rating curves

Analysing Reservoir Water Level Data
As part of the establishment of the project a float well and
water level recorder reading to +/- 1 mm was installed in
the intake tower. The water level data is recorded at 0.1
hour intervals and has generally operated quite well with

a few exceptions. In one case a change in administration
of the site left the UPS off line so that when the site lost
power the data record was lost. It has also been noted that
at the start of a storm when the winds are strong a lot of
flutter on the float is recorded, despite the installation
being sealed off.
In an effort to establish the actual flood frequency
distribution for the catchment, the water level data from
the reservoir was back routed through the reservoir using
the rating curve for the spillway and the storage
characteristics of the reservoir to generate inflow
hydrographs. These generated some surprising results.

Figure 3 shows the inflow hydrograph for the 2004 flood
following cyclone Monty, the horizontal axis is in 0.1
hour intervals and the vertical axis is in m3/sec. The
double peaks of the hydrograph had not been identified in
the stream gauging record and turned out to be a regular
feature of floods on the Harding. While we do not have
enough pluviometer data to justify the claim, we believe
that it represents the rainfall on the leading and trailing
edges of the cyclone as it passes over the catchment.
These are not identified in the stream gauging record as
the stations only record levels at one location and do not
account for changes in water surface slope.
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the rating curve for the stream gauging period was
Time the magnitude of the larger
seriously under estimating
flows.

Hydrological Approach
The RORB model for the catchment was recalibrated to
updated runoff data from the back routing of the reservoir
water level data. Analysis of the historical flood data
from the reservoir level monitoring indicated that the
largest floods of record had runoff coefficients of around
71% (see Table 1).When these results were compared to
the flood record from Cyclone Chloe, the largest flood in
the period of stream gauging which had a runoff
coefficient of 41% and the flood which occurred in 1984
during construction of Harding Dam, we suspected that

The flood from Cyclone Chloe had a peak flow
magnitude of around 2490 m3/s based on the gauging
record. The calibrated RORB catchment model suggested
that the magnitude for this flood should be of the order of
4000 to 5000 m3/s. The tailwater flood frequency curve
derived from the various sources is shown in Figure 4 and
shows that the current estimates of tailwater frequency are
at least an order of magnitude larger than the values
estimated at the design stage.

Table 1 Comparison of Stream Gauged and Calibrated Flows at Harding Dam
Event

Observed peak flow

Calibrated Peak Flow

Runoff Coefficient

1984

2490

2480

0.41

Stream gauged

1984a

4750

3960

0.7

Estimated

2000

1090

1110

0.7

2004

2890

3111

0.7

Calibrated from reservoir
data
Calibrated from reservoir
data

325

Hydraulic approach
Following review of the results of the calibrated
HECRAS model for tailwater estimation, GHD attempted
to recalibrate the rating curves for the gauging stations
(see Photograph 4). The first recorder was established at
the actual dam site, but this was regarded as unsuitable for
the manned cableway proposed. A site was selected for
the manned cable way and the station was built. However
after kinks were found in the cable, the station was

abandoned and a low level traveller way was established.
This lasted for a short time until a major flood washed it
away (Photograph 5). Boat gauging was tried but this
was not without its problems (Photograph 6). The largest
flow that had been gauged at the start of construction was
100 m3/s. although they managed a boat gauging at just
over 600 m3/s during Cyclone Chloe in 1984. The
extended rating curve (Figure 5) then estimated the peak
flow for Cyclone Chloe at about 2490 m3/s.
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Photograph 4 Location of Gauging Stations at Harding
Dam

Photograph 5 Boat gauging had its problems too!

Photograph 6 Travellerway about to be washed away!

Table 2 Comparison of Actual and Calibrated levels and flows at the Upstream and downstream Cooya Pooya
Gauging Stations
Gauging Data
Gauging
Station

Calculated

709211 Downstream

709001 Upstream

Cooya Pooya

Cooya Pooya

709001 Upstream Cooya Pooya
Calculated

Date of
flood

Calculated
Peak level

1966

Peak level

flow

49.468

2300

Level Calculated Level

actual

1971

45.308

47.882

1235

47.854

-0.028

1973

42.336

45.012

93

44.936

-0.076

1973

45.574

48.219

1403

48.144

-0.075

52.026

4750

1984

Figure 4 Comparison of Gauged and Calculated Rating Curves at Cooya Pooya Gauging Stations

From these gauging attempts, overlapping water level
information for three large floods at two of the gauging
stations was obtained, which could be used to recalibrate
the HECRAS model of the whole river. The stream
roughness calculated for the downstream section, which
was used to estimate the downstream tailwater level, was
a “Manning’s n” value of 0.045. This value was used as a
first estimate to calibrate the three flow events for which
we had level data upstream and downstream. The results
of the calibration are shown in Table 2 and show a
reasonable correlation between the calibrated and the

actual levels. The revised calculated flow for the 1984
flood event was 4500 m3/sec, almost double the flow
originally estimated from the gauged rating curve.

Impact on Harding Pump Station
The design parameters for the flooding of the Harding
Pump Station were originally intended to be that the
station could be flooded with an Annual Exceedance
Probability (AEP) of 1:100 and the electrical equipment
would be flooded with an AEP of 1:2000. It has been

observed however that the pump station now floods with
a materially lower AEP by several order of magnitude.

Other Sites in the Pilbara and Kimberley
Regions

finding mirrored the work of the Department of Water,
which has put considerable effort into modelling the
rating curve (Doherty R., 2011). The problem appears to
lie with the highly mobile stream bed and the rating
curves have to be regarded as a work in progress.

Pilbara Gauged Sites

Ophthalmia Dam

Based on experience with rating curve errors in the
Pilbara, we have taken the approach of thoroughly
investigating the ratings before proceeding further with
whatever investigations are required. Most of the stations
have some limited survey data and also have two
additional peak level indicators, each a couple of hundred
metres upstream and downstream of the gauging station
respectively. The data from these is downloaded once or
twice a year or after a major flow event.

The inflow flood frequency data for the Ophthalmia Dam
site is shown in Figure 6. This data has been calculated
by back routing reservoir level data. The rating curves
applied to the spillways are where the difference lies
between the data shown on the Department of Water
(DOW) gauging site and the values back calculated from
the known spillway characteristics. The Ophthalmia Dam
spillway is quite long (580 m) and flat and over the years
a small forest has grown up in the approach channel. The
spillway arrangement includes an auxiliary spillway and a
fuseplug, although neither of these has been subject to an
over flow. The spillway rating has been estimated using a
HECRAS one dimensional flow model. There was some
concern that at high flows the tailwater could drown out
the flows. As part of the process of verifying the rating
curve, a Mike 21 two dimensional model was run to
determine whether this was likely to affect the rating. For
the depths of flow over the spillway that have been
experienced to date drowning from the tailwater is
unlikely to be a factor.

This normally means that for the larger floods it is
possible to take some additional survey and use a
HECRAS hydraulic flow model to recalibrate the flows
against the peak level indicators as well as the primary
station water levels at the gauging station. A summary of
the data from these sites is shown in Table 3. This
indicates that there have been significant under estimates
of the flows at these sites except for Marmurrina where
the hydrographers have already applied HECRAS
modelling to the site which shows good agreement with
the values we calculated in the review.
North Pole
The North Pole site on the Shaw River is an interesting
case where it has not been possible to reconcile the stream
gauging data with the modelled rating curves. The river
has a wide sandy bed that appears to be highly mobile and
a stable section for rating has not been found, the profile
has varied by several metres over the period of the stream
gauging record. The rating curve has been established by
stream gauging from a cable way, the highest flow rate
reliably measured is 1500 m3/sec. The authors attempted
to develop a HECRAS modelled rating curve for the site
and found that the modelled curve significantly
underestimates the gauged flows by a factor of 2. This

In addition to the Ophthalmia Dam gauging station, there
is another gauging station just upstream at the Fortescue
Road Bridge. The rating curve for this station did not
include some of the very high flows so the comparison
has to be made on the basis of annual flow totals.
When we compared the Mean Annual Flow (MAF)’s (see
Table 4) the flows at the upper site were estimated to be
significantly less than was calculated for the Ophthalmia
Dam site. Given that the catchments are very similar one
would expect the flows to be in proportion to the
catchment areas. Based on this type of comparison it
would be expected that the flows at the Fortescue Bridge
site would double.

Table 3 Other Pilbara Sites where Rating Curves have been investigated

Station

Catchment Area

3

Peak Flows m /s

Comments

2

(km )

Rating Curve

Calculated

Recorder Pool

544

1688

2475

Fish Pool

40.5

233

754

Marmurrina

52.5

317

317

Already recalibrated using HECRAS

Ophthalmia

4826

1753

4834

Inflows calculated by back routing outflow flood

North Pole

6500

5000

?

We have not been able to resolve this problem

Photograph 7 Ophthalmia Dam Spillway in Flood March 2009
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Figure 5 Ophthalmia Inflow Frequency curves for Historical data
Table 4 Comparison of flows at Ophthalmia and Fortescue Road Bridge
Location

Ophthalmia Dam
Fortescue Road Bridge (DOW rating
data)
Fortescue Road Bridge Upgraded
On the basis of average annual flow
depths

Catchment Area
km2

1982-2013

1995-2013

4270

MAF
(GL)
152.9

Median AF
(GL)*
23.5

MAF
(GL)
244.5

Median AF
(GL)
82.1

2960

50.3

25

73.0

53.9

2960

101

Note MAF is the Mean Annual Flow and Median AF is the Median Annual Flow

Photograph 8 Typical Bridge Gauging Operation

Problems and Issues
One of the key issues which has been warped by the
problems with the data has been that of making decisions
about crossings of the Fortescue River. The under
estimation of the flows has led to the use of low level
culvert crossings for road and rail traffic, rather than
bridge crossings. It is likely however that if the updated
information about the flows had been available that bridge
crossings would have been selected.
Kimberley Gauged Sites
In a recent paper Duncan Palmer (2014) has reported on
the difficulties of gauging rivers in the Kimberley (see
Photograph 8 and Photograph 9) and outlined the process
of using flood marks to calibrate a HECRAS model to
provide an improved rating curve for the Old Ord
Homestead Gauging station.

Photograph 10 Bow River Crossing of Great Northern
Highway

One of the other sites where problems with rating curves
have caused some anguish has been at Moochalabra Dam.
The original dam was an over topped rockfill dam with
steel mesh reinforcement. The dam was originally
classed as a temporary structure designed to last for 10
years, however it was 30 years before it was upgraded.
Flows were measured at the downstream gauging station
(Goolime) and the flood frequency curve for these flows
is shown as the lower curve in Figure 7.
However, after the dam was raised as part of the
upgrading process, we found that the 1:20 AEP flood had
increased in magnitude by a factor of 3. While there had
been some increase in stream flows in the period
following the upgrading, the problem appeared to be with
the rating curve for the station downstream.
There had been a reluctance to use the historical water
level data in the reservoir as a basis for estimating flows
as the rating curve was far from stable. The crest level fell
with each over topping event. However using the crest
survey data gathered as part of the dam safety programme
it was possible to calculate the peak flows over the crest
of the dam on an annual basis and reconstruct the peak
flow history for this earlier period. The combined curves
are shown in the middle curve in Figure 7.
The flood frequency assessemtn indicates that the AEP of
a given flood peak post construction is materially
different that that adoption in the design.
Problems and Issues

Photograph 9 DOW Staff survey the remains of the
Wilson River Gauging Station 2011

Note the water is 20 m deep at this stage.

The raised dam was provided with an unlined rock
spillway cut through meta sandstones with a UCS of 25
MPa. This was a marginal decision, but the designers felt
secure knowing that the risk of a 0.5 m depth of flow over
the spillway had an AEP of about 1:20.
Since
construction the spillway this has occurred more
frequently than expected from the design flood frequency
curve. To date a significant quantity of rock, several
thousand cubic metres,has been removed from the
downstream face however this does not have a significant
impact on dam safety due to the length of the spillway cut
and the reservoir to spillway face distance. On the right
hand side of the spillway the erosion appears to be
stabilizing.. If the designers had been in possession of the
updated flow data they may have recommended different
arrangements for the owner to consider.
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Figure 6 Moochalabra Flood Frequency Curve

South Western Australia
GHD’s investigations to date have noted that the same
issues is present in the rating curves for sites in South
Western WA. Where we have checked specific sites it
has demonstrated that similar problems occur, albeit to a
less significant extent. The problems of rating high flows
in the south west of WA are somewhat less than those
experienced in the Pilbara and Kimberley Regions. The
sites are generally far more accessible and the large flows
are far less daunting. The rating curves are generally
developed with stream gauging to a much higher
proportion of the peak flows than in the North of the
state. However the problem still exists and where we
have been able to check, significant errors have been
detected in about 50% of the sites that have been
assessed.
Photograph 11 Crest of Moochalabra Spillway

Conclusions
The first law of dam building is that the flood of record
always occurs in the middle of construction, so be on the
lookout for any problems that may occur.
The second law of dam building is to never trust a rating
curve unless you have had a good look at how it has been
derived, particularly the proportion of the flow range that
has been estimated from flows that have been properly
metered. As a minimum the rating curve should be
checked using a hydraulic flow model, calibrated against
whatever data may be available, flood marks, peak level
indicator data or whatever other information might be
available.

Photograph 12 Downstream Face of Moochalabra
Spillway

Well instrumented water level monitoring on reservoirs
(the ultimate catch all gauging tool) can provide valuable
data on flood hydrographs and flows. Care needs to be
taken with the setting up of the instrumentation, data
logging of the data and with assessing the spillway rating
and storage characteristics.

Dam engineers need to work with Hydrographers to
establish a preferred method for measure and calibrating
gauged flows in the North of Australia, including
consideration of instrumentation selection and use.
Ultimately there is a need to upgrade instrumentation to
measure both water level and velocity. Various forms of
Doppler instrumentation are being investigated and put
into service. However this instrumentation is expensive.
The other option in the short term could be to
continuously measure water surface slope at receivers
upstream and downstream of the site. With modern
instrumentation and telemetry it should be possible to
measure water levels continuously at a number of sites on
both sides of the river and compute stream flows based on
best fits to this data.
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