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Abstract: In order to reduce the flooding risk in urban and peri-urban river catchments, retention
ponds or wet detention ponds are often used. However, there has been little work that uses distributed
hydrological modeling to consider their optimum location and design in order to reduce the flood risk
in a river catchment. This work considers two existing and two potential ponds in the 22.8 km? Braid
Burn catchment, Edinburgh, Scotland. Using the Shetran physically based distributed hydrological
model, the effect of these ponds on the river discharges for eight measured rainfall events and two
design rainfall events is considered. The results show the larger Blackford pond is best at reducing
the peak discharge at the catchment outlet. The other three ponds are designed to be almost the same.
The potential pond in the upper part of the catchment reduces the peak discharge at the outlet; the
pond in the middle at Oxgangs makes little difference to the peak discharge, while the potential pond
in the lower part of the catchment increases the peak discharge at the outlet. These results show that
when considering flood risk, the location of a retention pond within a river catchment is important,
and it can make the flooding worse at the outlet if it is located in the wrong location. This work
suggests the pond should be located in the upper part of the catchment, although the ideal location
will depend on the catchment’s shape and lag time.

Keywords: stormwater retention ponds; flooding; urban catchments; hydrological modeling; reten-
tion pond location; urban development

1. Introduction

In river catchments, urbanization has the potential to increase the flood risk [1-4]. This
is caused by the increased impervious area, which increases the peak flows and runoff
volumes and reduces the time to peak in the catchments [5-9]. To negate the impact of the
increased imperviousness, a range of methods are used to store and slow down the flow
of water [10-16]. There are a number of terms used to describe these methods, including
nature-based solutions (NBS), blue-green infrastructure (BGI), sustainable drainage systems
(SuDS), green infrastructure (GI) and stormwater control measures (SCM). Retention ponds
or wet detention ponds are a type of NBS or SCM often incorporated into new housing
developments in urban catchments [17]. Unlike detention ponds, these ponds include a
permanent pool of water in their design. They are designed to store some excess water, with
an outlet structure that gradually allows discharge into the downstream drainage network.

In many countries, SCM are required for all new developments to reduce the size of
the flood peak discharging into the downstream drainage network [18]. Jefferson et al. [19]
have reviewed their effectiveness at a catchment scale, and Bell et al. [14] carried out a meta-
analysis of the effect of SCM in catchment modeling studies, and a statistical relationship
they produced shows that incorporating SCM causes a reduction in peak flows. However,
as was first shown by McCuen [20], local reductions in peak discharge can actually increase
the peak discharge in other parts of the larger river catchment. McCuen [20] showed that
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the delayed peak can coincide with the main peak in the main river channel and so increase
the overall peak flow. A number of other researchers have also considered the location of
detention and retention ponds on peak flows in a river catchment [21-26]. They all showed
that, in order to reduce the peak flow, the location of the pond is important. This analysis
was carried out by Fang et al. [24] and Ravazzani et al. [25] using distributed hydrological
models, which, in both studies, were calibrated on two flood events.

This work focuses on the functioning of stormwater retention ponds in the Braid
Burn peri-urban river catchment (22.8 km?) and the effect of these ponds on downstream
flooding, with the aim to investigate what is the optimal location for a retention pond and
the optimum design of the ponds to reduce the flooding at the catchment outlet. Compared
to previous distributed hydrological modeling studies [24,25], this is achieved, firstly, by
using a hydrological model at a finer resolution (50 m) and, secondly, by calibrating the
model against hourly measured discharge data for an eight-year period. This enables the
effect of two existing ponds and two potential ponds for eight rainfall events that produce
annual maximum discharges to be analyzed. The results are also compared against running
the model for two design rainfall events. Recommendations for the optimum location of
retention ponds in other river catchments are considered.

2. Data and Methods
2.1. Case Study: Braid Burn Catchment

The Braid Burn (55.929° N, 3.154° W) is a river that rises southwest of the city of
Edinburgh, Scotland, in the Pentland Hills (Figures 1 and 2) and generally flows in a
northeasterly direction. The river flows between the Braid Hills and Blackford Hill to the
Liberton gauging station, which has a catchment area of 16.2 km?. Near Inch Park and
Peffermill, it merges with the Jordan Burn, which flows east, along the northern edge of
the Blackford Hills. This work considers the Braid Burn catchment to Peffermill (22.8 km?),
just downstream of the confluence of the Braid Burn and the Jordan Burn.

The highest elevation within the catchment is at 486 m in the Pentland hills near its
southern edge. It drops steeply down from this point to the Edinburgh bypass, only 2 km
north of the highest point, which has an elevation of around 150 m. Downstream of the
Edinburgh bypass, and within the urbanized part of Edinburgh, the catchment becomes
more gentle, and over the next 7 km to Peffermill, the elevation drops to 44 m.

The catchment is prone to flooding, with a significant event in April 2000. This is due
to the steep upper parts of the catchment, which have thin soils (see Section 2.5), and a
rapid response to rainfall events, together with the urbanization of the lower part of the
catchment. As a consequence, two major flood storage reservoirs were built on the playing
fields located in Inch Park and Peffermill, with a combined storage of 220,000 m3 [27]. The
scheme was completed in 2010.
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Figure 1. The Braid Burn catchment, showing the location of the Liberton Discharge station, the
existing Blackford and Oxgangs Ponds and their catchment boundaries.

Ground surface
Elevation (m)

| E
B 10
150
250

N 40

Oxgangs

Figure 2. The Braid Burn catchment elevations. The location of the four ponds considered in this
work and their modeled catchment boundaries are also shown. The 50 m model grid resolution and

the modeled river channels can be seen.
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2.2. Blackford and Oxgangs Ponds

There are currently two ponds within the Braid Burn catchment: Blackford and
Oxgangs ponds (Figure 1). The Blackford Pond is the larger of the two and is a semi-natural
feature established in the 19th century in a natural glacial hollow [28]. It increases the
flood resilience of the surrounding area, despite not having been designed as a retention
pond [29]. The pond has a surface area of 7780 m?, a volume of 6480 m?, and its catchment
area is 0.19 km? (190,000 m?). The south and east of the catchment that drains into the pond
is dominated by Blackford Hill (Figure 1), and the land use is a mixture of forested areas,
grassland and allotments (where the local residents grow their own fruit and vegetables).
An outlet pipe controls the flow from the pond north into the Jordan Burn. The Oxgangs
pond was established at the end of 2009 as a retention pond. The surface area of the pond is
1750 m?; it has a volume of 431 m3, and the pond’s catchment area is 30,800 m?. The pond
is fed by storm drains from the housing development built at the same time as the pond.
The outlet of the pond is to the north, directly into the Braid Burn.

2.3. Upper and Lower Ponds

Two potential ponds were considered as part of this work (Figure 2). These were
designed to have the same catchment area and pond dimensions as the Oxgangs pond, and
they also discharge water directly into the Braid Burn. Similar to the Oxgangs pond, they
were also designed to contain a housing development, with storm drains feeding the pond.
The Upper pond is located on grassland, just south of the Edinburgh bypass at the edge
of the Pentland Hills. The Lower pond is located in Inch Park on a playing field, which is
near the location of the large flood storage reservoir considered in Section 2.1 [27], but this
work considers data only up to 2009, and that scheme became operational in 2010.

2.4. Discharge, Rainfall and Catchment Boundary Data

Hourly rainfall data for a 10-year period (1 January 2000-31 December 2009) from
a national 1 km gridded rainfall product was used [30], together with daily potential
evaporation for the same period [31]. Hourly discharge data for the Liberton Gauging
station were obtained from the Scottish Environment Protection Agency [32] and were used
for the calibration of the hydrological model.

In addition to the above, two design rainfall events were used when analyzing the
effect of the ponds on river flows. These events were produced using the UK depth-
duration—frequency model, where rainfall events have symmetrical shapes with centered
peak intensities [33]. The events selected were the 1 in 100 year 1 h event and the 1 in
100 year 6 h event.

The catchment boundary data from the National River Flow Archive [34] were ex-
tracted for the catchment to Liberton; this was then extended to the larger catchment by
considering the flow directions from 2 m Lidar data. The catchment boundary for the pond
at Blackford was already well defined (Figure 2). The flow of water into the Oxgangs pond
is from the storm drains rather than natural flow, and due to the resolution of the model, to
correctly force these flow pathways into the pond required some small manual changes to
the elevations. Checks were carried out on the elevations at the Upper and Lower ponds,
so that the catchment areas corresponded to those at Oxgangs.

2.5. Hydrological Modeling

The physically based spatially distributed Shetran hydrological model [35] was used
in this work. The model was developed from the original SHE model [36] by the University
of Newcastle. It is mostly coded in Fortran 95 and has been used extensively throughout the
world [37,38]. The model is suitable for this work, as it considers all the flows of water in
the river catchment and is also able to incorporate the ponds into the model [39]. The model
includes components for vegetation interception, evaporation 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
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solved on a three-dimensional grid using finite-difference equations [40]. An important
component of this work is the routing of flows to and along the river channels, which is
achieved in Shetran using the diffusive wave approximation of the full 2D shallow water
equations. For the 22.8 km? Braid Burn catchment, the model used 9120 grid squares at a
50 m x 50 m resolution. In addition, 542 river channels were defined along the edge of the
grid squares (Figure 2).

The hydrological modeling was carried out as a two-stage process. Firstly, the model
was calibrated against hourly flows at the Liberton gauging station (16.2 km?). This baseline
model was run for the period from 1 January 2000 to 31 December 2009, with a two-year
spin-up period and a calibration from 1 January 2002 to 31 December 2009. Secondly,
changes compared to a baseline run were calculated by incorporating one or all of the
ponds into the model. The changes considered were to the discharge from each of the
ponds into the adjacent river and also to the discharge at the outlet of the larger Braid Burn
catchment (22.8 km?). Model runtimes for the period from 1 January 2000 to 31 December
2009 were approximately 36 h.

Soil, geology and land-use parameters were based on national measured datasets [41]
and can be seen in Tables 1 and 2. The Braid, Blackford and Pentland Hills (Figure 1) have
an igneous bedrock with no superficial deposits and only a thin overlying soil (soil 1 in
Table 1), whereas in the other parts of the catchment, there is a sedimentary base rock of
the Kinnesswood Formation (aquifer in Table 1) with superficial till deposits and freely
drained brown soils [42] (soil 2 in Table 1). There was a calibration of the soil and geology
saturated hydraulic conductivities to improve the correspondence between the measured
and simulated flows in the first stage of the hydrological modeling.

Table 1. Soil and aquifer parameters used in the model. * indicates a parameter was calibrated.

Soil/Aquifer Deep at Base of Layer Saturated Moisture Residual Moisture Saturated Hydraulic
1 (m) Content (-) Content (-) Conductivity (m/Day)
Soil 1 0.2 0.45 0.10 50.0 *
Soil 2 1 0.45 0.10 150.0 *
Aquifer 5 0.4 0.20 1*
Table 2. Land-use parameters used in the model. * indicates a parameter was calibrated.
. Canopy Storage Actual/Potential Strickler Overland
Vegetation Type Capacity (mm) Leaf Area Index () Evaporation Ratio (-) Flow (m'3 s-1)
Forest 5 5.0 1.00 1.0*
Grassland 15 3.0 0.60 4.0*
Urban 0.3 0.3 0.20 10.0*
Water 0 0 1.00 30.0%

The land use in the Pentland Hills is predominately rough grassland, and the remain-
der of the catchment is predominately urban, although there are parks, which includes
some forested areas, and golf courses. There was a calibration of the Strickler coefficient
(inverse of Manning’s coefficient) for the different land-use types.

For the Oxgangs, Upper and Lower ponds (Figure 2), a pond was incorporated into the
model by reducing the elevation of one grid square, so it became a 50 m by 50 m (2500 m?)
pond. For the Blackford pond catchment (Figure 2), to incorporate the pond into the model,
the elevation of 5 grid squares (12,500 m?) was reduced. The Strickler coefficient in all grid
squares where a pond was defined was reduced to slow the flow of water; this increased
the maximum water depth and delayed and attenuated the flow of water into the adjacent
river channel. The effect of this is similar to having an outlet structure in a retention pond
that controls the flow of water from the pond into the adjacent river channel. To consider
the effect of different outlet structures on flows discharging from a pond, three different
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Strickler coefficients were used; the lower the value, the slower the flow of water in the
pond, which increases the storage. The low value was set at 0.25 (called increased storage),
the standard value was set at 1 (called standard storage), and a higher value was set at 4
(called decreased storage).

The Blackford and Oxgangs ponds were based on the actual characteristics of the pond.
It should be noted that the resolution of the model is insufficient to perfectly represent the
pond. However, both ponds are modeled in sufficient detail to reproduce the important
features of delaying and attenuating the flow of water into the adjacent river.

3. Results
3.1. Model Calibration

The first stage of the hydrological modeling was the calibration of the hourly simulated
discharge against the hourly measured discharge (Figure 3) at the Liberton gauging station
(16.2 km?). To assess the quality of this calibration, the standard Nash-Sutcliffe efficiency
(NSE) and percentage bias (PBias) objective functions were used [43]. For the hourly
discharge, the model had a NSE value of 0.69, and for mean daily discharge, a value of 0.73,
where the perfect simulation had a NSE value of 1, and a value of zero indicated that the
model simulation had the same skill as using the mean of the measured discharge. For
the PBias, the model gives a value of 7%. Moriasi et al. [43] suggest that this a good value
for NSE and a very good value for PBias. More useful is how it benchmarks against other
models of the same catchment, and Lane et al. [44], using four lumped hydrological models,
showed NSE values of 0.52-0.57 for the daily discharges for this catchment. The higher
NSE value using Shetran than the benchmarks suggests it is a suitable hydrological model
for this catchment, and the good NSE value suggests it is capable of simulating the change
to the discharges as a result of incorporating the ponds into the model.
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Figure 3. Measured and simulated discharges (a) for the 8-year calibration period from 1 January
2002 to 31 December 2009, (b) for a 4-day period from 6 August 2008 to 10 August 2008.
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It is interesting to note that about 75% of the catchments considered by Lane et al. [44]
have NSE values greater than the value they obtained for this catchment. This suggests
this catchment is one of the harder ones to model. This is probably because it is a small
peri-urban catchment with a fast runoff. Additionally, the spatial variation in rainfall
between the Pentland Hills and the lower urban area is considerable and probably not
captured accurately by the rain gauge network, and hence, the gridded rainfall used in
this work. The fast response to rainfall can also be seen in Figure 3b, which shows a very
rapid rise and fall in the hydrograph, with a lag time of only around 2 h between the peak
rainfall and discharge (this is considered in more detail in Section 4).

3.2. Change in Discharge to the Water Courses Adjacent to the Ponds

The second stage of the hydrological modeling considered changes from a baseline
run by incorporating each of the ponds into the model. A design 1 in 100 year 1 h event
is considered here; having rainfall in only a 1 h period makes it easier to understand how
the ponds are working. The flows from the ponds into the adjacent water course can be
seen in Figure 4 for both the baseline run and for the model with the ponds incorporated.
The difference between the two can be seen in Figure 5. These figures show three main
points. Firstly, as designed in the model, the Oxgangs, Upper and Lower ponds behave very
similarly, both with and without a pond. There is a very fast rise and fall in the discharge,
as the catchment areas for these ponds are small and urban. They are not identical due
to local variations in the slope within these small catchments. The Blackford pond has
a much larger non-urban catchment and so a slower rise in the hydrograph and a more
gradual recession. Secondly, in all cases, the pond delays the peak of the hydrograph and
reduces the size of the peak. This attenuation is more pronounced where there is increased
storage available in the pond (Table 3). In the Blackford pond, the reduction in peak flow
and increase in lag time are much larger than for the other ponds. Thirdly, for the Oxgangs,
Upper and Lower ponds, there is an initial large reduction in the peak discharge (Figure 5),
but then, there is an increase in discharge as a result of the pond, with the stored water
being released to the adjacent channel. This change between reducing the discharge and
increasing the discharge occurs after 1 h 45 min for the increased storage, 1 h 30 min for the
standard storage and 1 h 15 min for the decreased storage. In the Blackford pond, there is
also a reduction in the peak discharge and then an increase in flow as a result of the pond.
However, the change takes much longer to occur. For the increased storage, it is after 8 h,
for the standard storage, after 4 h 30 min and for the reduced storage, after 2 h 45 min.

Table 3. The change in flow peak and lag time to the adjacent water course as a result of incorporating
the ponds into the model for a 1 in 100 year 1 h event.

Increased Storage

Standard Storage

Decreased Storage

Pond Peak Flow (m%/s)  Reduction in Lag Time Reduction in Lag Time Reduction in Lag Time
Peak (%) (Hours) Peak (%) (Hours) Peak (%) (Hours)
Blackford 0.24 92 14.5 86 5 71 2.25
Oxgangs 0.30 85 1.25 65 0.75 28 0.25
Upper 0.33 85 1.25 59 0.5 27 0.25
Lower 0.35 83 1.5 60 0.5 27 0.25
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Figure 4. Flow from the four ponds into the adjacent water courses for a 1 in 100 year 1 h event
starting at hour 0. This is for the baseline run with no pond and incorporating each pond into the
model. (a) increased storage, (b) standard storage, (c) decreased storage.
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Figure 5. Difference in flow into the adjacent water courses for a 1 in 100 year 1 h event starting at
hour 0. These are the differences between the baseline run and the incorporated pond. (a) increased
storage, (b) standard storage, (c) decreased storage.

3.3. Change in Discharge at the Catchment Outlet for a 1 in 100 Year 1 h Event

The effect at the catchment outlet of incorporating each of the ponds is considered in
this section. Figure 6 shows the baseline discharge for a 1 in 100 year 1 h event and the
percentage change in discharge compared to the baseline run for each of the four ponds
incorporated into the model. In the previous section, the Oxgangs, Lower and Upper ponds
produced very similar changes to discharge to the adjacent water course. However, at the
outlet of the catchment, the results are very different due to the different locations of the
ponds within the catchment. The Lower pond produces a big initial drop in the outlet
discharge in hour 1, as it is close to the catchment outlet, and there is also a drop in hour
2. However, at hour 3, when the peak discharge occurs at the catchment outlet, the pond
increases the discharge to its adjacent water course (Section 3.2), so it produces a small
increase in discharge at the outlet. The Oxgangs pond produces the peak reduction in
outlet discharge at hour 2, but there is also an increase in discharge at hour 3, whereas for
the Upper pond, there is a decrease in discharge at hours 2 and 3. For the Blackford pond,
there is a reduction in discharge at the outlet at hours 2-5 and an increase in discharge at
hours 6-12. For the peak discharge at the outlet, which occurs at hour 3, the Upper and
Blackford ponds reduce the discharge, whereas the Oxgangs and Lower ponds increase
the discharge.
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Figure 6. Baseline outlet discharge flow and change in discharge for each incorporated pond for a
1in 100 year 1 h event starting at hour 0. This is for the standard storage.

The plot of the change in discharge against the baseline discharge can be seen in
Figure 7. In Figure 7b, for the standard storage, the data are the same as for Figure 6,
again showing that for the highest baseline discharge (11.7 m?3/s), the Blackford (—0.51%)
and Upper (—0.77%) ponds reduce the discharge, but the Lower (+0.51%) and Oxgangs
(+0.26%) ponds increase the discharge. For the increased storage in Figure 7a, the Upper
(—1.4%) pond easily produces the best reduction in storage, with the Blackford (—0.54%)
and Oxgangs (—0.22%) ponds also reducing the discharge, and the Lower pond increasing
the discharge (+0.30%). For the reduced storage in Figure 7c, the Blackford (—0.28%)
pond produces the best reduction in storage, with the Upper (—0.13%) pond slightly
reducing the discharge, whereas the Oxgangs (+0.31%) and the Lower ponds increase the
discharge (+0.42%).
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Figure 7. Baseline outlet discharge flow plotted against the change in discharge for each pond for
a1in 100 year 1 h event. The dots represent every hour, and the arrows show the increasing time
through the model simulation. (a) increased storage, (b) standard storage, (c) decreased storage.

3.4. Change in Discharge at the Catchment Outlet for 10 Rainfall Events

In this section, the effect of the ponds on the outlet discharge for 10 rainfall events is
considered. These are the eight measured rainfall events that produce annual maximum
discharges for the 8-year calibration period from 1 January 2002 to 31 December 2009,
together with the 1in 100 year 1 h and 6 h events (Table 4). The length of the rainfall event
in Table 4 is somewhat arbitrary, but for every hour in that period, the rainfall must be
greater than 0.1 mm. Note that these are catchment average rainfalls, whereas for the eight
measured rainfall events, gridded rainfall data are used.

For the 10 rainfall events with the standard storage, Figure 8 shows that the Blackford
pond works successfully for every event, with an average reduction in discharge of 0.67%.
Of the three similarly designed ponds, the location is important. On average, the Upper
pond works best with a reduction in peak flow in 7 out of the 10 events and an average
reduction in peak flow of 0.34%. The Oxgangs pond produces a reduction in peak flow in 6
out of the 10 events, with an average reduction of 0.06%, whereas the Lower pond actually
increases the peak discharge in 8 out of the 10 events, with an average increase in peak
discharge of 0.16%. Figure 8 also shows that all the ponds together work better than any of
the individual ponds, with an average reduction in peak flow of 0.82%. Figure 9 shows the



Land 2022, 11, 1368 12 of 17

results for the increased and decreased storage, as well as the standard storage. In all the
ponds, this shows that over the 10 events, this increased storage works better at reducing
the peak flow than the decreased storage.

Table 4. The change in flow peak at the catchment outlet compared to the baseline run for the four
individual ponds and with all the ponds incorporated into the model. This is for the eight measured
events that produce annual maximum discharges and the two design events.

Total Rainfall Length of Event Peak Flow Blackford Oxgangs Upper Lower All Ponds

Event (mm) (Hours) (m®/s) (%) (%) (%) (%) (%)
22 October 2002 67 48 6.7 ~0.39 ~0.04 ~0.10 —0.08 ~0.60
22 January 2003 9.6 8 11 ~0.63 ~0.18 ~0.71 0.34 ~1.17
24 October 2004 11.8 4 34 ~0.82 ~0.32 —0.74 0.20 ~1.36
12 October 2005 73 44 37 —041 0.03 0.01 0.06 ~0.32
14 September 2006 116 4 22 —0.61 —0.34 ~0.58 0.31 ~0.70
19 August 2007 38 34 36 ~0.61 0.09 0.07 0.14 ~0.30
6 August 2008 75 47 133 ~1.03 0.17 0.07 0.07 ~0.73
4 September 2009 15.6 1 34 ~0.69 ~0.14 ~0.20 ~0.12 ~1.06
100-year 1h 37 1 117 ~0.51 0.26 ~0.77 0.51 ~043
100-year 6 h 65 6 28.2 ~1.03 ~0.11 —0.46 0.14 ~149
1.0
0.5
() 0.0 .I [ ] | I. I
eo 0. -I I [ | I | |
£ Bla Oxfangs Ufiper Lower
2
(=)
x -0.5
©
(]
a
£
&
8 1.0
©
=
o
-1.5
W 2002 m2003 2004 2005 ®m2006 m2007 m2008 ®2009 M 100year-lh M 100year-6h
-2.0

Figure 8. Change in the peak outlet discharge for each pond for the 10 rainfall events (8 measured
events that produce annual maximum discharges and 2 design events). Additionally shown are the
synergistic results for the catchment outlet due to incorporating all the ponds into the model. These
results are for the standard storage.
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Figure 9. Box plot showing the change in the outlet discharge for each pond for the 10 rainfall events
(8 annual maximum events and 2 design events). Additionally shown are the synergistic results for
the catchment outlet due to incorporating all the ponds into the model. Results from the increased,
standard and decreased storage are shown.

4. Discussion

This work is focused on the peak river discharges at the outlet of the 22.8 km? Braid
Burn catchment. If the flooding location were either upstream or downstream of this
location, then the effect of the ponds would be different. For this location, the results clearly
show that for the standard storage for the three ponds with similar catchment areas and
design (Oxgangs, Upper and Lower), the Upper pond generally reduces the peak flow, the
Oxgangs pond has little effect on the peak flow, and the Lower pond makes the flooding
worse by increasing the peak flow. The reason for this depends on the lag between the most
intense rainfall and peak discharge and also the location of the ponds. Of the 10 events
considered in Table 4, 8 of them have a lag time between the most intense rainfall and peak
discharge of either 2 or 3 h. The other two events have lag times of 5 and 6 h. For a pond to
be successful at reducing the peak flow, this lag time should correspond to the sum of the
total lag time for the pond to discharge into the adjacent water course plus the travel time
of the flood wave from this location to the outlet. For the Lower pond, the travel time of a
flood wave from the adjacent river channel to the catchment outlet is much too short, and
in most cases, when the peak flow is at the catchment outlet, the pond is releasing water
stored during the rainfall event and so increasing the flow. For the Upper pond, the travel
time of the flood wave from the adjacent river channel to the catchment outlet is sufficient
for the pond to still reduce the peak discharge. However, Figures 6 and 7 show the pond
produces a bigger percentage reduction in flow at the catchment outlet in the previous hour,
although with a similar actual reduction. So, installing the pond slightly higher up in the
catchment or further away from the main Braid Burn channel would have had a slightly
better effect on alleviating the peak discharge at the catchment outlet. However, finding a
suitable location in this location might be difficult.
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For the 1in 100 year 1 h event, the Upper pond performs slightly better at reducing the
peak flow than the Blackford pond. The other events where it worked well were those in
2003, 2004, 2006 and the 1 in 100 year 6 h event. Table 4 shows these are all shorter-duration
events, where the pond is able to store the water and release it when the most intense
rainfall had passed. The remaining events considered are of a much longer duration, and
the Upper pond is either not reducing the flow much or increasing the flow slightly when
the most intense rainfall occurs. The Blackford pond is much bigger, with a much larger
catchment, which means it can store water and reduce the discharge into the adjacent water
course for a much longer period of time (Section 3.2). Consequently, it works successfully
for all 10 rainfall events. This shows the importance of modeling a range of real historic
rainfall events (in addition to design rainfall events) when considering the functioning of
a pond.

5. Conclusions

The Braid Burn catchment has suffered from a number of flood incidents, causing
significant damage to buildings within the city of Edinburgh. As a consequence, a large
flood scheme was installed next to the river in the Inch Park and Peffermill area, with a
combined storage of 220,000 m3 [27]. The scheme was designed to protect over 900 homes
and businesses against a 1 in 200 year flood event and was completed in 2010. However,
this work has a very different focus, which is understanding how small retention ponds
installed to reduce flooding from local housing developments function in a wider river
catchment. It considers the best location and design of these small retention ponds to
reduce flooding at the outlet of the Braid Burn catchment. The issues and applicability are
not only relevant for this catchment but for new retention ponds designed in any urban or
peri-urban catchment.

There are four main conclusions. Firstly, the location of the retention pond is very
important. If it is too close to the area where flooding is an issue, then it can increase the
peak discharge and potentially make the flooding worse. This is because it stores water
when the rainfall is at its most intense, and when the main river flows are still low, but
then, it releases an increased flow at the same time as the flood reaches its peak. In these
locations, the aim should be to discharge the water out of the catchment as quickly as
possible. Ponds installed further upstream work better, but finding the ideal location is
complicated. At the location where flooding is an issue, the typical lag time between the
most intense rainfall and the peak discharge can be found. At the ideal pond location, this
lag time should correspond to the sum of the lag time for the pond discharging into the
adjacent water course plus the travel time of the flood wave from this location to the outlet.
In other words, if the pond is discharging into the main river channel, one wants the peak
reduction in flow from the pond to occur when the river flow in the main channel at this
location is at its peak. As a general rule of thumb, taking into account the faster flows in
the river channel compared to soil and aquifer flows, this suggests that ponds adjacent to
river channels should be located in the upper part of the catchment. Secondly, as expected,
bigger ponds produce greater attenuation of the flow and reduce the flow in adjacent water
courses for longer periods of time. As this reduced flow into adjacent water courses occurs
for longer, it is easier for there to be synchronization between the reduced flow from the
pond and the peak flows in the main river channel, which suggests that the location of
bigger ponds is not as crucial as that of smaller ponds, although further work is necessary
to show this is indeed the case. Thirdly, increasing the amount of water that can be stored
in any of the ponds is helpful in reducing the flooding risk. Fourthly, when designing the
ponds, real rainfall events, as well as design events, should be used to analyze the effects of
the pond. The complicated variation in real rainfall events affects the results.

This work used the Shetran physically based distributed hydrological model at a fine
resolution to help analyze the best location and design for small retention ponds to reduce
flooding. The main limitation of the modeling approach is defining the model parameters
that relate the water depths in the ponds to the outlet discharge into the adjacent water
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course, as this depends on the design structure at the outlet of the pond, which is different
for every pond. This uncertainty is considered by using different roughness coefficients for
the pond.

Further work using the same modeling procedure for other catchments with different
topographies and shapes, in order to check whether the same conclusions are valid, would
be useful. It is also noteworthy that although our research considered only ponds, the
findings presented here are likely to be applicable to other SCM, e.g., constructed wetlands.

It should also be noted that in addition to flood risk reduction, the ponds provide a
range of other ecosystem services, including water quality improvement, increased amenity
and biodiversity values [45]. Hence, the decisions on the location and design characteristics
of any particular pond should be based on the consideration of all the multiple benefits, as
well as costs and logistical constraints. Further research should address these issues, plus
the practicalities of incorporating the findings presented here into tools calculating the net
benefits resulting from changes in land use and installation of ponds and other SCM [29].
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