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Abstract
The Cardiff Bay Barrage was constructed in 1999, creating a freshwater lake covering an
area of 200 hectares at the mouth of the Rivers Taff and Ely. Due to the sensitivity of the Bay
and its high amenity value, the Environment Agency Wales (EAW) require that CSO
discharges to Cardiff Bay meet the basic Cardiff Bay water quality standard as described in
the Cardiff Bay Barrage Act 1993. This is interpreted by EAW as Dissolved Oxygen (DO)
should be a minimum of 5 mg/l across the entire area at all times.
As part of their AMP4 delivery programme, Welsh Water had to investigate the impact of
combined sewer discharges from Western District Pumping Station (WDPS) in to Cardiff Bay.
The investigation was required as sags in DO, below 5 mg/l, have been recorded in the lower
reaches of the River Ely within close proximity to WDPS.
In order to fully understand the various influences on DO within the Bay, and assess how
such a standard could be achieved, a water quality approach was necessary. As part of the
study, water quality models were developed for both the local sewer systems and receiving
waters of the Bay.
This paper focuses on the first phase of the study which included data collection,
development of the models and impact analysis.

The Study
MWH and Hyder Consulting were appointed by Morgan Est (formerly AMEC)/Dwr Cymru
Welsh Water to undertake a Dissolved Oxygen (DO) study in Cardiff Bay.
The Cardiff Harbour Authority (CHA) has obligations under the Cardiff Bay Barrage Act 1993
to maintain dissolved oxygen levels above 5 mg/l. CHA have measured sags in DO that
breach the 5 mg/l standard. In order to combat this, a bubbler mixing system (utilising
compressed air delivered though diffusers mounted on the bed) has been installed in the
lower reaches of the River Ely and Cardiff Bay and an oxygenation barge is deployed when
low DO levels are likely to occur.
The main focus of the study was achieving environmental compliance at Western District PS,
3
the terminal PS of the Cardiff West catchment. Although the PS has an existing 9000m
storage facility, storm discharges to Cardiff Bay can be very large.
The study included data collection, modelling and impact analysis for major CSO discharges
into Cardiff Bay. MWH undertook the development of the sewer network models, whilst
Hyder Consulting developed the Cardiff Bay model.
The scope of the study included the following activities:
•

Comprehensive review of all available water quality data, kindly provided by Cardiff
Harbour Authority (CHA) to gain a better understanding of D.O. and water quality
processes.

•

A water quality sampling programme to capture 3 dry and wet weather events for
calibration of the sewer and Bay models.
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•

Hydraulic and water quality verification of sewer network models.

•

Update and recalibration of an existing Delft3D hydrodynamic / water quality model of
the Cardiff Bay impoundment

•

Use of the models to assess compliance with the dissolved oxygen driver and to
assess the impact of WDPS and potential solutions.

Data Collection
The study included a comprehensive data collection exercise in both the sewer networks and
receiving waters of Cardiff Bay. This comprised of the following:
•

Compilation of existing water quality data for Cardiff Bay, supplied by Cardiff Harbour
Authority. Figure 1 shows the CHA monitoring sites.

•

Continuous dissolved oxygen and temperature measurement in Cardiff Bay during
summer 2005 (Figure 1).

•

Dry and wet weather sampling exercise in the sewer networks and Bay including
BOD (dissolved and total), ammonia and suspended solids during summer 2005
(Figure 1).

•

Flow survey in the sewer networks

Figure 1
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Sewer Network Models
Existing sewer network models for Cardiff West, Cardiff Central and Penarth were used in the
study. The catchments are primarily residential by nature with a population of approximately
180,000. The catchment also includes the commercial areas of Cardiff City Centre.
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The sewer network models have been re-verified for hydraulics at major CSO locations using
InfoWorks. This included incoming, continuation and spill flows. The model fits shown below
demonstrate a good fit between model results and observed data.
Figures 2a and 2b below show an example of model verification results compared to actual
data at a key CSO overflow that discharges to Cardiff Bay. The model replicates surcharge
and overflow operation with reasonable accuracy.
Figure 2a
In-sewer hydraulic verification fit.

Figure 2b
Overflow hydraulic verification fit.

The models were also updated to water quality models using the QSIM module in InfoWorks.
The models were verified against BOD (total and dissolved), NH4 and suspended solids.
Figures 3a and 3b below show an example of model verification results compared to actual
data for water quality at a key CSO location. Over dilution of samples at the laboratory
affected a number of the BOD samples, as is the case in fig 3b below. However, a good
correlation between model results, measured ammonia and suspended solids was achieved.
Although there are no major trade discharges, moderate foul flushes were observed due to
the flatness of the sewer system.
Figure 3a
In-sewer DWF water quality fit.

Figure 3b
In-sewer wet weather water quality fit.
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Cardiff Bay Model
A model of the Cardiff Bay impoundment was constructed for the AMP3 Barry Bathing Waters
Assessment. This model was based on the model previously built for the Cardiff Bay
Development Corporation in support of the Cardiff Bay Impoundment Scheme.
The model uses the Delft3D software suite and includes the impoundment to its limits at Arjo
Wiggins weir on the River Ely and Blackweir on the River Taff (see Figure 4 below). The
minimum model grid resolution is approximately 5m.

Figure 4

Delft3D Model Domain

The model was calibrated and verified for water quality (DO, BOD, SOD and ammonia) using
historical data provided by Cardiff Harbour Authority and field data collected during summer
2005. Figures 5 to 7 present a sample of the verification results, compared to actual data, for
dissolved oxygen, at a number of locations within the Bay. These plots serve to demonstrate
the good fit between model predictions and observation, but also highlight a number of the
processes that determine DO concentrations within the Bay.
Figure 5 presents verification results for the river Taff. River flows are relatively high, typically
5 cumecs in summer and the river is relatively wide and shallow. The bed is typically cobbled
over most of its length. These conditions give rise to high levels of re-aeration and relatively
low sediment oxygen demand. The DO in the river is therefore high (8-12 mg/l) and close to
saturation, as oxygen inputs tend to exceed the total oxygen demand (BOD, SOD,
respiration). Algal productivity is also relatively high, as shown by the strong diurnal pattern
(up to 3mg/l).
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Figure 6 presents verification results for the Bay. Monitoring data are taken from one of
CHA’s moorings and show both surface and bottom DO concentrations together with spot
profiling data and model output. Although re-aeration induced by flow is low, the Bay is open
and exposed to the wind. Wind effects, combined with the high DO inputs from the Taff and
effects of the bubbler system, are sufficient to maintain circulation and re-aeration to
overcome higher SOD generated by the muddy bottom (note difference between surface and
bottom DO). The DO in the bay is therefore high (8-12 mg/l) and close to saturation. Algal
productivity is also relatively high, but not as strong as the Taff, as shown by the diurnal
pattern (up to 2mg/l).

Figure 6
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Figure 7 presents verification results for the river Ely. The River Ely is markedly different from
the Taff. River flows are relatively low, typically <1 cumec in summer and the river is relatively
narrow and deep. The bed is mud over its entire length. These conditions give rise to low
levels of re-aeration and high sediment oxygen demand. The DO in the river is therefore low
(4-8 mg/l), as oxygen inputs tend to be lower than the total oxygen demand (BOD, SOD,
respiration). While algal productivity is similar to the Taff and Bay this is insufficient to
overcome the DO sinks, and is therefore only distinguishable as a diurnal pattern when the
mean DO is close to 6mg/l.
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Predicted and Observed DO (mg/l) in the River Ely ( Station 18)
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The DO at the upstream limit of the Ely, at Arjo Wiggins Weir, is relatively high (8mg/l).
However as oxygen demand is higher than oxygen input the DO concentration reduces with
downstream distance, reaching a minima close to WDPS. Figure 8 shows model predictions
of the longitudinal DO profile from Arjo Wiggins weir to the Bay (WDPS is located
approximately midway between E3 and E4).

Figure 8

Predicted dry weather equilibrium DO profile along the River Ely
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In the absence of high river flow, wind plays a significant role in controlling DO in the Ely.
However, the river is relatively sheltered from the dominant summer wind directions, due to
high topography to the west. Figure 9 presents model results for equilibrium DO during low
flow for a range of wind speeds. These results indicate that during periods of prolonged dry
weather, and low wind, DO concentrations can potentially fall to very low levels, particularly
when wind speeds fall below 3 to 4 m/s. This effect can also be seen in recorded DO, the
periods of minimum DO in Figure 7 coincide with periods of low wind from the more sheltered
wind direction.
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Predicted dry weather equilibrium DO in thelower River Ely for various
wind speeds.
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The low DO in the lower Ely has required CHA to implement an oxygenation system to
artificially increase DO levels during summer months. The system is deployed from a towed
barge and uses a VITOX system to inject water supersaturated with DO into the river. The
effects of oxygenation on DO concentrations can be seen in Figure 10.

Figure 10

Measured and predicted effects of oxygen injection in the lower River
Ely
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The results of the model verification indicate that, while the majority of the Bay can sustain
DO levels above 5mg/l, the river Ely around WDPS is at risk from DO sags. The low DO in
the lower Ely is primarily due to changes in river hydraulics and re-aeration brought about by
impoundment. This has lead to a relative imbalance between DO sources and sinks. This
imbalance is worst during periods of low flow and low wind during summer months. During
storm spill events the location of WDPS, at the DO minima, could potentially exacerbate DO
sags, or lead to DO sags.
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WDPS Impact Assessment
The verified Cardiff Bay model has been used to assess the effects of storm spills from
WDPS under a range of flow, wind and ambient water quality conditions. Model applications
have been used to determine those conditions under which a spill from WDPS could
contribute to river / bay DO levels falling below 5 mg/l (DO sags).
The catchment model was run for 10 years of rainfall to produce storm discharge pollutograph
for the assets spilling to Cardiff Bay. A subset of storm spills were then selected as inputs to
the Cardiff Bay model. A range of storm return periods from 1yr to 85years were selected.
These events were then run through the Bay model for a range of river flow conditions from
low (95%ile) to river storm flows (determined from the rainfall using hydrological techniques).
Runs were also undertaken for varying wind speeds and varying upstream BOD inputs.
Figure 11 presents results for a number of model applications.

Figure 11

Impacts of Storm Discharges on the lower river Ely for a range of return
periods
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Figure 11 illustrates the importance of ambient conditions prior to a spill event. In all cases if
a spill occurs under low flow conditions, .e.g. due to a local convective storm event, a
significant DO sag may occur in the river Ely. This impact is almost entirely due to the
discharge from WDPS.
If a spill occurs during periods when the river responds to storm flow within its catchment the
impacts are significantly reduced. In most cases a DO sag occurs as a result of the storm
flows within the river and is largely influenced by the concentration of BOD from upstream.
For example, during the 44 year event a high spill volume occurs under conditions of high
river flow, a DO sag only occurs if upstream BOD concentrations exceed 3 mg/l. The
additional impact of a spill from WDPS is relatively insignificant. A similar pattern is seen for
the 1 in 4 yr event. Under the 1 in 1 year event the DO sag is relatively small and
concentrations do not fall significantly below 5mg/l. By contrast, during the 85 year return
period event a significant DO sag occurs, but only as a result of the large spill from WDPS
under lower river flows; suggesting a local event of short duration, but high intensity. The
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specific circumstances during 85yr return period event are relatively rare. Such an event was
observed during July 2001, but a similar event had not been observed in the period up to the
time of the 2006 / 2007 study.
The results of the modelling exercise indicate that spills from WDPS would only be likely to
cause a DO sag during periods when a specific set of conditions are met, i.e. two or more of
the following:
■

River Flow is low relative to spill volume

■

Prolonged periods of low wind speed (<4 m/s)

■

Ambient DO concentrations are low (<5.5 mg/l)

■

Upstream and local BOD are high (>3 mg/l)

■

WDPS spill volume exceeds 9000 m

3

The probability of these factors occurring is relatively low when compared to ambient
conditions which could cause a DO sag. Provision of additional storage, of between
3
3
10,000m and 30,000m at WDPS, would reduce the frequency of spills. However, given the
low probability of large spills occur during low river flow conditions, the provision of storage
alone would not deliver the 5mg/l DO as a 100%ile standard.
While storage is not considered to be the answer, the study showed that WDPS could be
operated more effectively to reduce the frequency and volume of spills to the Bay. During the
winter of 2007/2008, the following improvements have been made at WDPS:
■

Refurbishment of foul/storm pumps to ensure the consented pass forward flow is
achieved

■

Replacement of the storm return pumps to increase the storm tank drain down time

■

Re-configuration of the PS operating philosophy to ensure that existing storage is
utilised more effectively

■

Installation of a ‘Hawk Eye’ monitor on the storm tank overflow. This information has
been made available to CHA

Intervention measures
The present oxygen injection system can only access a limited reach of the lower Ely, and
cannot reach all areas where a sag may occur. To extend the range of oxygenation upstream
in the Ely, the potential impact of installing a fixed oxygenation system at WDPS was tested
using the Bay model. Figure 12 shows the predicted effects of oxygenation during the 85
year return period event. The results demonstrate that oxygenation for periods of 24-48
hours during storm events would be sufficient to maintain the 5 mg/l DO standard.
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Predicted effects of oxygenation at WDPS, for the 85 year retun period
event, on DO in the lower river Ely.
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Conclusions
■

Dissolved oxygen sags are normally restricted to a reach of approximately 1km
downstream of Western District Pumping Station

■

DO sags are largely a result of the particular conditions of hydraulics, low re-aeration
and sediment oxygen demand in the lower Ely

■

DO sags require conditions of low flow, low wind and low DO, followed by high
oxygen demand from storm inputs

■

Such conditions are relatively infrequent

■

Spills from WDPS are not the fundamental cause of DO sags, except under rare
conditions of large spills during low river flow, but may contribute to a sag event.

■

DO Sags would occur even if WDPS did not spill

■

There is little benefit in providing additional storage at WDPS

■

However, operational improvements have been implemented to maximise use of
existing storage

■

Oxygenation upstream of WDPS would mitigate the risk of DO sags, cost benefit of
oxygenation options is currently being assessed

