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Abstract: The potential impact of climate change on the existing drainage infrastructure has been an essential aspect of many hydrological
studies. Climate change that will increase the intensity of precipitation will also increase the magnitude of the design discharge and thus would
probably result in adverse effects on the existing drainage facilities. This paper aims to evaluate the potential impact of rainfall intensity
variation due to climate change on the existing drainage infrastructure by investigating whether (1) the stormwater drainage infrastructure
designed for preclimate conditions is able to sustain future higher discharges, and (2) new design guidelines are necessary to be established
to include the potential rainfall intensity variation due to climate change. A case study was conducted using 34 years of rainfall data
(1980–2013) obtained from the National Climatic Data Center (NCDC). These data and the weather scenario data projected by the four
run global circulation model (GCMs) under the three emissions scenarios coupled with stochastic weather generator model which generates
dailyweather time series statistically were used to update the current intensity-duration-frequency curve to reflect the rainfall intensity variation
due to climate change. Furthermore, runoff simulation using a storm and sanitary software program was performed to analyze whether the
increase in the intensity of rainfall due to climate changewould have an adverse impact on the current drainage system to convey excess runoff.
The results showed that most elements of the current drainage infrastructure in the boundary of the study area were inadequate to convey excess
runoff. However, climate change magnifies the problems that already exist in an aging drainage infrastructure. Furthermore, considering the
rehabilitation or replacement rates of these aging infrastructures are relatively slow, emphasis must not lie only on the future climate change, but
also on identifying the weak spots in the system coupled with, the economic and environmental factors before any changes in design criteria
can be recommended due to climate change. DOI: 10.1061/(ASCE)IR.1943-4774.0000887. © 2015 American Society of Civil Engineers.

Author keywords: Climate change; Adaptation; Rainfall intensity; Drainage infrastructure; Intensity-duration-frequency (IDF) curve.

Introduction

The intensification and dramatic changes in the hydrological cycle
[e.g., more intense rainfall and extreme weather events such as
Hurricane Irene in 2011 and Superstorm Sandy in 2012 in the
United States and Typhoon Jose (Halong) in 2014, in the
Philippines] can cause significant economic and environmental
impacts by flooding vast urban areas, overflowing sewers, and
damaging stormwater drainage infrastructure. Furthermore, heavy
rainfall intensity during wet or rainy seasons is also projected to be-
come more common while urbanization continues. Subsequently,
one of the most vulnerable systems due to these adverse effects of
heavy rainfall is most likely to include urban drainage infrastructure
networks (Adger et al. 2007; Alzahrani 2013; Andreasson et al.
2004; Arisz and Burrell 2006; Ashley et al. 2005; Denault 2001).
Even though the effects of climate change at the local level are not
well understood and appear to be gradual, their potential cumula-
tive impact over the service life cycle of drainage infrastructure
warrants changes in the basic philosophy of the technical design of
stormwater drainage infrastructure (Arisz and Burrell 2006; Guo
2006; Karl et al. 1988; Smite et al. 1999).

Adaptation to rainfall variation becomes one of the major
responses to climate change. However, it was given little attention
when climate change emerged as an important issue in the 1980s.
Mitigation has always been synonymous with combating climate
change. It is only in the last decade that adaptation has emerged as
a credible response to climate change. Climate change is now ac-
cepted by most people as being a reality, and there is a strong prob-
ability that rainfall events are going to be more intense in the future
(Adger et al. 2007; Denault 2001; Fowler et al. 1995; Molavi et al.
2013; Rossman et al. 1998; Scheraga et al. 1998; Willems 2000).

Drainage infrastructures are designed based on the capacity to
pass design discharges, such as the 1-in-100-year flood or the
probable maximum flood (PMF) in cases where the consequences
of failure are extreme. Climate change that increases precipitation
will also increase the magnitude of these design discharges and
subsequently affect both minor and major drainage infrastructure
systems designed to convey excess runoff when the capacity of the
minor system is exceeded (Butler and Davies 2004; Endreny et al.
2009; Gordon et al. 1992; Grum et al. 2005; Koutsoyiannis et al.
1998). So is it necessary to establish new guidelines to include the
potential rainfall intensity variations due to climate change?

Methodology

The rainfall intensity-duration-frequency (IDF) relationship is
one of the most commonly used tools in water resources engineer-
ing, either for the planning, designing, and operating of water
resource projects or the protection of various engineering proj-
ects against floods (Griffis and Stedinger 2007a; Guo 2006;
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Koutsoyiannis et al. 1998; Okonkwo and Mbajiorgu 2010). Gen-
erally, the main characteristics of rainfall are intensity, duration,
total amount, and frequency or recurrence interval. The rainfall
IDF curve illustrates the relationship between mean precipitation
intensity and frequency of occurrence (the inverse of the return
period) for different time intervals of a given duration. These
intervals over which precipitation intensity is averaged are called
durations (Chow et al. 1998; Solaiman et al. 2011; Willems
2000). The intensity is the time rate of precipitation, which is
expressed in depth per unit of time (in:=h). The average intensity
is commonly used and can be expressed as

i ¼ P
D

ð1Þ

where P = rainfall depth (mm or in.); and D = duration, usually
given in hours. The frequency is usually expressed in terms of
return period (T), which is the average length of time between
precipitation events that equal or exceed the design magnitude.

The current IDF curve are based on the concept of temporal sta-
tionarity, which assume that, the occurrence probability of extreme
rainfall intensity events is not expected to change over time. How-
ever, as climate has shown significant changes in rainfall char-
acteristics in many regions, depending only on the current IDF
curve concept or stationary climate change assumption may lead
to underestimation of the extreme rainfall intensity events. There-
fore, given the observed increase in heavy rainfall intensity events,
the author argues that the IDF curve should be updated to account
for future climate change. For this purpose, two climate change
scenarios are used in the analysis: (1) historic climate change data
for 34-years (1980–2013) obtained from the National Climatic
Data Center (NCDC) was used to set up the relationship between
the intensity, duration, total amount and frequency or recurrence
interval; and (2) monthly mean precipitation Wet weather scenario
data projected by the four run global circulation model (GCMs)
under the three emissions scenarios were downloaded from the
intergovernmental panel on climate change (IPCC) data distribu-
tion center (http://www.ipcc-data.org) for a period of 2020 and
2055. Furthermore, control simulations were investigated for the
estimation of the suitability of different GCMs to describe climatic
conditions, by comparing the modelled and observed monthly
mean precipitation data during 1980–2013.

The simulation output data, and then used as the weather gen-
erator input using LARS-WG. LARS-WG is a stochastic weather
generator model generating daily weather time series statistically
similar to the observed weather (Wilks andWilby 1999). WGs were
adopted in climate change impact studies as a computationally in-
expensive tool to generate scenarios with high temporal and spatial
resolutions based on the output from a GCM (Barrow and Semenov
1995; Dubrovsky et al. 2005; Hansen 2002; Wilks 1992; Wilks and
Wilby 1999). Furthermore, for this research goodness of fit tests
based on chi-square statistic and empirical distribution function
(EDF) [statistics Kolmogorov–Smirnov (KS) and Anderson darling
(AD) test] are used for evaluating the suitability of different prob-
ability distributions.

The simulation output results and analysis show that: (1) in gen-
eral the rainfall intensity duration and frequency will increase under
climate change; (2) the wet climate scenario reveals increase in
rainfall intensity; (3) the increase in rainfall intensity and magni-
tude will have significant implications the way current and future
municipal drainage infrastructure is designed, operated, and main-
tained; and finally (4) it also raises the fundamental question for
municipal engineers whether new design guidelines are necessary
to be established and the current IDF curves should be revised and
updated to reflect the potential impact of climate change. For this

purpose runoff simulation using SWMM version 5 (http://www2
.epa.gov/water-research/storm-water-management-model-swmm)
storm and sanitary software also performed to analyze whether the
increase in the intensity of rainfall due to climate change would
have an adverse impact on the current drainage system to convey
the excess runoff. Should new design guidelines are necessary to be
established.

Research Project Area

The location looked at in this study is Astoria Heights (also called
Upper Ditmars), a district of the borough of Queens in New York
City. The total area is approximately 8.2 ha. Figs. 1 and 2 show the
general location and drainage map of the study area.

Data Collection and Analysis

The maximum annual precipitations with different durations of
rainfall data for a period of 34 years (1980–2013) obtained from
LaGuardia Airport station were used as the main data set since the
study area was very close to the local weather extreme and record
station of the National Oceanic and Atmospheric Administration
(NOAA) department of the NCDC. Given this information, the data
were also subjected to statistical procedures that included calculat-
ing the mean, maximum, minimum, frequency, standard deviation,
and other measurements. Furthermore, descriptive and graphical
statistical analysis was also run for different durations of rainfall
intensity in order to examine whether the data were random. The
time series plot of the maximum precipitation is shown in Fig. 3.
Comparatively, there is no pattern in this plot; as a result, the author
concludes that the data were a random sample. A descriptive stat-
istical analysis for 24-h precipitation is shown in Table 1.

The mean and the standard deviation are X̄ð3.2Þ, and δð1.11Þ,
respectively. Similarly, by repeating the same statistical procedure
for all different durations, the mean and standard deviation of the
maximum annual precipitation were found (Table 2).

Graphical analysis was also done using theMATLAB fitting tool
graphical interface. Three different types of probability distribution
functions (normal, lognormal, and Weibull) were fitted to the data.
Figs. 4–6 show the fitted probability density functions, probability
cumulative functions, and probability plots, respectively. Compar-
ing the three different fitted functions, it can be concluded that the
normal and Weibull distributions fit the data with smaller error than
the lognormal distribution. As a result, the author chose to use the
normal distribution function since forecasting the cumulative prob-
ability of the maximum annual rainfall result using the Normal and
Weibull distributions are very close.

In the final analysis, after the probability distribution function
of the maximum rainfall for different durations (D) determined,
the maximum intensity of the rainfall also was forecasted
using Eq. (7).

Updating Existing IDF Curve Approaches

The first step to construct the IDF curve for a given region is to
assess the local rainfall data to determine the maximum rainfall
depth associated with each year, and at least 25 years of rainfall
intensity data should be considered (Gordon et al. 1992; Solaiman
et al. 2011; Willems 2000). Consequently, the maximum rainfall
depth should be determined for the different durations of rainfall
during these 25 years, and a descriptive statistical analysis must
be done for each duration to determine the mean and standard
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deviation as functions of duration. As a result, the model will have
two arrays: one for the mean depth of rainfall X̄ðDÞ, which is a
function of duration of the rainfall; and another for the standard
deviation of the depth of rainfall δðDÞ.

Fig. 1. General location of study area (map data © Google)

Fig. 2. Drainage plan of study area (image by author)

Fig. 3. Time series plot of the maximum precipitation from 1980
to 2013

Table 1. Descriptive Statistical Analysis for 24-h Precipitation

Descriptive statistics for the 24-h duration

Main feature Value

Mean 3.20
Standard error 0.19
Median 2.9
Mode 2.74
Standard deviation 1.11
Sample variance 1.24
Kurtosis 3.91
Skewness 1.76
Range 4.88
Minimum 1.81
Maximum 6.69
Sum 108.67
Count 34

Table 2. Mean and Standard Deviation of the Sampled Maximum
Precipitation in Different Durations of Rainfall from 1980 to 2013

Duration (h) Mean [mm (in.)] Standard deviation

1 46.99 (1.85) 0.42
2 53.85 (2.12) 0.47
3 59.18 (2.33) 0.56
6 67.56 (2.66) 0.67
12 76.20 (3.00) 0.92
24 81.28 (3.20) 1.11
48 82.80 (3.26) 1.11
72 87.63 (3.45) 0.92
120 98.30 (3.87) 0.96
168 131.57 (5.18) 1.1
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The second step is to fit a probability distribution function
(PDF) or a cumulative distribution function (CDF) to each group
comprised of the data values for a specific duration. It is possible to
relate the maximum rainfall intensity for each time interval with
the corresponding return period from the cumulative distribution
function. Given a return period T, its corresponding cumulative
frequency F will be

F ¼ 1 − 1

T
or T ¼ 1

1 − F
ð2Þ

Once a cumulative frequency is known, the maximum rainfall
intensity is determined using the chosen theoretical distribution
function such as normal, Weibull, and lognormal (Griffis and
Stedinger 2007b; Mailhot et al. 2007; Mirhosseini et al. 2014;
Solaiman et al. 2011). The objective of frequency analysis is to
relate the magnitude of events to their frequency of occurrence
through probability distribution. It is assumed the events (i.e., data)
are independent and come from identical distribution. Once a dis-
tribution function has been selected and its parameters estimated in
this case the normal distribution function (Fig. 7) is selected since
forecasting the cumulative probability of the maximum annual rain-
fall result using the normal and Weibull are very close, as described
previously

xT ¼ x̄þKTδ Using xT ¼ x̄þKTδ proposed by Chow ð3Þ

where xT = return period; KT = return period; T = return period; x̄ =
sample mean; and δ = sample standard deviation.

The magnitude of the hydrologic event of the T-year event can
be represented as follows:

XT ¼ μþ KTδ ð4Þ

where XT represents the magnitude of T-year, μ and σ are the mean
and standard deviation of the annual maximum series, and is a fre-
quency factor depending on the return period, T. The frequency
factor is obtained using the relationship

KT ¼ XT − μ
δ

ð5Þ

This is the same as the standard normal variable Z, and using
the cumulative distribution function for the standard normal distri-
bution for any given T-year return period

KT ¼ ZF ¼ Z1−ð1=TÞ ð6Þ

Fig. 6. Probability plots for the maximum precipitation for a 24-h
duration

Fig. 4. Histogram of the maximum precipitation for the 24-h duration
and the fitted probability density function (1980–2013)

Fig. 5. Fitted probability cumulative functions for the maximum
precipitation for a 24-h duration

Fig. 7. Magnitude of an extreme event XT expressed as a deviation of
KTδ from the mean μ, where KT is the frequency factor

© ASCE 05015002-4 J. Irrig. Drain Eng.
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In the third step, the rainfall intensities for each duration and a
data set from a selected return period, such as 2, 5, or 10 years, are
calculated using Eqs. (3) and (5) as follows:

iTðDÞ ¼ XTðDÞ
D

¼ 1

D
½X̄ðDÞ þ Z1−ð1=TÞδðDÞ� ð7Þ

where X̄ðDÞ and iTðDÞ are, respectively, the calculated or fore-
casted rainfall depth and the maximum rainfall intensity associated
with the duration D for the return period T years.

The return period for a given duration and maximum inten-
sity (T) is the average time interval between exceedances of the
value (D). It is well known that for the annual series, under the
assumption that consecutive values are independent, the return
period of an event is the reciprocal of the probability of exceedance
of that event, i.e. (Butler and Davies 2004)

T ¼ 1

1 − F
ð8Þ

Demonstration

For demonstration purposes, to calculate the maximum intensity of
the rainfall with a 10-year return period and 24-h duration and
using Eq. (7) and

iTðDÞ ¼ XTðDÞ
D

¼ 1

D
½X̄ðDÞ þ Z1−ð1=TÞδðDÞ� ⇒ i10ð24Þ ¼

x10ð24Þ
24

where D ¼ 24 and T ¼ 10, and from the data in Table 2, the mean
X̄ð3.2Þ and standard deviation δð1.11Þ are

¼ 1

24
½X̄ð24Þ þ Z1−ð1=TÞδð24Þ�

¼ 1

24
½ð3.2Þ þ Z1−ð1=TÞð1.11Þ� ⇒ 4.93 mm=h

For the purpose of constructing the IDF curve, similar calcula-
tions were performed for 1, 2, 3, 6, 12, 24, 48, 72, 120, and 168 h
and 2-, 5-, 10-, 25-, 50-, and 100-year return periods, and the results
are shown in Table 3.

Runoff Simulation and Modeling Result Analysis

A runoff simulation using SWMM-5 storm and sanitary software
was performed to analyze whether the increase in the intensity
of rainfall due to climate change would have an adverse impact
on the current drainage system to convey excess runoff. The model
result shows a 23.4% increase on the peak stormwater runoff
due to an increase in intensity from 44.45 mm=h (1.75 in.=h) to
54.61 mm=h (2.15 in.=h) when it compared with the current stan-
dard design criterion in New York City intensity-duration values for
a 5-year return period to the updated IDF curve (Figs. 8 and 9) for
the same duration of return period, which is 18.6% increase of rain-
fall intensity. As a result, most elements of the current drainage
infrastructure in the boundary of the study area were inadequate
to convey the excess runoff generated using the updated IDF curve.
However, the current state of stormwater infrastructure in the study
area in terms of capacity, type and age of pipes, sediment deposi-
tion, and drainage system configuration (combined sewer system),
as well as the maintenance history, including a long-term trend that
causes deterioration of the existing infrastructure through benign
neglect, and population growth, also has an impact of similar or
greater magnitude than climate change on the model results. Fur-
thermore, the study area drainage systems were constructed in 1928 T
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for areas whose impervious surfaces were fewer and smaller than
those today, which will greatly affect the urban runoff results.

Other factors, such as the high precipitation values during
Hurricane Irene in 2011 and Superstorm Sandy in 2012, also affect
the model results during upgrading of the IDF curve for this par-
ticular research project since the rainfall intensity was the highest.

Conclusions

The results of this research showed that most elements of the
current drainage infrastructure in the boundary of the study area
were inadequate to convey excess runoff. However, climate change
magnifies the problems that already exist in an aging drainage in-
frastructure. Furthermore, the rehabilitation or replacement rates of
these aging infrastructures are relatively slow. As a result, emphasis
must be placed not only on the future climate change, but also
on identifying the weak spots in the system, coupled with the
economic and environmental factors, before any changes in design
criteria can be recommended due to climate change. This finding,
however, is characteristic of this case study area and may not apply
to other watersheds.
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