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Abstract: The impact of stormwater drainage and detention ponds on flooding is assessed using
statistical analysis and physically based computer simulation of a 45-year case study for a peri-urban
catchment. In 1978, the 54 km? Ouseburn catchment in Newcastle upon Tyne was impacted by the
connection of a new 2.1 km? residential development, directly to the Ouseburn River, via a stormwater
drain, which reduced the time to peak and increased flood risk. Further residential developments
of 1.6 km? have been built since 2004, again with separated sewer systems, but this time linked to
stormwater detention ponds before draining into the Ouseburn River. Detailed analysis of the data,
confirmed with computer simulation, shows that in contrast with the 1978 intervention, these new
developments had only a minimal effect on the flows in the Ouseburn River, in fact achieving a small
reduction in peak flows for large events. This study assesses the post-construction efficiency of such
systems, and we show that the stormwater detention ponds are working as designed.

Keywords: stormwater detention ponds; flooding; urban catchments; stormwater drainage; separated
sewer systems; urban development

1. Introduction

Urban expansion reduces the time to peak (increases flashiness), enhances peak
flows and increases runoff volumes in urban and peri-urban river catchments [1-4]. It
therefore increases the potential flood risk [5,6]. There are a number of methods used
to negate this impact and a range of terms used to describe these methods, including
Green Infrastructure (GI), Nature-Based solutions (NBS), Blue-Green Infrastructure (BGI)
or Sustainable Drainage Systems (SuDS) [7-11]. Within the UK, GI or a SuDS feature are
now required for any new development [12]. Stormwater detention ponds (also known as
dry ponds or detention basins) are a type of GI or SuDS feature that are often incorporated
into new housing developments in urban catchments [13,14]. Stormwater detention ponds
are used to temporarily store water after a major rainfall event. The water then empties
gradually to a downstream water body, attenuating the flood wave with potential to reduce
downstream flooding. In addition to helping to reduce flooding, stormwater detention
ponds are beneficial to the water quality in nearby rivers, as they trap pollutants and
sediment [15-17].

There have been a number of case studies considering how effectively a single
stormwater detention pond can attenuate flow from housing developments [18-20]. In ad-
dition, modelling studies have analysed the impacts of stormwater detention ponds [21-23],
with an analytic solution evaluating the efficiency of a pond for flood risk reduction [24].
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However, very few studies have analysed multiple stormwater detention ponds and other
stormwater control methods (SCMs) in an urban or peri-urban river catchment and the
effect of these features on the downstream discharges [25,26]. Li et al. [27] commented that
there is “a distinct lack of monitoring studies that demonstrate the impact of SCMs applied
across an entire catchment, on the resulting flow regime at the catchment outlet.”

This work focuses on stormwater detention ponds in a peri-urban catchment and the
effect of these ponds on downstream flooding. As in many peri-urban catchments, within
this catchment, there have been a number of residential and business developments over
the last 45 years and an increase in the urban fraction of the catchment. The aim of this
work is to investigate whether this expansion, which occurred in two different periods
(one without stormwater detention ponds and one with stormwater detention ponds),
produced different responses in terms of flow in the catchment, and hence answer the
following research question: “How well do stormwater detention ponds work in a real
peri-urban catchment?”

2. Data and Methods
2.1. Case Study: Ouseburn Catchment

The Ouseburn catchment is located in the North-East of England and is a peri-urban
catchment (Figure 1). The catchment is generally low lying with gentle slopes (eleva-
tion range: 35-144 m AOD). The higher part of the catchment in the north and west is
predominantly rural and is used for agriculture (grassland and arable), while the lower
part in the south and east is predominantly urban. There are loamy and clayey top soils
above a 5-10 m deep glacial till of mixed permeability, with the geology consisting of
Carboniferous Middle Coal Measures [28]. This work considers the 54 km? catchment to
the gauging station at Crag Hall, which has a current urban fraction of 30%, with 11%
of the catchment drained by a separated sewer system and 19% drained by a combined
sewer system [29]. As the city of Newcastle upon Tyne has grown, more of the catchment
has become urbanised. In the late 19th and early 20th centuries, the area towards the
outlet was developed with high density terraced houses; after that, most of the develop-
ment has consisted of lower density detached and semi-detached houses with gardens.
In the last 45 years, this urbanisation has happened in two distinct phases. From 1976 to
1978, the Kingston Park residential development (often called a housing estate in the UK)
was built (Figure 1), which involved the conversion of agricultural land to a residential
development with some retail development. The residential development was mainly
detached and semi-detached houses with gardens, built with a separated sewer system.
Surface runoff drains into the Kingston Park stormwater drain, which feeds directly into the
Ouseburn River between the Brunton Bridge and Kingston Park discharge stations, while
wastewater is piped to a sewage treatment work in Howdon, 8 km east of the Ouseburn
catchment outlet. Research suggests the Kingston Park stormwater drain was connected
to the Ouseburn River at the start of 1978. This drain also takes water from part of the
Newbiggin Hall residential development, which was designed with separated sewers
but was previously connected to the combined sewer system. Overall, the Kingston Park
stormwater system drains an urban area of 2.1 km?, which can be seen in the detailed
sewer network map [30]. The boundary encloses a larger area (3.2 km?), but this includes
arable land, grassland and some forested areas. Between 1978 and 2004, there was no major
development of residential properties within the catchment, although the dual carriageway
Newcastle Western Bypass road (designated the A1) was built from 1987 to 1990 with a
surface area covering 0.02 km? draining directly into the Ouseburn River. From 2004 to the
present, the Newcastle Great Park residential and business development has taken place
(Figures 1 and 2). This is the largest housing and business development in North-East
England encompassing 2500 residential dwellings, commercial premises and community
facilities when complete [16]. Details of this development can be seen in Figure 2 and
Table 1. The properties are mainly detached and semi-detached with gardens, all of the
properties have separated sewers and the stormwater drains all feed into stormwater
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detention ponds (Figure 2). The requirement for these new developments is that the risk of
flooding downstream of the development is no higher than before the development. This
has been achieved by carrying out local flood risk assessments for each new development
and associated detention pond [31,32], considering rainfall events of different durations
with return periods of at least 100 years. The water that does not infiltrate is then released
through an outfall over the following days at a controlled discharge rate.
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Figure 1. The Ouseburn at Crag Hall catchment (54 km?). The top-left insert shows the Ouseburn, Wansbeck and Blyth
catchments, the top-right inset shows the location of the Ouseburn catchment in the UK. The area in the rectangle located
near the centre of the Ouseburn catchment is shown in more detail in Figure 2 (©OpenStreetMap contributors).
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Figure 2. Part of the Ouseburn catchment between the Brunton Bridge and Three Mile Bridge gauging stations. Google
Earth image (©Google, Digital Globe).
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Table 1. Newcastle Great Park Developments.
Development Approximate Year Completion Area (km?) Cumulative Area (km?)

Sage HQ 2004 0.08 0.08
Warkworth Woods 2005 0.07 0.15
Melbury 2008 0.24 0.39

East Moor Village 2012 0.05 0.44
Green Side 2014 0.20 0.64
Brunton 2016 0.31 0.95
Elmwood 2016 0.29 1.24
Brunton Meadows 2020 0.34 1.58

There have been a number of recent flooding events within the Ouseburn catchment.
This includes localised flooding on 30 June 2005 in the Red House Farm estate [33] and
more extensive flooding on 28 June 2012 when a major rainfall event occurred, with up to
50 mm of rainfall in two hours, causing considerable damage [34].

2.2. Discharge and Precipitation Data

There are two long-term Environment Agency discharge gauging stations on the
Ouseburn River at Woolsington and Crag Hall (Figure 1 and Table 2). The Crag Hall
discharge data start in 1976 and, thus, include a two-year period before the Kingston
Park stormwater drain was finished. There are also two long-term Environment Agency
discharge gauging stations (Hartford Bridge and Mitford) in nearby catchments, which are
used in some of the analyses. In addition to this Environment Agency data, there are short
term records at three locations (Figures 1 and 2, Table 2), installed as part of the Making
Space for Water (MS4W) project led by Newcastle University [33]. These are at Brunton
Bridge, Kingston Park and Three Mile Bridge. These are not continuous records and the
measured discharge data are of lower quality than the Environment Agency discharge
measurements, as it was a short-term project with fewer resources. However, the ranking
of discharges and the timing of events are reasonably accurate.

Table 2. Discharge gauges and data availability. EA gauges are long term flow records from the Environment Agency. The

Woolsington and Crag Hall data have some gaps but are over 99% complete. MS4W is a research project led by Newcastle

University, which installed additional river gauges (see Section 2.2 for details); these data are incomplete.

Gauging Station (Catchment) Gauge Type (Number) Area (km?) Data Availability
. 1984-1987 (daily), 1992-2018
Woolsington (Ouseburn) EA (23018) 114 (hourly and some 15 min)
Brunton Bridge (Ouseburn) MS4W 17.6 2007-2013 (15 min)
Kingston Park (Ouseburn) MS4W 22.6 2007-2013 (15 min)
Three Mile Bridge (Ouseburn) MS4W 29.8 2007-2013 (15 min)

Crag Hall (Ouseburn)

Hartford Bridge (Blyth)
Mitford (Wansbeck)

1976-1978 (daily), 1980-1981 (daily), 1983-1990

EA (23016) 538 (daily),1991-2018 (hourly and some 15 min)
EA (22006) 269.4 1976-2018 (daily)
EA (22007) 287.3 1976-2018 (daily)

There are four Environment Agency precipitation stations within or close to the
Ouseburn catchment (Figure 1). Hourly data were obtained for these locations for 11 years,
from 1 January 2004 to 31 December 2014, and used in the hydrological modelling. There is
a small annual variation across the catchment with the highest annual total of 724 mm at
Long Meadows rainfall station and the lowest annual total of 687 mm at Newcastle WEAT
rainfall station. In addition, some 15 min interval rainfall data were obtained as part of the
MS4W project.
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2.3. Hydrological Modelling

Hydrological modelling of the Ouseburn catchment has been conducted to allow
the effect of developments within the catchment on flows in the Ouseburn River to be
considered in more detail. The Shetran hydrological model [35,36] was selected for use
here as it is physically based and spatially distributed. The model allows for the explicit
representation of the change in land use from rural to urban, the development of the
Kingston Park stormwater drain and the addition of stormwater detention ponds. It
includes components for vegetation interception and transpiration, overland flow, variably
saturated subsurface flow and channel-aquifer interactions. Solutions to the governing,
physics-based, partial differential equations of mass and momentum are solved on a three-
dimensional grid using finite-difference equations (https:/ /research.ncl.ac.uk/shetran/,
accessed on 1 June 2010).

The model is usually applied to predominantly rural catchments [37,38] but a new
method was developed in Birkinshaw et al. [29] to improve the hydrological modelling of
urban catchment using runoff coefficients. This work showed that considering the fraction
of separated sewer and combined sewers systems and incorporating them differently into
the model produces much better hydrological simulations. This was achieved by removing
the precipitation from urban areas with combined sewers (as the rainfall flows directly
into combined sewers which drain to the Howdon treatment works located outside the
catchment). To account for the separated sewers in urban areas, the saturated conductivity
was set to zero with a high Strickler (low roughness) overland flow parameter to take into
account the rapid flow of water to and within the pipe network. Full details can be seen
in Birkinshaw et al. [29], which shows that the new method produces a much improved
hydrological model of the Ouseburn catchment as opposed to not properly accounting for
the separated and combined sewer networks.

The model was setup with a 200 m grid resolution and run for 11 years using hourly
rainfall data from 1 January 2004 to 31 December 2014. The vegetation and overland
flow parameter values were based on typical values obtained during previous calibra-
tions [39,40]. Soil parameters were based on measured values [29] present in the catchment.
The calibration was carried out in two parts, firstly for the Woolsington sub-catchment
where the parameters were calibrated for arable and grassland, then for the entire Crag
Hall catchment where the parameters associated with urban areas were calibrated. In order
to obtain the best hydrological model, the calibration was carried out for the entire period
with a Nash-Sutcliffe efficiency of 0.86 obtained for hourly flows at Crag Hall. Considering
the peak flows, the calibrated discharge is within 20% of the measured discharge for 80%
of the 45 biggest discharge events.

A limitation of the modelling is that all the water from precipitation in urban areas
with combined sewers is assumed to be removed from the model. During heavy rainfall
events, the capacity of the combined sewer pipes can be exceeded and there are combined
sewers overflows (CSO) flows into the Ouseburn River [30], thus increasing the peak
discharge. Future work is planned, which will incorporate these CSO into the model,
although this possibility is complicated by the actual flows being unknown. In this work,
the modelling mainly considers changes in the flow from the urban developments with
separated sewer systems, and most of the CSOs are unaffected by these developments.

3. Kingston Park Developments 1976-1978

This section contains an analysis of the effect of the Kingston Park developments
(Figure 1) on flows in the Ouseburn River. These developments include the building of the
Kingston Park housing estate and the connection of the Kingston Park stormwater drain
(which drains Kingston Park and parts of the Newbiggin Hall housing estate) directly into
the Ouseburn River. As there are only daily discharge data until 1990, the analysis of the
change in streamflow in the Ouseburn River as a result of these developments is limited in
scope compared to more recent developments.
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The analysis first looks in detail at the change in flows in five locations along the
Ouseburn River in response to the 30 June 2007 rainfall event. This includes the sudden
change in flow seen downstream of where the Kingston Park stormwater drains flows into
the Ouseburn River. Then, the long-term changes in the daily discharge at Crag Hall are
considered by looking at the base flow index (BFI) and the recessions.

3.1. Rainfall Event on 30 June 2007

The effect of the Kingston Park developments can be seen most clearly by considering
individual events, making use of the MS4W (Table 2) discharge stations as well as those
from the Environment Agency. Figure 3a shows the discharges at five locations on the
Ouseburn River for an event on 30 June 2007, which was selected as there are discharge
data for all the stations and 15 min rainfall data.
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Figure 3. Discharge for a large rainfall event on 30 June 2007 at five discharge stations on the Ouseburn River, (a) measured
and (b) simulated, where KP is the 1976-1978 Kingston Park development. Simulated values show the results for three
scenarios, ‘pre KP” before the Kingston Park development, ‘post KP with pond” after the Kingston Park development
with a detention pond included in the model and ‘post KP no pond” after the Kingston Park development was built with
stormwater drains connected directly to the Ouseburn River. ‘Post KP no pond’, i.e., 1, 2, 3¢, 4c and 5¢, corresponds to the
current situation. Rainfall is the areal averaged value for the Crag Hall catchment with (a) 15 min data and (b) hourly data
shown, as these were used in the simulation.

Woolsington and Brunton Bridge discharge stations show a typical rural response
with a considerable time lag between the rainfall and the peak discharge. However, there
was a significant change in response between Brunton Bridge discharge station and the one
at Kingston Park, even though Kingston Park is located only 1 km downstream of Brunton
Bridge. The Kingston Park flows had a higher peak and a shorter lag time, peaking about
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four hours before Brunton Bridge. At around midnight on 30 June 2007, around 80% of the
measured flow (~4 m3/s) at the Kingston Park discharge station came from inlets on the
short section of river between Brunton Bridge and Kingston Park. In 2007, there were no
other stormwater sewer inlets between the Brunton Bridge and Kingston Park discharge
stations [30], so the vast majority of the flow at this time came from the Kingston Park
stormwater drain. Downstream from Kingston Park discharge station, at both the Three
Mile Bridge and Crag Hall discharge stations, the flows were still peaky with a short lag
time. The flow at Crag Hall was affected by a number of stormwater inlets into the river
from urban areas between Three Mile Bridge and Crag Hall.

As there are no hourly flow data from before 1978, hydrological modelling (Section 2.3)
was carried out to understand the effect of the Kingston Park developments on the river
flows (Figure 3b), with three scenarios considered. The first scenario corresponds to the
situation before the Kingston Park developments were completed in 1978, called ‘pre KP”.
The second scenario corresponds to the period after the Kingston Park developments were
completed but with the inclusion of a stormwater detention pond in the model, called
“post KP with pond’. This was a theoretical pond of 150,000 m® designed to test the effect
of capturing all the flow from the Kingston Park stormwater drain. The third scenario
corresponds to the period after the Kingston Park developments were completed but were
without a detention pond, and this is called ‘post KP no pond’, which corresponds to the
current situation (note that the scenarios were run with hourly data, rather than 15 min
data, as it is part of the longer simulation for which only hourly rainfall data are available).
The modelling results show that in the ‘pre KP’ scenario, the Kingston Park simulated
discharge data (line 3a in Figure 3b) correspond very closely to those of Brunton Bridge
(line 2), with a similar lag time and a slightly higher peak. Downstream, at Three Mile
Bridge (line 4a), there is again a similar shaped hydrograph and slightly longer lag time,
whilst at the catchment outlet at Crag Hall (line 5a), there is flow into the river form older
housing estates, so there are considerably larger flows than those at Kingston Park and
Three Mile Bridge. The “post KP with pond’ scenario shows similar results to the “pre KP”
scenario although the discharges at Kingston Park, Three Mile Bridge and Crag Hall are
all slightly larger. This is because in the “pre KP’ scenario, rain that fell on the Newbiggin
Hall housing development was removed from the model as the housing development at
that time had combined sewers with the water removed from the catchment to a treatment
works, whereas in the “post KP with pond” scenario, rain that fell on the Newbiggin Hall
housing development is modelled as flowing through stormwater drains to the pond
before being gradually released into the river. The “post KP no pond’ scenario, which
corresponds to the current situation, produces a response that is much more similar to
the measured discharge, but very different to the other two scenarios. In particular, the
simulated Kingston Park discharge (line 3c) now has a much faster response with a shorter
lag time and a larger peak than the other two scenarios (lines 3a and 3b). This change in
response is also very obvious downstream at Three Mile Bridge (line 4c, compared with
lines 4a and 4b) and Crag Hall (line 5¢, compared with lines 5a and 5b). The difference
in peak discharge at Crag Hall between the ‘post KP no pond” scenario (line 5¢c) and the
other two scenarios (lines 5a and 5b) is actually larger than the difference at Kingston Park
(line 3c compared to lines 3a and 3b), despite the changes being confined to the area that
drains through the Kingston Park stormwater sewer. This is because the higher flow at
Kingston Park discharge station (“post KP no pond’ scenario) is also increasing the river
celerity and, thus, any additional flows into the river are reaching the outlet faster.

Figure Al shows the measured and simulated discharges for an event on 6 August
2011. The measured data show a similar response to those for 30 June 2007 (considered in
more detail in Section 4.1) The simulated discharges show the same significant change in
response between the ‘pre KP” and “post KP no pond’ scenarios, as shown in Figure 3b for
the 30 June 2007 event.
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3.2. Base Flow Index

The base flow index (BFI) is defined as the ratio of long-term baseflow to total stream-
flow [41]. Therefore, it is reasonable to expect a lower value of BFI in urban catchments as
there is a faster runoff response with more surface flow and less baseflow. In this work, the
method used to calculate BFI is the smoothed minima approach developed by Institute of
Hydrology in the United Kingdom [42]. The calculation only requires daily flow data, so it
is useful as for the Crag Hall discharge station only daily data are available up to 1990.

For each year, the BFI has been calculated for the Ouseburn at Crag Hall and at the
nearby Blyth at Hartford Bridge and Wansbeck at Mitford catchments (Figure 1—inset).
The Blyth and Wansbeck catchments at these locations are predominately rural, and thus
provide a good baseline with which to see if there are any changes in the Ouseburn at the
Crag Hall catchment.

Figure 4 shows that the BFI for the Blyth at Hartford Bridge and Wansbeck at Mitford
catchments vary considerably from year to year but they are well correlated. The Ouseburn
at Crag Hall also has high and low values in the same year as the other two catchments.
However, as the lower panel in Figure 4 shows, there is a trend. The value at Crag Hall
is considerably larger (0.16 and 0.18) than at Hartford Bridge in 1976 and 1977. There is a
sudden drop, in 1978, of around 20-40% (the exact value is hard to quantify due to inter-
annual variability). After 1978, there is some variation but, in general, there is a gradual
decline in values at Crag Hall compared to those at Hartford Bridge. The Mann-Kendall
test shows a downward trend from 1983 to the present at the 0.05 significance level but
there is no trend from 1992 to the present, which is the period of the analysis in Section 4.
The drop in 1978 corresponds to the completion of the Kingston Park stormwater drain.
The trend of smaller values at Crag Hall after 1978 might be related to the building of the
Newcastle Western Bypass road; there was also some industrial development and small
housing estates built within the catchment in the 1980s.
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Figure 4. Base flow index (BFI) for the three catchments shown in the Figure 1 inset. The lower pane shows the difference in
BFI values between the Ouseburn at Crag Hall and the Blyth at Hartford Bridge catchments. A positive value signifies that
the BFI value is larger at Crag Hall than at Hartford Bridge.
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The significant reduction in BFI in 1978 appears to be related to the commissioning
of the Kingston Park stormwater drain, but the change is hard to quantify because of the
annual variation in BFI values. Therefore, the Shetran hydrological model was used to
see if it reproduces the same reduction in BFI between the ‘pre KP” and “post KP no pond’
scenarios. The ‘post KP no pond’ scenario is the calibrated simulation from 2004 to 2014,
i.e,, the current situation, and the BFI values correspond extremely closely to the measured
values (Figure 4), whereas the ‘pre KP’ scenario is the simulation from 2004 to 2014 but
with the model altered to remove the Kingston Park developments and revert back to the
original agricultural land. Incorporating the Kingston Park development produced a 24%
reduction in BFI values, which confirms the statistical analysis results (20-40% reduction).

3.3. Recessions

There has been considerable research analysing hydrograph recessions (e.g., [43,44])
and it is useful here as another method of examining the effect of the Kingston Park
development. In order to consider only the recessions, it was necessary to remove days
with significant rainfall. This was achieved by calculating the areal averaged rainfall from
a 1 km gridded daily rainfall dataset [45] and removing the days that had rainfall greater
than 1 mm either on the day or on the previous day. The discharge was then plotted
against the change in discharge between that day and the next (Figure 5). This shows a very
different response in the 1976-1977 period compared to the other periods. For example, the
fitted curve for a discharge of 1 mm/day has a reduction in discharge of 0.17 mm/day? for
1976-1977 and a reduction of 0.30 to 0.32 mm /day? for the other periods. Therefore, the
1976-1977 period has a much more gradual recession with a sudden change at the start
of 1978.

|
# 2000-2019 o *®
= 1980-1999 % .
1979-1980 " . ®
] - ** m o
© 1976-1977 o .

Discharge (mm/day)

Figure 5. Recession analysis for the Ouseburn at Crag Hall catchment showing the change in discharge for a particular

discharge for non-rainfall days.

4. Newcastle Great Park Developments 2004-2019

This section contains an analysis of the effect of the Newcastle Great Park development
on flows in the Ouseburn River. Unlike the Kingston Park development, the developments
in this period have been built gradually (Table 1), so a sudden change in the flow at Crag
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Hall discharge station is not expected. However, the flow data have a much better temporal
resolution (Table 2 shows that they are hourly and sub-hourly from 1991 as opposed to
daily data up to 1990) and long-term data from both Woolsington and Crag Hall discharge
stations are available, so smaller changes in flow as a result of the land-use change are
possible to identify.

The analysis was achieved by first considering a rainfall event from 6 August 2011
and how both the water levels in the Melbury detention pond and flows in the Ouseburn
River respond to this event. The hydrological simulations also show the simulated changes
in flow as a result of building the Melbury detention pond. The BFI and recession analysis
from Sections 3.2 and 3.3 are relevant here, as they include the time series data up to 2019,
but they do not show any recent trends. Therefore, the rest of the analysis in this section
focuses on the hourly data at Woolsington and Crag Hall with statistical tests to see if there
are any trends in this data.

One issue when considering changes in flow as a result of gradual changes in land-use
is separating these changes from changes in the climate [37]. However, the Ouseburn catch-
ment is an ideal location to analyse these changes as the Woolsington nested sub-catchment
has not undergone significant development, so comparing the flows at Woolsington and
Crag Hall allows for only the changes in land-use to be analysed. Therefore, using data
from both Woolsington and Crag Hall catchments can be considered as a paired catchment
approach. From 1991 to the present, hourly data and some sub-hourly data are available
for both sites, with the dataset over 99% complete.

4.1. Rainfall Event on 6 August 2011

One of the first Newcastle Great Park developments was the Melbury housing estate
(Figures 2 and 6). This was completed in approximately 2008 and has a surface area of
0.24 km?. The stormwater drains feed into a stormwater detention pond between the
housing estate and the Ouseburn River at four different locations. The small upper pond
(Figure 6) was designed to take water draining from a stretch of the Newcastle Western
Bypass dual carriageway road with an area of 0.02 km?; however, this road still currently
drains directly into the Ouseburn River. There is a culvert between the upper pond and the
main pond; therefore, during major rainfall events, they effectively act as a single pond.
The total surface area of both ponds is 25,000 m?, with an “effective’ volume of around
14,000 m?> (the ‘effective’ volume is variable as there are sometimes elevated water levels
in the pond at the start of a rainfall event due to groundwater flows, which reduce the
potential storage capacity). The pond was built so that the water level remained below the
level of the overflow weir for design storms with return periods of 100 years and durations
from 4 h to 24 h, and also for a historic rainfall event with a return period of 136 years with
65 mm of rainfall over six hours. The outlet is controlled by a 0.225 m diameter pipe, which
acts as a throttle with a maximum flow of about 0.073 m3/s [31]. Water from the pipe
flows into the Ouseburn River between the Kingston Park and Three Mile Bridge discharge
stations. As part of the MS4W project, water levels were measured in this pond. Figure 7a
shows the measured flows in the Ouseburn River and the water level in the detention pond
from an event on 6 August 2011. As with the event on 30 June 2007, there is a sudden
change from the rural response at the Woolsington and Brunton Bridge discharge stations
(lines 1 and 2) to the more urban response downstream at the Kingston Park, Three Mile
Bridge and Crag Hall discharge stations (lines 3, 4 and 5). The Kingston Park flows again
have a higher peak and a shorter lag time than at Brunton Bridge. The water level in the
stormwater detention pond shows that it captures all of the surface runoff from 28 mm of
rainfall that fell in 10 h, with the water level rising from 0.22 m to 0.48 m and then gradually
falling as a result of the controlled release. As a result of this development, there is no
obvious change in flow response at Three Mile Bridge and Crag Hall.
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Figure 6. The Melbury housing development and detention pond within the Ouseburn catchment. The inset shows a

picture of the pond outlet. Google Earth image (©Google, Digital Globe).

Three simulation scenarios were carried out to also consider the effect of the Melbury
housing development on river flows. The first scenario includes the Melbury housing
development as agricultural land (‘pre Melbury’). The second scenario includes the period
after the housing development had been completed and when the pond had been built
(“post Melbury with pond’), which is the current situation. The third scenario includes
the period after the housing development had been completed but when no pond had
been built (‘post Melbury no pond’). In second scenario, water storage of 14,000 m® was
incorporated into the model on the land between the housing estate and the river, with a
gradual release of this water back into the river after storm events. The ‘post Melbury with
pond’ scenario reduces the peak flow by 1.4% at Three Mile Bridge and by 0.8% at Crag
Hall compared to the “pre Melbury’ scenario, whereas the “post Melbury no pond’ scenario
increases the peak flow by 1.8% at Three Mile Bridge and by 3.0% at Crag Hall compared
to the ‘pre Melbury’ scenario (Figure 7b).

The same three scenarios show a very similar response for the rainfall event on 30 June
2007, the results of which are shown in Figure A2.

4.2. Trends in Flows

The analysis considers whether there are any trends in the flows on the Ouseburn
River as a result of the Newcastle Great Park developments in Table 1. This is carried out
by considering hourly measured data at Woolsington and Crag Hall.

From 1992 to 2019, the annual values of Q10 and Q50 (the flow exceeded 10% and 50%
of the time) at Crag Hall and Woolsington were extracted from the hourly discharge data
and are shown in Figure 8. The low flows, Q90, are not shown as, at Crag Hall, these are
affected by effluent returns from industrial units and leaky combined sewer connections.
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Figure 7. Discharges for a large rainfall event on 6 August 2011 at five discharge stations on the Ouseburn River:

(a) measured and (b) simulated. Simulated values show the results for three scenarios, ‘pre Melbury’ before the Mel-

bury housing estate was built, ‘post Melbury with pond” after the Melbury housing estate was built with a detention pond

included in the model and “post Melbury no pond” after the Melbury housing estate was built with stormwater drains

connected directly to the Ouseburn River. TMB is the Three Mile Bridge discharge station. Rainfall is the areal averaged

value for the Crag Hall catchment with (a) 15 min data and (b) hourly data shown as these were used in the simulation.

The areal averaged flows (mm/day) at Crag Hall and Woolsington show a similar
response, as annual precipitation varies little across the catchment (Section 2.2). Values
range from 0.6 to 2.2 mm/day for Q10 values and from 0.08 to 0.37 mm/day for Q50 values.
The Mann-Kendall test detected no trend in any of these series at a significance level of
0.05. In Figure 8c, the ratio of the areal averaged flows (Crag Hall/Woolsington) is shown
for Q10 and Q50 values. At the significance level of 0.05, these also show no trend. The
previous analysis of recessions (Figure 5) also shows that the fitted curve is almost the same
for the two periods of 1980-1999 and 2000-2019. All these data suggest that the Newcastle
Great Park developments have not had a significant effect on the flows at Crag Hall.

4.3. Analysis of the Largest Events

Where hourly discharge data were available for both Woolsington and Crag Hall,
rainfall events that produced the 400 largest discharges were extracted for the period from
1992 to 2019. Events needed to be at least 24 h apart to be considered as distinct. In Figure 9,
the ratio of the peak flows at Crag Hall to those at Woolsington is shown. Due to the
larger catchment area, the flows at Crag Hall are typically around four to five times bigger,
although there is considerable variation, mainly due to the spatial variation in rainfall.
There is a slight downward trend in the ratios with a value of 4.9 in 1992 reducing to 4.2 in
2019. The Mann-Kendall test shows that this is significant at the 0.01 level. This suggests
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that more recent peak flows are reducing at Crag Hall compared to those at Woolsington.
Potentially, this could be a result of the stormwater detention ponds built as part of the
Newcastle Great Park development. However, there is no sudden change corresponding to
this development and there is a downward trend from 1992 to 2004, in the period before
any stormwater detention ponds were built. Another possible reason is the reduction in
leaks in the water supply and sewage network, so there is less urban recharge [46], which,
for large events, allows more infiltration and could reduce the peak flows at Crag Hall.
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Figure 8. Areal averaged flows at Crag Hall and Woolsington. (a) is the Q10 annual discharge value, which is the flow
exceeded 10% of the time. (b) is the Q50 annual discharge value, which is the flow exceeded 50% of the time. (c) The ratio of
the flow at Crag Hall to the flow at Woolsington for Q10 and Q50 flows.
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Figure 9. The ratio of the peak flow at Crag Hall to the peak flow at Woolsington for the largest 400 events for the period
from 1992 to 2019. The trendline shows a slight downward trend.

4.4. Peaks over Threshold Analysis

An alternative way of testing to see if the Newcastle Great Park Development has
changed the flow regime for big events is to consider the number of peak over threshold
(POT) events. These were considered for both Woolsington and Crag Hall from 1992
to 2019. Events were extracted if the flow was greater than 1 m?/s at Woolsington and
5m3/s at Crag Hall. This produced 144 events at Woolsington and 131 events at Crag Hall,
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which are shown in Figure 10, although years where the discharge record is less than 99%
complete have been removed. The number of events shows considerable variation over
the time series but, at the 0.05 significance level, the Mann—-Kendall test shows no trend in
the number of events in terms of either time series or the differences in numbers of events
between the two time series.
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Figure 10. Number of peak over threshold events at Woolsington and Crag Hall discharge stations.

5. Discussion

The Ouseburn catchment (see Section 2.1 for details) provides an unusual and prime
opportunity to assess the effect of housing developments and stormwater detention ponds
for two reasons. Firstly, the housing developments were carried out in two distinct phases
with little development between the phases: the Kingston Park development from 1976 to
1978 and the Newcastle Great Park development from 2004 to present. Both developments
had separated sewer systems but the Newcastle Great Park developments were also built
with stormwater detention ponds. Secondly, the Ouseburn River has two long-term river
gauging stations and some short-term discharge records, which enables potential changes
in the flow regime as a result of the developments to be seen.

5.1. Discussion of the 1976-1978 Kingston Park Developments

Both the analysis of the BFI and the recessions have shown a very different flow
response at Crag Hall in 1976 and 1977 compared to the years from 1978 to the present.
There was a larger base flow in 1976 and 1977 and more gradual recessions. The change
corresponds to the completion of the Kingston Park development and the connection of
the Kingston Park stormwater drain to the Ouseburn River. It is, perhaps, surprising
that the flow from a 2.1 km? urban area can have such a large effect on the flows in a
54 km? catchment and the two-year record from before the completion of the Kingston
Park developments is rather short. However, individual events with high resolution data
from a larger number of discharge stations, such as from 30 June 2007, show a much
earlier and larger peak downstream of where the Kingston Park stormwater sewer joins
the Ouseburn River and this effect is still very obvious further downstream at the Crag
Hall catchment outlet. Hydrological modelling shows a similar large response as a result
of completion of the Kingston Park development and the connection of the stormwater
sewer. Overall, we can have confidence that the development has had a major effect on
flows in the Ouseburn River, increasing the ‘flashiness’ of the hydrograph and, thus, the
flooding risk.

5.2. Discussion of 20042019 Newcastle Great Park Developments

The measured water levels at the Melbury stormwater detention pond suggest it is
working as planned and the modelling work shows that the housing development with a
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detention pond produces a small reduction in peak flows, and without a detention pond it
produces a small increase in peak flows. The other detention ponds (Table 1) were designed
in a similar way to be able to store the water that flows from the housing developments
through the separated sewer system into the pond for design storms with a return period
of at least 100 years of different durations.

The catchment data were analysed to see if the cumulative effect of a larger number
of housing developments with detention ponds affects the flow regime in the Ouseburn
River. The BFI and recession data, which include data from 1976 to 2019 (Figures 4 and 5),
show no recent change in flows. The analysis of the data at Woolsington and Crag Hall
shows that, from 1992 to 2019, there was little change in the flow regime at either location.
There is no trend in the Q10 or Q50 flows or the number of POT events. The only trend
seen is when the 400 biggest events are considered, where the ratio of the flows at Crag
Hall to flows at Woolsington shows a slight downward trend (i.e., smaller flows at Crag
Hall compared to Woolsington), although this trend cannot be attributed directly to the
Newcastle Great Park developments. Overall, the Newcastle Great Park developments
have been shown to not increase the downstream flows, as feared by the local population,
and they may be having a small effect in terms of reducing them. With further Newcastle
Great Park developments in progress and more ponds being utilised, further research is
needed to check that the developments are continuing to not increase the flood risk.

5.3. Discussion on the Location of Ponds and Their Effectiveness

In order to reduce the peak flow in a river and the potential for flooding, both the control
of the outlet discharge from detention ponds [47] and the location of the ponds [48-50]
are important. If the pond delays the peak from a new development and this new peak
coincides with the upstream flood peak, then this can aggravate the downstream flooding
issues. This effect depends on the rainfall duration, intensity and its distribution within
the catchment, and also antecedent conditions throughout the catchment. To test these
factors for flooding at Crag Hall, the calibrated hydrological model of the catchment was
run for 45 events, with a simulated discharge greater than 5 m3/s, considering the effect of
the ponds on the peak flows (Figure 11). The results show variations for different events,
but the simulations show that the Kingston Park pond would result in big reduction in
peak discharge for every event, whilst the Melbury pond would also result in a reduction
in peak discharge for every event, but with a much smaller reduction than for Kingston
Park. Therefore, at Crag Hall, both detention ponds have a positive effect in terms of
reducing flooding for all major events. Downstream of Crag Hall, the Ouseburn River
flows through a narrow-wooded valley for 3 km and then for 1 km underground and, in
this section, flooding issues are not considered to be important. Downstream of where the
river reappears above ground, the tidal influence from the Tyne River is the most important
aspect with respect to flooding.

5.4. Comparison with Other Studies

Jefferson et al. [26] and Li et al. [27] reviewed a number of studies that focus on
the effect of SCMs, including GI and SuDS features, on flow regimes in urban and peri-
urban catchments. The majority of the studies considered a modelling approach but some
considered an empirical approach by carrying out a statistical analysis of the measured
data. Jefferson et al. [26] highlight the potential of SCMs in delivering more natural flow
regimes, although they note that the performance of SCMs in terms of reducing peak flows,
predicted by models, seems to be much greater than that observed using the measured data.

This study uses both a modelling and empirical approach, and with the empirical
approach it considers both the change in discharge over time as well as a paired catchment
approach by utilising discharges at both Woolsington and Crag Hall. In this case, the
results using both the modelling and empirical approach are in good agreement.



Water 2021, 13, 2521

16 of 20

0
-5
__-10
X
o -15
o0
(4]
S -20
2
)
£ 725
()
o1}
c -30
©
N =
(&)
-35
-40
-45

1 [ o°
& '.3 & o %o ° °
(A
° °
°
°
® °
°
°
°
°o ° ° o
.. ) ®
o0 ®
° ° ®
(]
®e, ° e
°
° °
o ® Kingston Park
& °
° ® Melbury
5 10 15 20 25 30 35

Simulated Discharge (m3/s)
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6. Conclusions

There have been a number of housing and business developments within the Ouse-
burn catchment, Newcastle upon Tyne, since the 1970s. This study considered the effect of
these developments on flows in the Ouseburn River and assessed whether the stormwater
detention ponds that were incorporated into the more recent developments work as they
were designed to do.

The results clearly show that the older Kingston Park development led to a major
change in the flow regime within the Ouseburn River. The data analysis and modelling
demonstrate that it has made the catchment more ‘flashy’, increasing the downstream
peak flows, reducing the time to peak and reducing the base flows. For example, for an
event on 30 June 2007, the modelling shows that there is a 65% increase in peak flow and a
three-hour reduction in time to peak as a consequence of an urban development and the
connection of an urban area of 2.1 km?, directly to the Ouseburn River, via a stormwater
drain. However, the newer Newcastle Great Park development has had a minimal effect
on the downstream flow regime, possibly slightly reducing some of the peak flows for
the big events. Both developments were predominantly housing developments built with
separated sewer systems, the difference being that the Kingston Park development had no
infrastructure built to attenuate the flows, whereas all the housing developments in the
newer Newcastle Great Park have been built with stormwater detention ponds.

Each stormwater detention pond or group of ponds within the Ouseburn catchment
was designed to capture the runoff from an individual housing development for rainfall
events with return periods of at least 1 in 100 years. However, the ponds do not work in
isolation, and it is necessary to consider how multiple ponds effect downstream flows and
flooding issues. This work demonstrates, using both statistical analysis of the data and
modelling, that, in this case, the ponds are achieving their intention at attenuating the flows
and, thus, not increasing the peak flows. Without their presence, for more intense rainfall
events, there would be larger peak flows and, thus, potentially more downstream flooding.
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This case study is useful in providing more evidence of the catchment scale effect
of stormwater detention ponds. It shows that stormwater detention ponds have the
potential to avoid any increase and potentially reduce downstream flood risk during
urban expansion, but there are still many uncertainties and challenges in the assessment of
stormwater detention ponds and other GI or SuDS features at the catchment scale [27]. This
includes limitations in the modelling of the ponds and the river catchment, and sufficiently
detailed monitoring data that are able to capture the effect of the ponds on streamflow even
with all of the other variability in meteorological data. Useful future research will include
the use of long term datasets for other catchments and further analysis with different GI or
SuDS features, including research into their locations within a catchment.
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Figure Al. Discharge for a large rainfall event on 6 August 2011 at five discharge stations on the Ouseburn River,
(a) measured and (b) simulated, where KP is the 1976-1978 Kingston Park development. Simulated values show the
results for three scenarios, ‘pre KP’ before the Kingston Park development, ‘post KP with pond’ after the Kingston Park
development with a detention pond included in the model and ‘post KP no pond” after the Kingston Park development
was built with stormwater drains connected directly to the Ouseburn River. ‘Post KP no pond’, i.e., 1, 2, 3¢, 4c and 5c,
corresponds to the current situation. TMB is the Three Mile Bridge discharge station. Rainfall is the areal averaged value for

the Crag Hall catchment with (a) 15 min data and (b) hourly data shown, as these were used in the simulation.
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Figure A2. Discharge for a large rainfall event on 30 June 2007 at five discharge stations on the Ouseburn River: (a) measured

and (b) simulated. Simulated values show the results for three scenarios, ‘pre Melbury’ before the Melbury housing estate
was built, ‘post Melbury with pond” after the Melbury housing estate was built with a detention pond included in the model
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and “post Melbury no pond” after the Melbury housing estate was built with stormwater drains connected directly to the
Ouseburn River. Rainfall is the areal averaged value for the Crag Hall catchment with (a) 15 min data and (b) hourly data
shown, as these were used in the simulation.
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