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s u m m a r y
Intensity–Duration–Frequency (IDF) curves are typically used as a standard design tool for various engineering applications, such as storm water management systems. Warming climate, however, changes the
extreme precipitation quantiles represented by the IDF curves. This study attempts to construct the
future IDF curves in Saskatoon, Canada, under possible climate change scenarios. For this purpose, a
stochastic weather generator was used to spatially downscale the daily projections of Global Climate
Models (GCMs) from coarse grid resolution to the local point scale. The stochastically downscaled daily
precipitation realizations were further disaggregated to ensembles of hourly and sub-hourly (as ﬁne as
5-min) series using a disaggregation scheme developed based on the K-nearest neighbor (K-NN) technique. This framework was applied to construct the future IDF curves in the city of Saskatoon. The sensitivity of the K-NN disaggregation model to the number of nearest neighbors (i.e. window size) was
evaluated during the baseline period (1961–1990). The optimum window size was assigned based on
the performance in reproducing the historical IDF curves. By using the simulated hourly and
sub-hourly precipitation series and the Generalized Extreme Value (GEV) distribution, future changes
in IDF curves and associated uncertainties were quantiﬁed using a large ensemble of projections obtained
from eight GCMs and three representative concentration pathways – RCP2.6, RCP4.5, and RCP8.5. The
constructed IDF curves were then compared with the corresponding historical ones and the IDF curves
constructed using another genetic programming-based published method. The results show that the sign
and the magnitude of future variations in extreme precipitation quantiles are sensitive to the selection of
GCMs and/or RCPs, which seem to get intensiﬁed toward the end of the 21st century. The quantiﬁcation
of uncertainties suggests that GCMs are the main contributor to the uncertainty, followed by RCPs and
the downscaling method.
Ó 2015 Elsevier B.V. All rights reserved.

1. Introduction
The use of Intensity–Duration–Frequency (IDF) curves, which
incorporate the frequency and intensity of maximum rainfall
events of various durations, for design of hydrosystems is a standard practice in many places. The amounts of maximum daily
and sub-daily precipitation values, similar to those represented
by IDF curves, have shown increasing trends in various corners of
the world. (Arnbjerg-Nielsen, 2012; Denault et al., 2002; Waters
et al., 2003). The return period of a particular rainfall event (i.e.,
storm) is subject to change over time as a result of
non-stationarity (Mailhot and Duchesne, 2010). The IPCC (2012)
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concluded that the return period of an Annual Maximum
Precipitation (AMP) amount will decrease signiﬁcantly by the
end of the 21st century with frequent occurrence of highly extreme
rainfall events. Such conditions can signiﬁcantly increase the vulnerability of urban storm water collection systems (Willems,
2013), which are associated with design-storm durations of less
than a day and even less than an hour in many cases. The design
of current storm water collection systems uses the historical IDF
curves in many places; which are subject to change due to potential climate change impacts (Watt and Marsalek, 2013). Hence,
investigation of currently used IDF curves requires immediate
attention by considering the future projections of short duration
rainfall under possible climate change.
Recent studies showed that the precipitation data needed for
IDF curves can be obtained by various approaches. For example,
Regional Climate Models (RCMs) with grid scale of 25–50 km
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(Olsson et al., 2012; Wang et al., 2013; Liew et al., 2014) were
utilized. Olsson et al. (2012) applied a stochastic scheme to
obtain short-duration rainfall events (up to 30 min) for the construction of local-scale IDF curves in Stockholm, Sweden, from
the RCM’s grid scale. Liew et al. (2014) derived IDF curves for
the 6-, 12-, 18-, and 24-h duration rainfall events in Jakarta,
Indonesia. Rodríguez et al. (2014) used relative change factors
and scaling properties of rainfall approaches to construct future
IDF curves (1- to 24-h durations) from Global Climate Models
(GCMs)-based statistically downscaled rainfall series for
Barcelona, Spain. The expected extreme rainfall was found to
increase, which is dependent on the choice of GCMs and location
of the local station.
In Canada, Mailhot et al. (2007) used maximum rainfall depths
during the period from May to October for 2-, 6-, 12-, and 24-h
events to investigate future changes in the IDF curves using the
Canadian Regional Climate Model (CRCM) simulations driven by
the Canadian GCM (CGCM2). They showed that the frequencies
of the 2- and 6-h events will approximately be doubled in the
Southern Quebec region, Canada, in future as compared to the
respective frequencies in the baseline period. Peck et al. (2012)
provided daily maximum rainfall datasets of different durations,
e.g. 5-, 10-, 15-, 30-min, 1-, 2-, 6-, 12-, and 24-h as the input to
the K-nearest neighbor (K-NN) weather generator, originally developed by Sharif and Burn (2007). Shufﬂing and perturbation methods were adopted to generate future synthetic rainfall series of
nine short durations for the construction of regional IDF curves
in the City of London, Canada. Peck et al. (2012) provided observed
rainfall data to the weather generator to create lower bound of climate change while they provided modiﬁed observed rainfall using
change ﬁelds according to the GCM to create the upper bound of
climate change. Burn and Taleghani (2013) investigated changes
in the rainfall magnitude of 51 stations in Canada, including
Prairie Provinces, such as Saskatchewan, and observed more
increasing trends of the rainfall magnitude than decreasing trends.
The results indicated that the IDF curves need to be updated with
recent data, since the outdated data may lead to inappropriate
conclusions.
In the Canadian Prairies, Kuo et al. (2013) used scaling property
from rainfall data of the city of Edmonton to develop regional IDF
curves. They considered annual maximum rainfall intensity of
5-min and applied moving window approach to obtain annual
maximum rainfall intensity for other durations to develop the scaling IDF curves during 1984–2009. The scaling IDF curves were
found rational to estimate intensities of storms. Kuo et al. (2014)
also constructed grid-based IDF curves for Edmonton using a regional climate model, MM5, after bias correction by comparing them
with the IDF curves based on rain gauges of Edmonton for durations from 15-min to 24-h during 1984–2010. Srivastav et al.
(2014) used equidistant quantile matching method for updating
IDF curves at four rainfall stations in Canada for nine durations
based on the GCM (CanESM2) output from the Coupled Model
Intercomparison
Project
Phase
5
(CMIP5)
and
their
Representative Concentration Pathways (RCP2.6, RCP4.5, and
RCP8.5). All RCP scenarios were found to show increase in rainfall
intensity during the 21st century. Hassanzadeh et al. (2014) used
the Genetic Programming (GP) technique to develop mathematical
equations required for directly downscaling GCM daily extreme
rainfall quantiles to the corresponding local scale daily and
sub-daily (i.e., hourly) extreme rainfall quantiles in the city of
Saskatoon. They used daily and sub-daily extreme rainfall quantiles for the baseline and future projections derived from the
CGCM3.1 based on A1B, A2, and B1 emission scenarios to construct
a set of future IDF curves for Saskatoon. The GP-based downscaling
approach was found to be efﬁcient, which showed a range of
changes in the future IDF curves that depend on the mapping
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equations, the return period, the storm duration, and the emission
scenario.
Complete understanding of the dynamics of the hydrological
processes and their impacts on urban storm water collection system requires a long record of high resolution precipitation
(Segond et al., 2006), but such records of high temporal and spatial
resolution are often limited. Many regions have precipitation
records at daily scale with limited hourly records in some parts
of the world. However, hourly and even sub-hourly future precipitation scenarios are required for accurate modeling of the hydrological response of urban watersheds (Watt et al., 2003).
Therefore, disaggregation of precipitation to ﬁne temporal resolutions is required to assess the vulnerability of the design of storm
water collection systems in urban areas. Furthermore, the construction of possible future IDF curves from ﬁne-resolution precipitation records is usually plagued by various sources and levels of
uncertainty, casting signiﬁcant doubts on the whole process, especially from an engineering and practical points of view. Some of the
sources of uncertainty are the climate change scenarios, the GCMs,
the natural internal weather variability, and the downscaling and
disaggregation techniques.
The objectives of this paper are (i) to generate continuous
record of 5-min precipitation for the period of 2011–2100 and to
construct the IDF curves; (ii) to quantify the uncertainties associated with the constructed future IDF curves; and (iii) to discuss
the practical implications of the uncertainties and how to deal with
them. The proposed analysis framework was applied to the City of
Saskatoon, Canada as a case study. The generation of 5-min resolution rainfall during both the baseline (1961–1990) and future periods (2011–2100) might be important to represent high resolution
extreme precipitation quantiles in the Canadian prairie region
where intense storms occur mostly as convective rainfall.

2. Case study and data
The Canadian Prairies are characterized by undulated grassland,
large number of lakes, and rolling landscape. Relatively wet summers and dry winters are not uncommon in the region. The amount
of annual precipitation in the prairies is generally less than
500 mm, since these provinces are too far away to receive cyclonic
precipitation originated from either the west or the east coasts
(Gan, 2000). Approximately 30% of the annual total precipitation
occurs in the form of snowfall in the Canadian Prairies including
Saskatchewan. Saskatoon (106.7°W, 52.2°N) is the largest city of
Saskatchewan, located on the banks of South Saskatchewan River
(SSR) with annual precipitation amount of 352 mm during 1961–
2003 according to the daily precipitation records available through
the Canadian Daily Climate Data (CDCD) portal (www.climate.
weatherofﬁce.gc.ca). The SSR basin is expected to observe extreme
precipitation events more frequently under climate change (Martz
et al., 2007). A study of daily precipitation during 1950–2009
showed increasing trend in the AMP in Saskatoon (Nazemi et al.,
2011). However, data only up to 1986 were included in the construction of the current IDF curves; which are currently used for
the design of storm water collection systems in Saskatoon.
In this study, the observed daily precipitation data at
Saskatoon’s
Diefenbaker
Airport
station,
measured
by
Environment Canada (EC), were considered for the calibration
and validation of the weather generator tool, namely (LARS-WG).
The daily precipitation data, in combination with observed hourly
data (obtained from EC) between April and September, were used
in developing a model for the disaggregation of rainfall from daily
to hourly time scale. City of Saskatoon operates rain gauges in the
city to measure sub-hourly precipitation, attempting to capture
the temporal variability of the ﬁne resolution rainfall in the city.
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The sub-hourly data from the rain gauges in Saskatoon between
April–September were pre-processed and aggregated to obtain
precipitation of 5-min resolution. In this study, the sub-hourly
(i.e. 5-min) data at various city gauges were analyzed for consistency and length of records. The analysis showed that the
sub-hourly data recorded at one of the gauges (Acadia Reservoir
rain gauge) has the longest record (1992–2009), and it is more consistent with the EC daily rainfall. However, there are missing data
during the period of 2002–2004. No attempts were made to inﬁll
the missing data to avoid any distortion of the dataset, especially
that they did not affect our analysis. The 5-min data recorded at
Acadia Reservoir rain gauge were considered in developing a
model for the disaggregation of rainfall from hourly to the
sub-hourly time scale in this study.
3. Methodology
A stochastic rainfall generator was used to generate 1000 realizations of daily precipitation at the local scale to quantify uncertainty due to natural weather (precipitation) variability. The
stochastic generator was also used to assess the effects of wet
and dry spell lengths on the generated simulations in addition to
the effects of mean monthly precipitation amounts. Then, the
K-nearest neighbor (K-NN) technique was used to disaggregate
the daily precipitation to hourly and sub-hourly scale. In this study,
a number of window sizes was examined for Saskatoon for both
hourly and sub-hourly disaggregation models; and two optimal
window sizes were identiﬁed separately for the two disaggregation
models. To the best of our knowledge, the optimal window size for
sub-hourly disaggregation model has not been investigated in previous studies. Furthermore, the selection of nearest neighbors,
either randomly or deterministically, was veriﬁed when there were
several neighbors showing the same minimum distance from the
current daily/hourly precipitation value. The weather generator,
and the subsequent disaggregation using the K-NN technique,
was applied to both the baseline period as well as the future projections made available through the application of GCMs. A general
and user friendly method was developed, which can be applied to
any location using precipitation output from any GCM based on
any RCP/emission scenario.
3.1. Global Climate Models
Assessment of climate change is primarily based on Global
Climate Models (GCMs). Previously, the GCMs’ simulations of climate variables based on three emission scenarios (A1B, A2, and
B1) from the Coupled Model Intercomparison Project Phase 3
(CMIP3) were commonly used. However, with the emergence of
the Fifth Assessment Report (AR5) of IPCC based on Phase 5
(CMIP5), a new set of GCMs’ simulations was made freely
available to the research community. CMIP5 climate models
produce more comprehensive set of outputs with the inclusion of
new future greenhouse gas scenarios, known as Representative
Concentration Pathways (RCPs, Moss et al., 2010; Taylor et al.,
2012). The RCPs are denoted by the approximate radiative forcing
they might reach by the end of the 21st century as compared to the
year 1750, i.e., RCP2.6, RCP4.5, RCP6.0, and RCP8.5 denote the target radiative forcings of 2.6, 4.5, 6.0, and 8.5 W m2, respectively.
The values of radiative forcing represented by each RCP are indicative of the targets only by the end of year 2100. However, a range of
21st century climate policies can be represented by the RCPs as
compared with the no-policy AR4 emission scenarios (IPCC, 2013).
In this study, the Canadian climate model (CanESM2), the
British climate model (HadGEM2-ES), the French IPSL and CNRM
models, the Australian CSIRO model, the Norwegian BCC model,

and the Japanese MRI and MIROC models were used and their daily
precipitation outputs were obtained from CMIP5 data portal
(http://pcmdi9.llnl.gov/) for the baseline period (1961–1990) and
the projection period (2011–2100). The horizontal resolution of
these eight models ranges from 175 to 275 km. The precipitation
output was downloaded from the data portal for each of the
selected GCMs based on three RCPs (RCP2.6, RCP4.5, and RCP8.5)
and the ﬁrst ensemble out of ﬁve ensembles available. We believe
that the resulting 24 scenarios, with multiple (1000) realizations
each, cover a wide range of variability, which is sufﬁcient to investigate the adopted two-stage modeling (downscaling using the
weather generator and disaggregation using the K-NN method)
approach.

3.2. Stochastic weather generator
Quantiﬁcation of uncertainty based on stochastic generators
has a number of applications in design and/or operation of many
systems, such as, water resources systems, urban drainage systems, and land management changes (Srikanthan and McMahon,
2001). As a stochastic weather generator, LARS-WG is capable of
simulating synthetic precipitation time series with statistical characteristics corresponding to the observed statistics at a site
(Semenov and Barrow, 2002). LARS-WG computes a set of parameters of probability distributions of weather variables as well as
correlations among them using observed daily weather data for a
given site. A synthetic weather time-series of arbitrary length is
generated using this set of parameters by randomly sampling values from the probability distributions (Semenov and Stratonovitch,
2010). LARS-WG is a user-friendly and popular spatial and temporal downscaling tool used to downscale weather variables (e.g.,
precipitation) from the coarse grid scale of GCMs to local (i.e., site)
daily scale. This study employed LARS-WG for downscaling GCMs’
precipitation to generate 1000 realizations of daily precipitation at
the local scale in Saskatoon.
LARS-WG uses relative change factors (RCFs) for each month to
incorporate changes in the future daily precipitation scenarios
(Semenov and Barrow, 2002). Calculation of RCFs for wet and dry
spell lengths, in addition to the mean precipitation, might capture
and incorporate more variability in the stochastic generation of
future projections of precipitation. The average wet and dry spell
lengths for each month were calculated during the baseline and
future periods; ratios of the average lengths during the future period to the same during the baseline period represents the RCFs
related to wet and dry spell lengths. Wet day is deﬁned as a day
with non-zero precipitation. Changes in the average wet and dry
spell lengths for any month are supposed to alter the mean
monthly precipitation of that month, which are expected to incorporate more variances in the future daily precipitation downscaled
by LARS-WG. However, LARS-WG does not incorporate the RCFs for
wet and dry spell lengths in its archive since it considers only
monthly output from GCMs. If daily precipitation data of GCMs
are available, RCFs for wet and dry spell lengths can be calculated.
RCFs for mean monthly precipitation amounts, wet, and dry spell
lengths were calculated using eight GCMs’ outputs in this study.
The lengths of wet/dry spells were selected randomly from the
probability distributions of wet/dry spells for the month in which
the wet/dry spells begin.
The possible future realizations of precipitation data were produced using LARS-WG in conjunction with GCMs. First, LARS-WG
was calibrated based on the historical data of Saskatoon. In this
context, this means constructing probability distributions for the
precipitation data in Saskatoon based on the observed record.
The generated record was updated by perturbing the parameters
of probability distributions for Saskatoon with the predicted
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changes of precipitation derived from GCMs (RCFs) and used for
projecting the future daily precipitation series in Saskatoon.
3.3. K-NN hourly disaggregation model
It is often necessary to disaggregate rainfall generated at certain
timescales (e.g., daily) to ﬁner timescales (e.g., hourly, sub-hourly).
In this study, the K-nearest neighbor (K-NN) technique (Lall and
Sharma, 1996; Yates et al., 2003; Sharif and Burn, 2007) was used
for disaggregating the precipitation data from daily to hourly scale.
The hourly K-NN disaggregation model, developed based on the
work by Sharif and Burn (2007), was used for disaggregating both
baseline and future daily precipitation of n years to hourly values.
The details of the disaggregation model are provided in Elshorbagy
et al. (2015).
In the work of Sharif and Burn (2007), wd (i.e. window size) was
chosen to be 15, however, in this study the optimal window size
(wd) was investigated and selected for the City of Saskatoon based
on the simulated and observed annual maximum precipitation
(AMPs) of various durations during the baseline period rather than
using an arbitrary window size. Using AMPs for evaluating the
window size is appropriate because the target is to generate IDF
curves, which rely on maximum precipitation values.
In case of climate change, when the future projected daily precipitation value is higher than the historical daily precipitation values, the hourly precipitation values may be scaled up by the same
ratio as found in the daily scale A set of 1000 realizations of the
daily series was generated using LARS-WG, and thus, ensembles
of 1000 hourly disaggregated precipitation time series values were
created using the K-NN model.
The K-NN technique was also used to disaggregate precipitation
from hourly to sub-hourly (i.e., 5-min) values in the city of
Saskatoon using the same approach mentioned above and detailed
in Elshorbagy et al. (2015).
3.4. Generalized Extreme Value distribution and construction of IDF
curves
The Generalized Extreme Value (GEV) distribution was used for
the construction of IDF curves, although it increases the computation intensity and uncertainty of parameter estimation (Papalexiou
and Koutsoyiannis, 2013) due to the involvement of three parameters (shape, scale, and location) instead of two parameters in
Gumbel distribution. However, the GEV distribution provides better description of the upper tail behavior of the data by introducing
an additional parameter (Overeem et al., 2008). The GEV distribution, with maximum likelihood method for parameter estimation,
was used in this study for the construction of IDF curves in the
City of Saskatoon during the baseline period and the future projection period, as it was used successfully by Hassanzadeh et al.
(2014).
The hourly and sub-hourly disaggregation models, based on the
K-NN method, were used to generate 1000 realizations of long
time-series of hourly and 5-min precipitation values for both baseline and future periods (2011–2100). The AMPs of the disaggregated time series were computed and used to construct two
different sets of IDF curves based on quantiles obtained from the
GEV distribution: (a) the IDF curves derived from historical data
(baseline period), which currently form the basis of the design
and evaluation of Saskatoon’s storm water collection system; (b)
the IDF curves based on the models developed in this study. A third
set of IDF curves was constructed using the genetic programming
(GP) method (Parasuraman and Elshorbagy, 2008), which was
developed by Hassanzadeh et al. (2014). The GP method employs
a fundamentally different route for constructing the IDF curves
because it uses AMPs of the baseline directly to map the global–
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local relationship without having to generate the time series of
continuous rainfall values. In this method, the daily precipitation
outputs of the GCMs were processed to calculate the annual maximum precipitation (AMP). Similarly, duration-speciﬁc (i.e. 1-h;
2-h, . . ., etc.) measured precipitation at the local scale was processed to produce duration-speciﬁc AMPs. The genetic symbolic
regression form of GP (Parasuraman and Elshorbagy, 2008) was
then used to evolve equations that relate the GCM-based AMPs
to the local scale AMPs. More technical details are provided by
Hassanzadeh et al. (2014). Accordingly, the GP method provides
a solid reference for comparison with the two-stage modeling
method developed in this study, and also helps to show the variability in IDF curves due to the adoption of various methods. The
comparative analysis of the results took into consideration the various GCMs, RCPs, and the downscaling/disaggregation methods.
4. Results
4.1. Calibration and validation of LARS-WG
LARS-WG has been provided with Saskatoon’s observed daily
precipitation data during the baseline period (1961–1990) to
obtain the parameters for probability distributions of the local station’s precipitation. This set of parameters was then used to generate 1000 realizations of the observed series. The performance of
the calibrated model is shown in Fig. 1. Fig. 1 shows a comparison
between the observed mean daily precipitation (2a) and the mean
of maximum daily precipitation (2b) in each month and the corresponding ones of the synthetic daily precipitation in each month
based on 1000 realizations obtained from LARS-WG during the
baseline period. The ﬁgures seem to show that LARS-WG generated
the mean and the mean of extreme precipitation properties quite
well during the baseline period. However, LARS-WG seems to
underestimate the maximum of extreme precipitation in some
months (Fig. 1c), which contributes to the uncertainty in simulating the future maximum extreme precipitation. The rainfall generator was calibrated based on the p-value calculated for all statistics
concerning the hypothesis test (i.e., Kolmogorov–Smirnov test) to
determine if the observed and simulated precipitation series
belong to the same distribution. The model was also validated
using Saskatoon’s observed daily rainfall during the period of
1991–2009.
4.2. Effect of wet and dry spell lengths
An example of the calculated RCFs for mean monthly rainfall
amounts, wet, and dry spell lengths are shown in Table 1 using
CanESM2 based on three RCPs (i.e. RCP2.6, RCP4.5, and RCP8.5).
RCFs were used in LARS-WG to generate realizations of future daily
precipitation scenarios. Two sets of change factors were calculated
for each GCM based on all RCPs, one with considering the effects of
wet and dry spell lengths together with changes in the mean
monthly precipitation amounts and another time considering
changes in the mean monthly precipitation amounts only. The simulations of 1000 realizations of future daily precipitation time series for the GCMs/RCPs using each of the two sets of change factors
were used to differentiate between the contributions of changes in
the mean monthly precipitation amounts and changes in wet/dry
spell lengths.
AMPs, of various return periods, of the realizations of future
daily precipitation projections, obtained from the simulations
based on CanESM2 with and without using RCFs related to wet/dry
spell lengths, were used to estimate the expected values and 95%
conﬁdence intervals in comparison with the observed values during the baseline period (Fig. 2). Although the RCFs of the mean
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Fig. 1. Performance of LARS-WG shown based on the observed monthly properties (solid lines) and 1000 realizations of synthetic (box plots) precipitation time series in
Saskatoon. (a) Mean precipitation, (b) mean of the extreme precipitation, and (c) maximum of the extreme precipitation.

Table 1
Relative change factors for CanESM2 during 2011–2040.
Month

January
February
March
April
May
June
July
August
September
October
November
December

Mean monthly rainfall

Wet spell length

Dry spell length

RCP2.6

RCP4.5

RCP8.5

RCP2.6

RCP4.5

RCP8.5

RCP2.6

RCP4.5

RCP8.5

0.88
1.03
1.61
1.33
1.07
0.91
1.08
0.98
0.85
1.24
1.05
1.25

1.15
1.00
1.11
1.49
1.16
0.72
1.10
0.88
0.87
1.19
1.05
1.42

1.16
0.91
1.29
1.80
0.96
0.81
1.03
0.88
1.19
1.41
1.06
1.41

0.93
0.96
1.37
0.88
0.92
0.88
1.09
0.98
1.01
1.01
1.14
1.08

1.01
0.94
1.39
1.15
0.90
0.75
1.25
0.88
1.07
1.05
1.13
1.05

1.20
0.97
1.19
1.05
0.93
0.93
0.97
0.88
1.08
1.22
1.09
1.33

0.96
0.93
0.94
0.91
0.87
0.83
1.34
0.87
0.95
1.00
1.06
0.86

0.93
0.97
1.11
0.88
1.08
1.20
1.27
0.76
0.97
0.92
1.09
0.88

1.00
1.12
0.92
0.76
0.98
1.06
1.11
1.04
1.00
0.81
1.05
0.90

monthly precipitation amounts are the major contributors to the
changes in the future values, the RCFs of wet/dry spell lengths
can signiﬁcantly affect the variabilities in the future daily rainfall
values. The expected values and 95% conﬁdence intervals of
extreme precipitation quantiles for CanESM2 based on three
RCPs seem to change when the RCFs of wet/dry spell lengths were
used, particularly in longer return periods.
The daily AMPs of 1000 realizations of daily precipitation
obtained from LARS-WG based on CanESM2 and HadGEM2-ES,
forced with three RCPs using both sets of RCFs, are compared in
Fig. 3 for return period of 2-year. The daily AMPs for various return
periods were obtained based on ﬁtting GEV distributions to the
AMPs. The ﬁgures of other return periods are not presented here.
The extreme daily rainfall quantiles seem to vary depending on
whether wet/dry spell effects are considered or not in case of both
GCMs and all three RCPs. The sign and magnitude of variation due
to the inclusion of RCFs related to wet/dry spell lengths depend largely on the choice of GCM/RCP, return period, and time slice.
Hence, the future daily precipitation simulated with consideration
of wet/dry spell effects shows differences from the same simulated
without considering the wet/dry spell effects, which might cause
variations in the future IDF curves. Fig. 3 also reveals that in most
cases, the variabilities due to the choice of GCMs might sometimes

be larger than those due to the inclusion/exclusion of wet and dry
spells.
4.3. K-NN disaggregation model
Selection of optimal window size
In order to adopt the most appropriate K-NN hourly disaggregation model, the optimal window size (i.e. number of nearest neighbors to the current day of disaggregation) was selected using the
observed daily and hourly precipitation data during the baseline
period (1961–1990). The K-NN hourly disaggregation model was
used to disaggregate observed daily precipitation to hourly
sequences using 30 different window sizes (i.e., 3–61 days) to
identify the most appropriate memory of the hydrological system
for the City of Saskatoon. Each window size was used to generate
the hourly precipitation sequences based on the daily values.
Subsequently, the corresponding AMPs were identiﬁed for different durations (i.e., 1-h to 24-h). The simulated AMPs of various
durations were then compared with the corresponding observed
AMPs, and the performance of each window size was evaluated
based on the Root Mean Squared Error (RMSE) measure using normalized AMPs denoted by X in Eq. (1), where i = 1, 2, 3, . . ., n (total
number of years in the time series).
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Fig. 2. Variations in the future projections of daily AMP quantiles in the City of Saskatoon according to CanESM2 forced with three RCPs using two sets of change factors: with
wet/dry spell (blue) and without wet/dry spell (red) effects. The expected quantiles (solid lines) and their 95% conﬁdence intervals (dashed lines) are shown with the
corresponding quantiles during the baseline period (black). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this
article.)

X¼

ðAMPi  Minimum valueÞ
ðMaximum value  Minimum valueÞ

ð1Þ

The RMSE values resulted from 30 window sizes, as presented
in Fig. 4, were evaluated to determine the optimal window size
for the K-NN hourly disaggregation model. Among the 30 windows,
a window with 3 days on both sides of the current disaggregation
day, i.e., a window of 7 days, provided the lowest RMSE of 0.12
when compared with other window sizes. Therefore, an optimal
window size of 7 days was chosen for the K-NN hourly disaggregation model.
The K-NN hourly disaggregation model was used to simulate
the observed hourly precipitation sequences both randomly and
deterministically using the optimal window size. As far as the
extreme precipitation quantiles were concerned, random selection
of hourly sequences has no signiﬁcant effect on the hourly disaggregation simulations. Also the use of deterministic or random
sampling approach produced the same optimal window size based
on the RMSE measure. However, random sampling can result in
selecting a wide range of hourly disaggregated precipitation
sequences as compared to the deterministic sampling approach.
The analysis of optimum window size was repeated with
sub-hourly data. The RMSE values resulted from investigating
120 different widow sizes were evaluated to determine the optimal window size for the K-NN sub-hourly disaggregation model.

Among the 120 windows, a window with 110 h on both sides of
the disaggregation hour, i.e. a window of 221 h shows the minimum RMSE of 0.165 when compared with other window sizes.
However, a window size of 221 h might be too large for a
sub-hourly disaggregation model because it increases the model
complexity as well as computational time. Any smaller window
with reasonably good performance can be an acceptable choice
for the K-NN sub-hourly disaggregation model. Therefore, a window size of 56 h on both sides of the current disaggregation hour,
i.e. a window of 113 h with an RMSE of 0.219 was selected. This
window size is almost half of the optimum window size. Similar
to the K-NN hourly disaggregation model, the K-NN sub-hourly
disaggregation model was used to simulate the observed 5-min
precipitation sequences randomly and deterministically using the
optimal window size; and these simulations revealed that the random selection of 5-min precipitation sequences has no signiﬁcant
effect on the sub-hourly disaggregation simulations as far as the
extreme precipitation quantiles were concerned.
The K-NN hourly disaggregation model was provided with 1000
realizations of daily precipitation obtained from LARS-WG and
Saskatoon’s observed hourly data during the baseline period
(1961–1990) to obtain 1000 realizations of hourly precipitation
during the same baseline period. The disaggregation model used
the optimal window size to generate 1000 realizations of hourly
series. The performance of the calibrated model is shown in
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Fig. 3. Variations in the future projections of daily AMPs for 2-year return period in the City of Saskatoon according to CanESM2 and HadGEM2-ES forced with three RCPs
using two sets of change factors: with wet/dry spell and without wet/dry spell effects along with the expected AMPs during the baseline period (1961–1990).

K-NN hourly disaggregation model and Saskatoon’s observed
5-min precipitation data during the period 1992–2009 (May–
September) to obtain 1000 realizations of 5-min rainfall values
during the same period. Only 14 years of rainfall data were
available for conducting the 5-min part of the study; however,
20–30 years of daily data are generally required in order to generate synthetic daily rainfall series in LARS-WG and capture the
climate properties of the precipitation station.

4.4. Variations in the future IDF curves

Fig. 4. The performance of various windows for selecting the optimal (green circle)
window size for the K-NN hourly disaggregation model. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of
this article.)

Fig. 5 during the spring and summer months (April–September).
The K-NN hourly disaggregation model seems to simulate the
observed mean hourly precipitation, the mean of maximum hourly
precipitation, and maximum extreme precipitation quite well
except in April. This should be understood in light of the fact that
the observed daily precipitation data overestimate the daily precipitation accumulated from the observed hourly series in April,
both being measured by Environment Canada.
Similarly, the K-NN sub-hourly disaggregation model was provided with 1000 realizations of hourly values obtained from the

4.4.1. Variations obtained based on CMIP5 climate models
Intensity–Duration–Frequency curves for the City of Saskatoon
were constructed using the GEV statistical distribution for the
baseline and the projection periods based on eight GCMs and three
RCPs (RCP2.6, RCP4.5, and RCP8.5) for nine selected durations
(5-, 10-, 30-min, 1-, 2-, 3-, 6-, 18-, and 24-h) and four different
return periods (2-, 5-, 25-, and 100-year). To facilitate the comparison between the design storm values during the baseline period
and the future projections, key values of the baseline period are
presented in the shaded portion of Table 2. The IDF curves are
shown in Fig. 6 for 100-year and 2-year return periods, as examples. It is evident that the shorter the storm duration, the wider
the GCM-based variabilities of the projected precipitation intensity. However, the variabilities are also different across the various
RCPs and the time slices. For example, the 5-min rainfall intensity
of 100-year return period, based on RCP8.5 ranges between
240–300 mm/h and 250–500 mm/h for the periods of 2011–2040
and 2071–2100, respectively (Fig. 6a). The same 5-min storm and
time slice of 2071–2100, the rainfall intensity ranges from
250–350 mm/h and 235–500 based on RCP2.6 and RCP8.5,
respectively. The ranges of variabilities are much lower for the
2-year return period (Fig. 6b). The 5-min rainfall intensity of
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Fig. 5. Performance of the K-NN hourly disaggregation model based on the observed monthly properties (solid lines) and 1000 realizations of disaggregated (box plots)
hourly precipitation time series during the baseline period (1961–1990).

Table 2
The expected rainfall intensity (mm/h) presented as average of the values obtained for 8 GCMs and 3 RCPs during the 21st century for various return periods. Values are based on
the two-stage modeling method. The baseline period values are shown in the shaded portion.

Values that changed signiﬁcantly, compared to the baseline period, are underlined.

2-year return period, based on RCP8.5 ranges between
57–60 mm/h and 56–63 mm/h for the periods of 2041–2070 and
2071–2100, respectively. The same 5-min storm and time slice of
2071–2100, the rainfall intensity ranges from 57 to 60 mm/h and
56 to 63 mm/h based on RCP2.6 and RCP8.5, respectively.
This analysis provides 24 different values for every design storm
from the IDF curves. In light of the absence of any methodology to
prioritize the various GCMs and RCPs, engineers and city planners
might ﬁnd it informative to average all 24 values and compare
them with the baseline period values. In Table 2, the projected
design intensities of various storms are presented as averages of
all GCMs and RCPs. Comparing the values in Table 2 reveals that
major changes (underlined in Table 2) are expected during the second and third time slices; i.e., 2041–2100, and the signiﬁcant
intensiﬁcation of precipitation intensities are restricted to less frequent storms (25- and 100-year return periods) and shorter

durations (1-h and less). This latter observation is consistent with
the nature of summer rainfall in Saskatoon, dominated by convective storms.
4.4.2. Variations obtained with the GP method and the K-NN hourly
disaggregation model
The adopted downscaling/disaggregation (LARS-WG and K-NN)
method was compared with the GP method developed by
Hassanzadeh et al. (2014), and re-implemented in this study, in
terms of variations in the constructed future IDF curves according
to eight GCMs and three RCPs for four return periods. It should be
noted that due to data availability, the GP method was not implemented with sub-hourly data. GP-based storm values are available
only up to hourly precipitation values. Generally, the IDF curves
constructed using two different approaches seem comparable in
quantifying historical IDF curves as shown in Table 3. The GP
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Fig. 6. Variations in the future IDF curves in the City of Saskatoon according to eight GCMs and three RCPs. (a) 100-year storms and (b) 2-year storms.
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Table 3
The expected rainfall intensity (mm/h) presented as average of the values obtained for 8 GCMs and 3 RCPs using the GP method and the two-stage disaggregation approach during
the 21st century for various return periods.
2011–2040

2041–2070

2071–2100

2-yr

5-yr

25-yr

100-yr

2-yr

5-yr

25-yr

100-yr

2-yr

5-yr

25-yr

100-yr

14
1.5

24
2.1

54
3.3

109
4.8

14
1.5

24
2.1

54
3.4

112
4.5

14
1.5

26
2.2

55
3.6

109
5.6

K-NN approach
1-h
14
24-h
1.5

23
2.2

50
3.5

104
5.2

15
1.6

24
2.3

52
3.6

106
5.2

15
1.6

24
2.3

53
3.7

111
5.5

GP method
1-h
24-h

method uses sets of equations evolved using Genetic Programming
technique by mapping the global scale AMP daily values directly to
the local scale AMPs of 24 durations (1–24 h). Table 3 shows only
the durations of one and 24 h duration storms. Both methods
reconstruct the historical IDF curves successfully during the baseline period (1961–1990) with less than 10% absolute error.
However, the GP method seems to be more accurate for larger
return periods; i.e. 100-year (results not shown here). The results
provided in Table 3 shows signiﬁcant differences (close to 20%)
for only the last projection time slice of 2071–2100, and for return
periods of 25- and 100-year.
4.5. Uncertainties in constructing future IDF curves
4.5.1. Uncertainty due to internal weather variability (LARS-WG)
The underlying concept of LARS-WG as a stochastic weather
generator is the idea of capturing the statistical properties of the
times series of precipitation at the local scale, and thus, generating
multiple possible realizations. Such realizations (1000 in this

study) can be considered possible realizations of precipitation series in the city of Saskatoon. Therefore, the generated 1000 realizations and the subsequent 1000 IDF curves can be used to quantify
uncertainties (e.g., 95% conﬁdence interval) due to the internal
weather variability. However, it should be noted that such variability, or at least most of it, exists also with the baseline period as
shown in Fig. 7. The uncertainty due to weather variability cannot
be attributed to climate change. Fig. 7 shows the 95% conﬁdence
intervals of the IDF curves (100-year return period) generated
using each of the eight GCMs and three RCPs for the period of
2011–2040. There is no doubt that this range is very wide and perhaps unmanageable from an engineering and practical point of
view. However, it should be of less concern since this uncertainty
always existed with the current IDF curves. The solid lines in
Fig. 7 are the mean of the 1000 realizations.
4.5.2. Uncertainty due to the use of various GCMs and RCPs
GCMs vary based on their horizontal resolutions as well as the
physics involved. Therefore, the use of several GCMs is necessary

Fig. 7. Uncertainty in the projections of future 100-year storms, according to three RCPs based on eight GCMs obtained from CMIP5 and quantiﬁed by using GEV, shown as
95% conﬁdence intervals (dashed lines) during 2011–2040.
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Fig. 8. Variations in the future IDF curves of 100-year storms in the City of Saskatoon according to three RCPs based on eight GCMs during (a) 2011–2041, (b) 2041–2070, and
(c) 2071–2100.
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Fig. 8 (continued)

Table 4
The expected rainfall intensity (mm/h) presented as average of the values obtained for 8 GCMs and 3 RCPs during the 21st century for various durations and return periods.

Values that changed signiﬁcantly, compared to other time windows, are underlined.

to quantify uncertainties due to the adoption of a particular GCM.
Similarly, the adoption of multiple RCPs encapsulates different
future scenarios of CO2 emissions and management policies. The
uncertainties of future design storm values due to the possible
24 combinations generated in this study can be seen in Fig. 8 for
100-year storms. The uncertainty is more pronounced with
RCP4.5 and RCP8.5 during the period of 2041–2100. These values
are based on the mean of 1000 realizations. Therefore, the variabilities here can be considered climate change-related uncertainties.
Apparently, the farther in the future our simulations are, the more
uncertain the outcome will be. A 100-year, 5-min storm during the
2071–2100 time slice can have a range of 220–510 mm/h.
The uncertainty contribution of each of three sources (GCMs,
RCPs, and time slice) are isolated in Fig. 8 into three separate ﬁgures for the three time slices. For the period of 2011–2040
(Fig. 8a), ﬁxing the GCM, the uncertainty due to various RCPs is reasonable. For the period of 2041–2070, the RCPs contribute a

signiﬁcant level of uncertainty when using the British HadGEM2
and the Japanese MIROC for durations shorter than 1-h. For the last
time slice (2071–2100), Both the French IPSL and CNRM, as well as
the MIROC and the Australian CSIRO-Mk3 show wide uncertainties
that are RCP-dependent (Fig. 8c). Interestingly, the Canadian
CanESM2 and the Japanese MRI show very little relationship
between the RCP and the storm values across the three time slices.
From this, one can conclude that in most cases, the contribution of
GCMs to the uncertainty of future IDF curves in Saskatoon can be
larger than the uncertainty contributed by the RCPs.
4.5.3. Uncertainty due to the downscaling methods
The two downscaling methods that were used in this study are
fundamentally different. One combines the stochastic weather
generator LARS-WG with K-NN to downscale the daily precipitation output of the GCMs to hourly and sub-hourly precipitation
data at the local scale, and the other employs regression-based
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Fig. 9. Uncertainty in the projections of future 100-year storms according to three RCPs based on each of the eight GCMs obtained from CMIP5 and quantiﬁed by using GEV
shown as 95% conﬁdence intervals (dashed lines) using: (a) 30 years during 2071–2100; and (b) 90 years (2011–2100).
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Fig. 10. Highest and lowest values (vertical solid lines) of the projected rainfall intensities for six selected durations and 100-year return period obtained from an ensemble of
eight GCMs based on three RCPs (RCP2.6, RCP4.5, and RCP8.5) during four periods (shown in parenthesis) of the 21st century with the baseline rainfall intensities (dashed red
line) during 1961–1990. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

approach, which is the GP in this study, to downscale the daily
AMPs calculated based on the GCMs’ output directly to hourly
AMPs at the local scale. Therefore, comparing the design storm values at the local scale, resulting from both methods, reﬂects possible variability or uncertainty due to the downscaling process. The
fact that the results of both methods are in general comparable
(Table 3) increases the conﬁdence in the results. Taking the temporal resolution of one hour as an example, the uncertainty due to the
downscaling method for the future period (Table 3) is notably
small.
4.5.4. Uncertainty due to ﬁtting the GEV distribution for constructing
the IDF curves
It is a common statistical practice to ﬁt probability distributions
to a sample of a minimum size of 30 points. In this study, IDF
curves were ﬁt separately to each future time slice of 30 years.
However, merging all future time slices make the available length
of future record for the construction of IDF curves 90 years. An
interesting type of uncertainty is highlighted here due to the effect
of the record length on the ﬁtting of the GEV distribution. The
entire future record of 90 years was used to construct the IDF
curves, and compare it with the three 30-years curves. The results

are summarized in Table 4. The values of storm intensities of
return periods of 2-, 5-, and to some extent 25-years do not differ
signiﬁcantly whether they are drawn from 30 years or
90 years-based IDF curves. Obviously, 30 years record is sufﬁcient
to estimate the properties of such storms. On the other hand,
100-year storm values are lower in the case of reliance on
90 year-based IDF curves. Estimating the precipitation intensity
of 100-year storm from 30 year record based on extreme value distribution extrapolation might result in higher values due to extrapolation based on the ‘‘limited 30 year’’ record. This obviously
depends on the tail behavior of the GEV distribution, which is
impacted by the record length. Such high values may not occur
during a speciﬁc window of measured record of 90, or even 100,
years. But the statistical assumption is that a probability distribution constructed using 30-year record becomes a statistical representation of reality.. Interestingly, in this regard, and from a design
perspective, the higher values coming from a shorter record might
be more ‘‘statistically representative’’ of possible occurrences than
the long (90 years), but not so long, record.
The length of the record used to ﬁt the GEV distribution has also
a signiﬁcant effect on the 95% conﬁdence interval generated based
on the precipitation variability. Fig. 9 shows the 95% conﬁdence
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interval around the IDF curves estimated using 90 years and one of
the 30-year time slices. Expectedly, the 95% conﬁdence interval is
much narrower when a longer record is used to ﬁt the GEV
distribution.

period (1961–1990). The use of two methods provides two sets
of IDF curves that cover a wider range of risk associated with the
future deigns of urban storm water collection systems under the
plausible climate change scenarios.

5. Discussion
6. Conclusions
The results based on eight GCMs and three RCPs (RCP2.6,
RCP4.5, and RCP8.5) show changes in the future IDF curves for
the City of Saskatoon. However, the percentage of changes in the
extreme precipitation intensities (represented by the IDF curves)
with respect to the historical intensities is dependent on the duration, return period, and time slice. In this study, we have shown the
variability (uncertainty) with regard to future IDF curves, which
are important to be considered for hydrological impact studies.
However, if a single value is desired for certain systems, the average values of all GCMs and RCPs, similar to those reported in
Table 2, can be used. The future IDF curves at sub-hourly (e.g.,
15-min) as well as the hourly durations show increase in future
precipitation intensities for most of the GCMs/RCPs during the
21st century with a maximum value of 18% and 12% increase as
compared to the historical intensities of the 100- and 25-year
storms, respectively (Table 2). The existing urban storm water
collection systems are designed based on the historical IDF curves,
so the projected increases in future sub-hourly precipitation intensities would make the urban systems more vulnerable when the
variations in the future IDF curves are taken into account.
However, the extent of vulnerability depends on the choice of
return period, duration, and time slice. Fig. 10 summarizes all
results obtained with regard to the 100-year storm of different
durations, and helps to show the uncertainty in the rainfall intensity that results from various GCMs and RCPs for different future
time slices. This study provides a basis for the engineering design
of urban storm water collection systems under the projections of
climate change. The study compared the future IDF curves with
the historical ones, along with estimation of uncertainties in constructing the future IDF curves using the adopted downscaling/disaggregation methods.
Generally, the IDF curves constructed using two different
approaches (the GP-based method and the two stage method
adopted in this study) seem comparable in quantifying variations
in the future IDF curves. However, some differences are observed
in the results produced by the two methods due to the different
underlying approaches used for developing the methods. The
adopted two-stage downscaling/disaggregation method is based
on the combination of a stochastic rainfall generator (LARS-WG)
and a disaggregation model (K-NN) for generating continuous rainfall series, while the GP method is based on the genetic programming (GP) used to map the daily extreme precipitation at the
global scale to the corresponding daily and sub-daily extreme precipitation at the local scale. The AMP quantiles of various durations
(1–24 h) extracted from the adopted method (K-NN and LARS-WG)
are largely dependent on the spatially downscaled daily rainfall
series from the global to the local scale by LARS-WG as it is the
main contributor to the total uncertainty. On the other hand, the
performance of the GP method entirely depends on how perfectly
the extreme precipitation at the global scale are mapped to the
same at the local scale in the form of data driven equations
extracted from genetic programming (Hassanzadeh et al., 2014).
So, the different approaches used in the two methods would
contribute to quantifying the uncertainty in creating future
(2011–2100) IDF curves, although the two methods seem to reconstruct the historical IDF curves successfully during the baseline

This paper has followed a two-stage modeling method for spatial and temporal downscaling of precipitation from the global to
the local scale in the city of Saskatoon, Canada. In the ﬁrst stage,
LARS-WG utilized precipitation output from eight different GCMs
to generate local scale daily precipitation during the baseline period (1961–1990) and for the projections of future climate change
scenarios (2011–2100). In the second stage, a K-nearest neighbor
(K-NN) disaggregation model was used to create continuous record
of hourly and 5-min precipitation series. The annual maximum
precipitation (AMPs) of the downscaled and disaggregated continuous records of hourly and 5-min precipitation were used to construct IDF curves during the baseline and the projection periods for
different durations (i.e., 5-min to 24-h) and return periods (i.e., 2-,
5-, 25-, and 100-year).
Based on the sub-hourly series, it was found that variations in
the future extreme precipitation quantiles, as represented by the
IDF curves, are more signiﬁcant at shorter durations and for larger
return periods when compared to the historical IDF curves, and
seem to get intensiﬁed towards the end of the 21st century. The
sign and the magnitude of variations in future extreme precipitation at different durations and/or return periods are sensitive to
the selection of GCMs and/or RCPs. In general, uncertainty in the
projections of future precipitation increases at shorter durations
and for longer return periods. LARS-WG is efﬁcient in capturing
uncertainty due to natural weather variability that is not necessarily attributed to climate change. The inclusion of relative change
factors related to wet and dry spell lengths incorporate more
variations in the simulations of LARS-WG; where the variabilities
largely depend on the choice of GCMs/RCPs. The optimal window
sizes (number of nearest neighbors) for the K-NN disaggregation
models were investigated for the City of Saskatoon, which ended
up to be 7 days and 113 h for the K-NN hourly and sub-hourly disaggregation models, respectively. The performance of the K-NN
disaggregation models, evaluated based on their ability to reproduce historical AMPs using the optimal window sizes, shows that
the adopted method can be efﬁciently applied to the construction
of future IDF curves under climate change.
The uncertainty analysis conducted in this study reveals that
various GCMs may cause the largest portion of uncertainty with
regard to the projected storm intensity, followed by the various
RCPs and the downscaling methods. In this research study, downscaling was performed using two fundamentally different methods. However, it is advisable to use several downscaling methods
for proper quantiﬁcation of downscaling uncertainty.
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