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Abstract
Storm water detention ponds are usually designed to store-and-release the runoff of extreme rainfall events based on a selected
return period, e.g., 100 years. The design storm is typically a recorded historical event or one that is extracted from historical
intensity–duration–frequency (IDF) curves. In essence, the selected storm and the resulting design are deterministic. In this research,
the inevitable natural weather variability and its impact on the uncertainty of extreme events are simulated and quantified. This
study builds on the results of a previous study where a stochastic weather generator, LARS-WG, was used to generate an ensemble
of series with a 30-year length of hourly rainfall in the city of Saskatoon, Canada, based on the statistical properties of historical
rainfall. Here, the most critical day (24-h rainfall) of each of the series is identified as a possible realization of the design storm. The
runoff of each realization of the storm events is routed to a storm water pond in Saskatoon using the XPSWMM model. The critical
runoff volume collected in the pond throughout the 24-h duration is also identified. Empirical probability distributions are fitted to
the critical values of runoff volumes collected in the pond and compared with the current design storage. Exceedance probabilities
and expected flood risk are estimated from the probability distributions for the baseline period (1960–1990), as well as under three
projected future (2014–2100) scenarios of climate change (RCP 2.6, 4.5, and 8.5). Along with the magnitude of expected risk, this
method provides the probability of the infrastructure’s failure due to uncertainty. The proposed risk-based approach presented in
this study provides a way for municipalities to quantify the risk associated with their selected design values and for tangible and
meaningful interpretation of the risks that projected climate change might pose on storm water infrastructure. The main finding of
this study is that the distribution of rain throughout the storm event may play a more important role than the total rainfall depth when
water ponding/flooding is the major concern. It is further concluded that risk analysis must be tailored to the type of infrastructure
under consideration.
© 2018 National Water Research Center. Production and hosting by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
The topic of climate change and its potential impacts on our physical environment has been the center of attention for
over a decade in water resources literature. The overwhelming attention given to this topic is valid as projected changes
in hydrometeorological variables, such as temperature and precipitation, can significantly affect the hydrological cycle
and available water resources (Piao et al., 2010; Arnell, 1999), water demand (Doll, 2002; Grouillet et al., 2015), landuse
(Wheeler and Braun, 2013; Hanewinkel et al., 2013), risk of extreme events (Coumou and Rahmstorf, 2012; Shahabul
Alam and Elshorbagy, 2015; Cai et al., 2014; Monier and Gao, 2015), food security (Gregory et al., 2005; Schmidhuber
and Tubiello, 2007), and the viability of water infrastructure. The hydrometeorological research community has made
significant strides in the direction of quantifying possible climate change impacts on precipitation (Rudolph et al.,
2012; Rana et al., 2014), streamflow (Yang et al., 2014), temperature (Lauri et al., 2012), reservoir operation (Raje and
Mujumdar, 2010), flood risks (Veijalainen et al., 2010), and droughts (Jenkins and Warren, 2015).
In many studies, as is often the case in hydrology, surrogates are used to quantify and assess the impacts of climate
change. For example, changes in the amount of streamflow is considered to represent water availability (Hassanzadeh
et al., 2015). However, the complexity of water resource systems and the interactions among water supply, demand, and
policy make the mere changes in streamflow too simplistic as a representation of water shortage. Similarly, progress
has been made to estimate the impacts of climate change on the intensity–duration–frequency (IDF) curves and design
storms in various regions (Olsson et al., 2012; Rodríguez et al., 2014; Shahabul Alam and Elshorbagy, 2015; Kuo et al.,
2014; Srivastav et al., 2014; Hassanzadeh et al., 2014a). However, this alone leaves municipalities with unanswered
questions regarding the translation of the estimated change (e.g., 15% increase in extreme rainfall) to the urban storm
water management infrastructure and its temporal storage capacity. The manner in which the storm is distributed over
time, the runoff routing to detention or retention ponds, and the store-and-release mechanism of the storage facility
can absorb or amplify the projected change in the rainfall amount. Until such issues are addressed, it is difficult to
convince decision makers of the “real” impacts of climate change on water resource systems and infrastructure.
An example of progress in the direction of quantifying the real impacts of climate change on stakeholders is the use of
hydro-economic models to assess the economic impacts of climate change and water shortage on society (Harou et al.,
2009; Hassanzadeh et al., 2014b; George et al., 2011; Varela-Ortega et al., 2011). This is achieved through propagating
the change of climate on hydrology using a series of models to downscale the climate change effect, predict the effects
on streamflow, and use the predicted flows as boundary conditions in hydro-economic water allocation models to
estimate the economic effects of shortage on various water users. The outputs of such models are useful for both policy
and decision makers, who rely on socioeconomic values for their tradeoff analysis and high level decision making, and
utility managers who can assess risks and manage infrastructure assets.
This paper focuses on the effect of storms on small urban watersheds and one of its major storm water infrastructure
— detention ponds. The objectives of this paper are to (i) quantify extreme runoff as the variable of interest for storm
water ponds, rather than rainfall, along with its uncertainty that stems from natural weather variability; and to (ii)
quantify the magnitude of flood risk due to insufficiency of storage capacity, along with the probability of the pond’s
failure in meeting its urban flood objectives. The analysis is performed under historical and projected climate change
scenarios. The proposed work aims at producing a risk-based framework for evaluating urban water infrastructure and
the associated risk of failure.

2. Analysis of the major system of storm water infrastructure
Storm water detention ponds are a popular storm water management practice in many communities (Goff and
Gentry, 2006). Their main function is to make the slopes of the outflow hydrographs in the rising and recession
segments smoother than those without detention ponds (Chen et al., 2007). Meanwhile, the shape of the peak becomes
flatter if a detention pond is installed. Such a function modifies the runoff flowing further downstream through the storm
sewer network and receiving rivers. Decades ago, engineers realized that detention ponds designed for a particular
return period, e.g., 100-year storm, may have very little effect on the peak flow reduction of even smaller return periods;
e.g., 10-year storms (Whippel and Randall, 1983). This was later addressed by considering multiple return periods
for the design and analysis of ponds (Akan, 1989). Earlier research placed emphasis on the routing process and the
pond’s ability to reduce the outflow peak. The role of storm water ponds in controlling pollution was also considered in
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optimization frameworks for determining the design parameters, such as storage volume, release rate, and pond depth
(Behera et al., 1999).
One should not overlook an important aspect of detention ponds, which is the ability to temporally preserve the
collected runoff volume within its design level to protect the surrounding community from flooding. Little attention
is given to the fact that storms with the same duration and total depth; i.e., same return period, can have significantly
different effects on the detention ponds as a result of different intra-storm rainfall distributions, which generate different
runoff ratios. Large uncertainty is associated with the amount of possible loading (runoff) to the storm water ponds
as a result of natural weather variability. Designers need to model major uncertainty drivers and investigate design
alternatives under a range of possible scenarios (Deng et al., 2013).
In a comprehensive presentation of the methods used for the design of detention ponds, although using a hypothetical
urban catchment, Guo (2001) noted that the design storm approach, continuous simulation approach, and the analytical
probabilistic approach (Guo and Adams, 1999) ignore the detailed distribution of rainfall intensities within each event.
It has been a typical practice to also assume that the statistical characteristics of the rainfall will remain the same
in the future. Recent studies on climate change indicated that the return period of an annual maximum precipitation
(AMP) amount will decrease significantly by the end of the 21st century while the frequency of extreme rainfall events
will increase (IPCC, 2013). Consequently, climate change is projected to have significant effects on urban drainage
and design considerations of storm water collection infrastructure (Willems, 2013; Watt and Marsalek, 2013; Mynett
and Vojinovic, 2009). This led to investigations of changes to IDF curves, used for urban drainage designs in many
places, under climate change (Arnbjerg-Nielsen, 2012; Hassanzadeh et al., 2014a; Liew et al., 2014; Shahabul Alam
and Elshorbagy 2015; Peck et al., 2012; Wang et al., 2013). However, IDF curves overlook the actual distribution
of rainfall within each storm. This study highlights the issue of intra-storm distribution of rainfall and its effect on
detention ponds.

3. Case study and data
Saskatoon lies in the middle of the Canadian prairies (106.7◦ W, 52.2◦ N), which is a region of relatively wet
summers and dry winters. The average annual precipitation over Saskatoon is 352 mm between 1961 and 2003
according to the daily precipitation records available through the Canadian Daily Climate Data (CDCD) portal
(www.climate.weatheroffice.gc.ca). The region is expected to observe extreme precipitation events more frequently
under climate change (Martz et al., 2007; Shahabul Alam and Elshorbagy, 2015). In Saskatoon, data up to 1986 were
included in the construction of the current IDF curves, which are used for municipal design purposes. Critical storms,
from a design perspective, in Saskatoon are typically convective summer storms with less than two-hour duration. The
maximum storm duration considered in Saskatoon is 24-h. The city uses the storm of June 24, 1983, which is almost
a 100-year storm, for design purposes. The storm accumulated 96 mm of rain in 24 h, with 76 mm of the rain was
concentrated in one hour.
This study extends and builds on the work of Shahabul Alam and Elshorbagy (2015) in which the weather generator,
LARS-WG, was calibrated using the observed daily precipitation data at Saskatoon’s Diefenbaker Airport station,
measured by Environment Canada (EC), to generate an ensemble of 30-year time series of daily rainfall values
between April and September. Shahabul Alam and Elshorbagy (2015) developed a K-nearest neighbor (KNN) model to
disaggregate the daily rainfall to hourly values. These generated rainfall time series for the baseline period (1960–1990),
as well as the projected future values, based on the Canadian general circulation model (GCM) titled CanESM2 and
representative concentration pathways RCP 2.6, 4.5, and 8.5, were used for this study. Details of LARS-WG, its
calibration using rainfall measurements in Saskatoon, and the RCPs can be found in Shahabul Alam and Elshorbagy
(2015).
The Blairmore pond urban catchment (subdivision) was selected as a case study for this research (Fig. 1). It is a
small catchment in southwestern Saskatoon with an area of 0.71 km2 , average slope of 2%, and average imperviousness
of 40%. The normal water level (permanent pool) of the pond is at an elevation of 498.69 m. The 1983 design storm,
which accumulated 96 mm of rain in 24 h, increases the water elevation up to 501.50 m with a corresponding storage of
58,175 m3 . The maximum possible water level in the pond, which reaches the back of the parcels (private properties),
is 502.50 m with a corresponding storage volume of 88,943 m3 . Any collected runoff volume exceeding 58,175 m3 is
considered to exceed the safe design level as water gets into the free board. The storm water collected in the pond is
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Fig. 1. Blairmore pond catchment in southwestern Saskatoon.

gradually released through the storm water sewer system to the South Saskatchewan River. It might take close to one
day to empty the pond in case of 100-year storms.
4. Methodology for analysis and design
Shahabul Alam and Elshorbagy (2015) constructed projected future IDF curves for Saskatoon, Canada, under climate
change, assuming the RCPs of 2.6, 4.5, and 8.5. LARS-WG, a stochastic weather generator, was used to generate 1000
realizations of the daily rainfall series based on the statistical properties of the observed rainfall in Saskatoon during
the baseline period (1960–1990). Consequently, the GCMs’ output of projected daily rainfall under various RCPs was
spatially downscaled to the local scale of Saskatoon using LARS-WG. Furthermore, Shahabul Alam and Elshorbagy
(2015) disaggregated the daily time series to an hourly scale using the KNN technique. The annual maximum rainfall
values of various storm durations were calculated and the generalized extreme value (GEV) probability distributions
were used to construct the IDF curves. Here, we do not use the IDF curves, but rather benefit from the ensemble
of continuous hourly time series of rainfall generated for the baseline period, as well as the projected future series
(2014–2100) based on the CanESM2 and RCPs 2.6, 4.5, and 8.5. The generated database for this study includes (i)
an ensemble of 1000 stochastically generated continuous time series of hourly rainfall values (between April and
September) representing the natural weather variability over the baseline period (1960–1990); and (ii) ensembles of
1000 time series, generated based on each of the three future RCPs.
A moving window of 24-h length was used to scan each hourly time series (30 years of baseline period and each
of the three future RCPs between 2014–2100) and identify the most critical window, i.e., the day with the maximum
depth of rainfall in the time series. The 24-h window was selected because it is the pre-set design duration in the
city of Saskatoon. However, the same method can be implemented with any other selected window length. Repeating
this process with each of the generated time series, 1000 critical storms with a 24-h duration were identified for the
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baseline period and for each of the three future RCPs. The generated 1000 storms for each climate conditions; i.e.,
baseline and future, allow for estimating the uncertainty stemming from the inevitable natural weather variability and
for quantifying the probability of exceeding or not-exceeding a selected threshold. This approach ensures following
the design methodology in Saskatoon, which relies on 24-h critical storms, with adding a stochastic dimension to it
to quantify the uncertainty due to natural weather variability. An additional advantage of relying on the continuous
time series simulated using weather generators is that storms of various patterns of intra-storm temporal distribution
of rainfall are obtained. Ideally, each of the 1000 storms can be used as an input to a hydrologic–hydraulic model;
e.g., XPSWMM (XP Solutions 2014) to simulate the runoff collected in the detention pond. However, to reduce the
computational burden to a practical range, Latin Hypercube sampling was used to sample a smaller number of storms
(32 storms in this study) covering the entire range of the 1000 simulations.
The effect of each of the 32 storms, with a 24-h duration, on the urban catchment was simulated using a storm water
management model, XPSWMM, which is typically used by the City storm water planners and designers. This model
is able to simulate runoff from rainfalls through the consideration of factors such as rainfall distribution, percentage
of imperviousness, soil infiltration, evaporation, soil precedent moisture, etc. The model uses dynamic equations to
route the simulated runoff into storm water infrastructures such as pipes, channels, detention ponds, and other storage
facilities. XPSWMM has been in use by the City of Saskatoon for several years to allow for the design and management
of their storm water infrastructure. The model used for this analysis consisted of a number of neighborhoods, including
the areas adjacent to the pond, all of which drain to the river by the means of the same outfall. Therefore, all storm
water infrastructure, and hence their hydraulic conditions, which could affect the pond’s hydraulic grade line, were
considered. Once the water level in this pond reaches an elevation of 498.62 m, water will leave the pond and flow
downstream towards the river through a series of pipes. For each 24-h run (storm scenario), the maximum runoff volume
(m3 ) accumulated in the pond was recorded as it represents the used storage. The empirical probability distribution
(EPD) of the 32 used storage values was constructed to represent the uncertainty of the runoff volume that is collected
and detained in the pond temporally. The actual design value of the pond was compared against the EPD as will be
shown in the Results section. Any runoff volume collected in excess of the design storage creates flood risk that can
be estimated using the EPD. The EPD was used with the current design value to calculate two indicators that quantify
the risk of flooding: the exceedance probability (EP) and the expected risk (ER) of overfilling the detention pond.
5. Results and analysis
5.1. The performance of the pond under the baseline conditions
Fig. 2 is a straightforward validation of the hypothesis on which this research is founded. The total rainfall depths
of the sampled 32 storms for the baseline period are plotted against their simulated runoff volume that is accumulated
in the detention pond. The volume selected for the plot is the maximum amount of water stored during the 24-h storm
duration. It is obvious that storms of similar total rainfall depth can lead to different runoff volumes in the pond, and
thus, assessing critical situations based only on the total rainfall depth can lead to a significantly different conclusion
from that drawn based on the resulting runoff volume accumulated in the pond. For example, a storm with a rainfall
depth of 76 mm in a 24-h period resulted in a maximum stored runoff volume of 55,388 m3 , whereas another storm
with a slightly higher depth of 78 mm resulted in a maximum stored runoff volume of only 39,800 m3 . Along the same
line of argument, the current design storm depth of 96 mm can indeed result in maximum stored runoff volume within
the safe limits, around 58,500 m3 . However, it can also lead to a significantly higher value of 71,900 m3 (Fig. 2). These
two different storms, which are labelled in Fig. 2 by letters A and B, are presented in Fig. 3. Apparently, the rainfall
distribution within the storm plays a major role in its effect on the detention pond. Storm A is very similar to the
storm of June 24, 1983, which is currently used as the design storm. This point is indeed very important for storm
water management, especially in light of recent findings that increasing temperature, as expected in the future for the
Canadian prairies, can change the rainfall dynamics and distribution within the storm significantly (Wasko and Sharma
2015).
Each of the hourly 32 storms generated for the baseline period was used as an input to XPSWMM. From there,
the runoff accumulated in the detention pond was predicted and the maximum accumulated runoff during the 24-h
duration was identified as the critical runoff volume for the storm under consideration. The EPD fitted to the 32 values
is shown in Fig. 4(a). A few important and relevant observations can be made regarding the results shown in Fig. 4. The
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Fig. 2. The used (filled) storage of the storm water detention pond under different cumulative storm depths. The storm A is very similar to the
current design storm in Saskatoon.

Fig. 3. The rainfall distribution within storms A and B marked by stars in Fig. 2.

natural weather variability, quantified by the generation of an ensemble weather series and represented in the form of
a probability distribution, is a major source of uncertainty around the critical (design) storm. This is evident even with
regard to the total storm depth (Fig. 4(b)). This uncertainty leads to risk because any event that lies on the figure to the
right of the design level poses a flooding risk. Fig. 4 shows that even currently for the baseline period, the probability
that the critical storm might exceed the design level is around 0.30 (Fig. 4(a)). Assessing and quantifying the current
level of risk is important as a reference for the evaluation of the risk that might arise from any future development or
climate change scenario. It is important to note that all 32 storms were extracted as critical 24-h storms from ensemble
of series, which have the same length. Therefore, the uncertainty represented by the probability distribution is regarding
the flooding magnitude for a given return period.
Another point of importance to consider involves the two indicators associated with uncertainty around the design
capacity of the pond: (i) the exceedance probability (EP), which is 0.30 for the case study of the Blairmore pond
(Fig. 4(a)), and (ii) the magnitude of the expected risk (ER), which can be estimated as the area under the EPD and
bounded on the left side by the vertical line representing the design level (Haldar and Mahadevan, 2000). For the
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Fig. 4. Probability distribution of the (a) used storage of the detention pond during the critical 24-h storm and (b) critical 24-h rainfall depth. The
vertical line represents the design value.

Blairmore pond, the ER is calculated to be 2300 m3 under the baseline conditions according to the analysis presented
here. We propose that the municipal regulations can use either the EP, ER, or both as design and evaluation criteria. In
our assessment, and for the evaluation of existing ponds, the EP criterion seems to be sensible and easier for stakeholders
to comprehend. The EP value of 0.30 can be acceptable as it is exceedance probability when the critical storm occurs.
The critical storm itself typically has a small probability of occurrence — close to 0.01 in the city of Saskatoon, using
the GEV distribution (Shahabul Alam and Elshorbagy 2015). If we want to restrict our estimation of the probability
of occurrence to the empirical value based on the 30 year record, the probability of the critical storm is 0.03. The EP
value proposed here represents the fact that there can be several realizations of the critical storm due to natural weather
variability.
A final point of importance is the difference between inferences made and conclusions drawn based on Fig. 4(a)
and (b). Traditionally, design storms are selected in many places using IDF curves and the total depth of rainfall. If the
rainfall depth is used (Fig. 4(b)), the EP is much lower with a value of 0.09, which might lead to the conclusion that the
pond provides a safety level with certainty higher than it actually does, as shown in Fig. 4(a). This important difference
comes from the fact that the total rainfall depth approach ignores the effect of the intra-storm rainfall distribution and its
effect on the runoff volume accumulated in the pond. The ER value, calculated based on Fig. 4(b) to be around 1.3 mm,
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Fig. 5. Probability distributions, under baseline conditions and future scenarios, of both the (a) used storage of the detention pond during the critical
24-h storm and (b) critical 24-h rainfall depth. The vertical line represents the current design value.

reflects a different ER to that estimated based on Fig. 4(a). An easy way to comprehend the uncertainty numbers is
through comparing them to the current design values as a reference (96 mm of rain and 58,175 m3 of runoff storage).
The percentages of the ER values compared to the design value for the baseline period are 4.0% and 1.3% based on
the runoff volume and the total rainfall depth, respectively. EP and ER values measure two different aspects of the
problem. Even one extreme storm to the right of the EPD’s tail can increase the ER value sharply, while not affecting
the EP value; it certainly depends on the shape of the EPDs.
5.2. Effects of climate change on the performance of the detention pond
The same steps of modeling and analysis conducted with the baseline rainfall data in the previous section were
repeated with three future RCPs (RCP 2.6, 4.5, and 8.5) based on the CanESM2. The results are shown in Fig. 5. The
risk profiles constructed for the three RCPs are different from each other and also different from the baseline period
scenario. The exceedance probability (EP) of RCPs 2.6 and 8.5 are close with values of 0.45 and 0.48, respectively,
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Table 1
Exceedance probability and expected risk for the Blairmore detention pond under baseline conditions and future climate scenarios.
Scenario

Baseline
RCP 2.6
RCP 4.5
RCP 8.5

Maximum stored runoff (m3 )

Critical rainfall depth (mm)

EP

ER

(m3 )

EP

ER (mm)

0.30
0.45
0.15
0.48

2300 (4.0%)
5200 (9.0%)
2800 (4.8%)
7400 (12.7%)

0.09
0.36
0.06
0.42

1.3 (1.3%)
6.4 (6.6%)
3.3 (3.5%)
6.2 (6.4%)

EP: exceedance probability; ER: expected risk; numbers between parenthesis are the percent of the expected risk compared to the current design
value.

but different from RCP 4.5 that seems to be posing an even lower EP value (0.15) than the existing baseline value of
0.30 (Fig. 5(a)). However, the expected risk (ER) value of RCP 4.5 is higher than the baseline value due to an extreme
event that can generate 101,000 m3 of runoff with very low probability of occurrence. The ER values are 4.8% and
4.0% of the design capacity for RCP 4.5 and the baseline conditions, respectively (Table 1).
Similar to the argument presented regarding the baseline period, the three RCPs presents lower EP and ER values
when using the rainfall depth rather than the runoff volumes (Fig. 5(b) and Table 1). By looking at the numbers presented
in Table 1, the percentage of the ER compared to the design value for the three RCPs are different from one another and
different from the baseline period in an inconsistent way if rainfall depth or runoff volume is considered. For example,
RCP 8.5 generates expected risk of runoff volume that is 12.7% of the design capacity, which is three times higher
than the baseline period. However, if the rainfall depth is used, the same RCP generates expected risk that is 6.5%
of the design value, which is five times higher than the baseline period. This finding is another confirmation that the
runoff volume should be used for assessing the flood risk in detention ponds, rather than the total rainfall depth of the
storm. This is also important in light of the findings of Shahabul Alam and Elshorbagy (2015) that the contribution of
different RCPs to the uncertainty of the IDF curves may not be that important if a particular GCM, e.g., CanESM2, is
used. This current study, which investigates the effect of the rainfall distribution within the storm, provides a different
insight than that obtained by Shahabul Alam and Elshorbagy (2015) using the IDF curves.
For further elaboration of the concepts of expected risk and exceedance probability, some numbers are extracted
from Fig. 5 to provide practical understanding and interpretation of their meaning and utility. The analysis shows that
RCPs 2.6 and 8.5 introduce EP values of 0.45 and 0.48, respectively. To increase the level of safety and bring the EP
values of those projected future values down to that associated with the baseline conditions (0.30), the design capacity
of the pond should be increased from 58,175 m3 to 62,500 m3 and 69,600 m3 , respectively. This means an upgrade of
the storage capacity by 7.5% and 19.6%, respectively. For new pond construction, this analysis allows for associating
the construction cost of the pond to the acceptable hydrological risk level. However, if the ER is used as a criterion
instead of the EP, and the projected ER values of RCPs 2.6 and 8.5 are to be lowered to the baseline value of 2300 m3 ,
the pond capacity should be increased to 67,000 m3 and 69,000 m3 , respectively.
The shapes of the empirical probability distributions (EPDs) and the EP and ER values presented and discussed earlier
are approximations and can be slightly different from those that could result from using the entire 1000 realizations
generated using LARS-WG. However, these differences affect all scenarios, baseline and future RCPs, in a similar
way and their effects are small with regard to the relative changes caused by future RCPs compared to the baseline
conditions. Due to the time consuming task of running each generated storm through XPSWMM, it was not practical to
run all 1000 storms for this study. The effect can be also brought down to a negligible amount by using the EP of each
sampled storm that corresponds to its position in the whole ensemble, rather than the smaller sample. For example,
when the biggest storm in the set of 1000 is sampled for the smaller set of 32, its EP can be taken as 0.001, rather than
the 0.03 that represents its position in the small set. It can be also argued that theoretical distributions can be used to
fit the sample and consequently used for estimating the EP and ER values. However, this method was avoided in this
study because the different scenarios required different distributions and the deviations from the EPDs were noticeable.
This by itself can add significant uncertainty around the estimates and make the analysis regarding the relative change
of future RCPs, compared to the baseline period, more difficult.
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Fig. 6. The effect of 48-h critical storms on the detention pond. The curve represents the probability distribution of the storage available at the end
of the first day, the dots are the loadings (runoff) generated as a result of day-2 rainfall, and the vertical line is the current design capacity.

6. Discussion
Saskatoon is located in a semi-arid region that is characterized by summer convective storms and cold, snowdominated winters. The convective summer storms (May–September) are the generators of the critical storms used
for storm sewer design and are typically of durations shorter than 24 h. However, an interesting question can be raised
regarding the performance of the detention ponds under the effect of storms with longer durations, given the fact
that the pond may not drain the collected runoff as quickly as anticipated. For this purpose, a similar analysis to that
conducted with 24-h critical storms was performed using a window length of 48-h. A moving window of 48-h was
used to scan each 30-year time series of those generated for the baseline period and identify the most critical 48-h
period; i.e., the 48-h with the maximum depth of rainfall in the time series. Repeating this process with each of the
generated time series, 1000 critical hourly storms with a duration of 48-h were identified for the baseline period only.
Similar to the previous analysis, 32 series were sampled to cover the whole range of the 1000 series and were used as
inputs to XPSWMM to calculate the runoff volume routed to the detention pond.
To understand how the 48-h storms might affect the detention pond differently from the 24-h storms, the amount of
storage available in the pond at the end of day-1 of the storm was identified for each storm. The EPD of the available
storage in the pond at the end of day-1 is shown in Fig. 6 along with the runoff generated as a result of the portion of the
storm that precipitated during day-2, which are plotted as dots in Fig. 6. All dots on the right side of the EPD represent
amounts of runoff generated in day-2 of the storm in excess of the available storage in the pond. However, throughout
day-2, the pond keeps releasing some of the stored runoff. Therefore, the maximum amount of runoff collected in the
pond throughout the 48-h has been identified in a way similar to what was conducted with the 24-h storms.
Fig. 7 shows that 48-h storms can pose a higher risk of flooding as well as a higher EP value. Compared to the
24-hour’s EP and ER values of 0.30 and 2300 m3 , respectively (Table 1), the corresponding values based on the 48-h
storms are 0.42 and 2600 m3 . These differences are worth paying attention to, nonetheless, they result from a sample
of 32 storms that resulted in total depth of rain ranging from 49 mm to 263 mm over 48 h, with a mean value of
134 mm. These numbers should be considered in light of the fact that storms of a duration longer than 24 h are not
typical of this region as a convective storm-dominated region and are not typically considered for design purposes. The
maximum depth of rainfall accumulated in 48 h in Saskatoon during the last 115 years, according to the daily record of
Environment Canada, was only 103 mm. Therefore, the analysis of the 24-h storms is the focus of this study while the
48-h storms are brought up to highlight the significant increase that they can cause to the EP and ER values. Along the
same approach, longer durations, or even continuous simulation of the generated 30-year hourly series, can be used,
but the analysis could come at high computational costs. The analysis and the concepts of the EP and ER presented
here to quantify the risk stemming from the uncertainty is the same, regardless of the storm duration. The analysis
presented in this study shows that risk analysis needs to be tailored to the infrastructure component under study. For
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Fig. 7. Probability distribution of the used storage of the detention pond during the critical 24-h and 48-h storms during the baseline period. The
vertical line represents the design value.

example, large surface water reservoir systems might be impacted by the total depth of rainfall and the inter-storm
(event) time lapse, rather than the intra-storm rainfall distribution shown to be significant for storm water detention
ponds.
The risk-based methodology developed in this paper to analyze the flooding risk related to storm water ponds has
been applied using the baseline period (1960–1990) and three future RCPs using the CanESM2 only. The same analysis
can be repeated with various other GCMs or Regional Climate Models (RCMs) to analyze how the uncertainty due
to several GCMs or RCMs is translated into EP and ER values, and to investigate if such uncertainty is amplified
or reduced when translated into actual flooding risk indicators. Another source of uncertainty could come from the
rainfall disaggregation method. This was somewhat addressed in Shahabul Alam and Elshorbagy (2015) for the city
of Saskatoon, but the disaggregation uncertainty was not considered in this study.

7. Conclusions
Natural weather variability introduces a major source of uncertainty with regard to the possible rainfall time series at
any location. Consequently, critical storms of a specific duration; e.g., 24 h, which is used for storm water infrastructure
design are also uncertain. It is possible to quantify such uncertainty using stochastic weather generators by generating
an ensemble of long term rainfall series. This uncertainty includes the total depth of rainfall, as well as the distribution
of rain within the storm. Through a case study in the city of Saskatoon, Canada, it was shown that the hourly rainfall
distribution within the storm plays an important role in urban hydrology and affects the volume of runoff collected
in the storm water detention ponds. Even storms that accumulate the same depth of rainfall over 24 h were shown to
generate significantly different runoff volumes, and thus, pose different flooding risk values.
An ensemble of 24-h storms in Saskatoon were generated and used within XPSWMM to predict the surface runoff
collected at the detention pond. Empirical probability distributions of the 24-h storm depths and the maximum runoff
volume routed to the detention pond were constructed for the baseline period (1960–1990), as well as under three
future climate change scenarios (RCPs 2.6, 4.5, and 8.5). The exceedance probability (EP) and the expected risk (ER)
were calculated, relative to the current design values, and proposed as design parameters that represent the uncertainty
stemming from natural weather variability. The EP and ER values derived from the runoff volume are more critical
than those based on the total rainfall depth. This finding is attributed to the effect of the rainfall distribution within the
storm. The analysis presented in this paper reveals that, even under the baseline conditions, there is an expected risk
of exceeding the pond’s design capacity of 2300 m3 and the exceedance probability is 0.30. Both RCP 2.6 and RCP
8.5 introduce higher values of EP and ER compared to the baseline values.
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The risk-based analysis presented in this paper highlights the importance of tailoring the risk analysis and quantification method to the type of the infrastructure component under consideration. The presented approach can be also
used to analyze the effect of storms of different durations and also with the continuous simulation approach.
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