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Combined sewer overflows (CSOs) release pollutants collected in urban runoff into local
waterways, impacting both aquatic life and human health. The impact of climate change
on precipitation may result in an increase in the frequency and magnitude of heavy
precipitation events, with a corresponding increase in CSO discharges. The installation
of Green Infrastructure (Gl) such as Porous Pavements (PP) is a resilient approach to
mitigate CSO events. However, an understanding of the impact of climate change on
CSO events and the effectiveness of Gl practices is crucial for designing sustainable
urban stormwater management systems. Using the Storm Water Management Model
(SWMM), the performance of PP as a CSO abatement strategy was studied for the
city of Buffalo, New York, USA. This paper used the Intensity-Duration-Frequency (IDF)
curves for current (1970-1999) and future (2070-2099) design rainfall scenarios, with
four rainfall durations (1, 6, 12, and 24 hours) and four return periods (2, 10, 50, and
100 years). The simulation results show that (1) current 100-year events generate CSO
volumes similar to predicted 50-year events; (2) CSO volumes could increase by 11-73%
in 2070-2099 compared to 1970-1999 when no Gl intervention is performed; and (3) the
installation of PP can reduce 2-31% of future CSO volume. This case study demonstrates
the regional CSO challenges posed by climate change and supports the use of Gl as a
mitigation strategy.

Keywords: climate change, porous pavements, combined sewer overflow, green infrastructure, sustainable urban
drainage system

INTRODUCTION

Land cover change from its natural state to impervious surfaces resulting from urbanization
introduces an array of disturbances to the hydrological cycle (Saier, 2007). Impervious surfaces,
such as concrete or asphalt, prevent infiltration, encourage urban runoff, preclude natural
groundwater recharge, and increase the occurrence of flash flooding (WMO and GWP, 2008;
Huong and Pathirana, 2013), among other negative impacts. To protect city dwellers from the
alterations to the hydrological cycle and its consequences (i.e., flooding and exposure to pollutants
such as viruses, chemicals, and suspended solids carried by runoff), sewer systems collect and
convey stormwater away from cities (USEPA, 2014). A very common type of sewer system in
old urban areas is the combined sewer system (CSS), a network of pipes that collects both
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stormwater and wastewater and expels excess untreated water
volumes into nearby water bodies. These discharges, known
as combined sewer overflows (CSOs), transport washed-off
atmospheric and urban surface pollutants along with the debris
buildup in the CSS during dry weather periods and cause multiple
adverse effects (e.g., WMO and GWP, 2008; Botturi et al., 2020).

In the USA, the Environmental Protection Agency (EPA)
provides guidance to municipalities on managing CSO
discharges and complying with the National Pollutant Discharge
Elimination System (NDPES) through a CSO Control Policy.
This CSO Control Policy details methods for handling discharge
violations, including regular maintenance of the sewer system,
prohibiting CSOs during dry weather, and requiring local
long-term control plans (LTCPs). With control targets in place,
the municipality must research alternatives for reducing the
impact of CSOs to water quality and include climate change
uncertainties in their LTCPs (NYSDEC, 2021).

Green stormwater infrastructure (hereinafter referred to as
green infrastructure, GI) has become a popular method for
mitigating the hydrological impacts of urbanization and climate
change (Alves et al., 2016; Joshi et al., 2021). GI practices, also
often referred to as Best Management Practices and Sustainable
Urban Drainage Systems (SUDS) (see Fletcher et al., 2015 for
a terminology discussion), such as rain barrels, green roofs,
porous pavements, etc., are known for being a cost-effective
alternative to the traditional means of stormwater management,
especially when considering its co-benefits (USEPA, 2014). It
is well-accepted that GI plays a key role in promoting climate
change resilience when implemented strategically in an urban
area (Shirgira etal., 2019). GI abates stormwater issues in extreme
precipitation events by capturing and temporarily storing runoft
volumes, reducing the volume and number of CSOs, and
promoting flood prevention (Foster et al, 2011). Previous
studies have also been conducted on the implementation and
effectiveness of GI under non-extreme precipitation events.
Ghodsi et al. (2021) modeled GI in a typical year in Buffalo,
New York, USA (precipitation levels within 5% of a 78-year
average), resulting in up to a 24% reduction in CSO volume from
residential rain barrel and commercial cistern implementation.
A simulation of GI (bioretention and green roofs) in an urban
catchment in Salt Lake City, Utah, USA, resulted in a 35%,
45%, and 43% reduction in surface runoff from the baseline
in dry, average, and wet years, respectively (Feng et al., 2016).
Webber et al. (2020) evaluated runoff reduction performance
across multiple rainfall scenarios and found that more intense
rainfall events (associated with a lower probability of occurrence)
make GI interventions less effective in surface runoff reduction.

Porous pavements (PP) work well on large, uneven surfaces
like streets and parking lots, but parking lots are generally
preferred due to lighter traffic (Woods-Ballard et al., 2007).
PP can also improve water quality by filtering contaminants
before they reach surrounding waterbodies, prevents ponding of
rainwater, and improves snow and ice melting (Buffalo Sewer
Authority, 2018). Therefore, we selected PP for this case study.
Previous studies have analyzed PP and other forms of GI and
their impact on reducing runoff or CSO events. Alyaseri and
Zhou (2016) tested three forms of PP (permeable concrete,

permeable asphalt, and permeable pavers) in St. Louis, Missouri
and found a reduction in runoff of 36%, 13%, and 46%,
respectively. The test study area covered an area of 2.9 acres and
the flow of stormwater was measured and recorded manually.
In the Upper Qing catchment in Beijing, China, Randall et al.
(2019) modeled a combination of green roofs, rain gardens, and
PP. These GI had the potential to increase the ratio of captured
annual rainfall volume from 60 to 82%.

Many studies have focused on the effects of climate change
and growing urban infrastructure on CSOs. Nie et al. (2009)
found, in their case study of the Veumdalen Catchment in
Fredrikstad (Norway), a larger number of flooding events and
total volume flooding from manholes, surcharging sewer nodes,
basement flooding, and an increased CSO volume resulting from
heavier precipitation due to climate change. Tavakol-Davani et al.
(2016) found in an analysis of a Toledo, Ohio (USA) watershed
that climate change will increase CSO frequency, volume, and
duration by 18%, 12%, 17%, respectively. Salerno et al. (2018)
found in their case study for the Lambro Basin in northern Italy
that total phosphorus loading levels from CSOs would double
if urban imperiousness increased 20% and their climate change
scenarios for rainfall intensity were realized.

Because climate change introduces uncertainties and
challenges to stormwater management, long-term plans must
consider local precipitation scenarios and their likelihood
of occurrence to build resilient urban drainage systems. The
effects of climate change are local and change in severity for
different latitudes of the globe making previous studies hardly
generalizable or transferrable. As a result, local strategies to
increase the resiliency to climate change must be derived from
site-specific studies assessing how the urban drainage and its
future expansions (i.e., projected sewer system expansions and
GI features) will respond to future precipitation events.

This study quantifies and compares CSO volumes under
current and future storms for the city of Buffalo, NY. This
work uses the best available representation of the city of Buffalo
drainage system and focuses on the performance of PP as a CSO
abatement strategy under climate change scenarios. To do so,
PP implementation in all parking lots of the city and climate
change scenarios are simulated to (1) estimate the efficiency of
these structures in controlling CSO and (2) shed light on how the
climate change issue can be addressed by resilient GI approach
using PP.

METHODOLOGY

This study analyzes CSO volumes for the city of Buffalo for
two timeframes: the 1970-1999 period (a representation of the
current condition) and the projected 2070-2099 period. The
event-based rainfalls were modeled in SWMM and included four
storm durations (1, 6, 12, and 24 hours) and four return periods
(2,10, 50, and 100 years). The precipitation events were designed
with the Intensity-Duration-Frequency (IDF) curves built by
Cornell University’s Northeast Regional Climate Center (NRCC)
(Degaetano and Castellano, 2017), using the Chicago method
(Keifer and Chu, 1957).
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Study Area

The Buffalo Sewer Authority (BSA) of the city of Buffalo manages
collecting and treating wastewater and CSOs. The city has 53
CSO outfalls and approximately 1,368 km of sewer lines, of
which 1,271km (93%) are combined sewers. During the last
years, the BSA has deployed GI structures throughout the city
area, including PP, rain barrels, downspouts disconnections,
and vacant land restoration, with notable results (Buffalo Sewer
Authority, 2018). For example, the city replaced 16 acres
of asphalt and concrete with planters and porous materials,
preventing 7.2 thousand cubic meters of runoff from entering
the sewer system during a typical rainfall event (Buffalo Sewer
Authority, 2018).

The city of Buffalo’s previous work with GI is best described
in the BSAs Raincheck program (Buffalo Sewer Authority,
2018, 2019). The advancement toward GI has been progressive
and increasingly committed to public engagement, encouraging
voluntary GI installation, initiating fees for impervious surface
construction, and improving education on the benefits of GI
(Buffalo Sewer Authority, 2019). Currently, the city counts on
a Long Term Control Plan and a GI Master Plan for CSO
discharges abatement, which includes site analysis for potential
Gl installation sites and the prioritization of five CSO outfalls and
sewer basins for GI retrofitting (Buffalo Sewer Authority, 2018).

The City of Buffalo Urban Hydrologic Model
Storm Water Management Model (SWMM) is widely utilized in
research applications to simulate the rainfall-runoff process and
the behavior of GI features (e.g., Macro et al., 2019; Yang et al,,
2020). An urban hydrologic model for the city of Buffalo has been
developed by Arcadis on behalf of the Buffalo Sewer Authority
using SWMM (Arcadis, 2018). The city of Buffalo SWMM model
provides a detailed representation of the city’s drainage system,
including 9,201 conduits, 59,796 sub-catchments, and 53 CSO
outfalls (see Figure 1). The model was calibrated and validated
using measured flow data at 112 flow meters for the period of
September 2016 to June 2017 (Arcadis, 2018).

Modeling Porous Pavements

In this study, we explored the impact of placing PP at its
maximum capacity in the parking lots of the city, i.e., replacing all
parking lots with PP. Among the 59,796 sub-catchments (68,835
acres) represented in the SWMM model, 2,682 are parking lots
(with an area of 6.89 km?, 2.6% of the total area). These parking
lots receive, besides the rainfall falling directly on its surface, the
runoff from 3,298 roofs (with an area of 7.63 km?, 2.9% of the
total). Table 1 specifies the parameters used for modeling PP in
SWMM (Torres et al., 2021). The area of the PP was adjusted to
cover the surface area of the original parking sub-catchment.

Rainfall Scenarios

Data for the IDF curves were extracted from the Coordinated
Regional Climate Downscaling Experiment (CORDEX) and
Coupled Model Intercomparison Project Phase 5 (CMIP5).
CORDEX simulations included regional climate models
(RCMs) with 50-km gridded resolution ran through CMIP5
atmospheric-oceanic general circulation models (AOGCMs)

(Degaetano and Castellano, 2017). Daily precipitation estimates
extracted from four CORDEX model combinations and
25 CMIP5 models provide one historical and two future
climate scenarios (greenhouse gas trajectories representative
concentration pathway 4.5 and 8.5, or RCP4.5 and RCP8.5).
The future climate scenarios refer to different magnitudes of
net radiative forcing expected by 2,100 (compared to pre-
industrial settings). Three downscaling methods (dynamic, delta,
and analog) were used to estimate future precipitation as the
resolution of global climate models (GCMs) were too coarse for
Degaetano and Castellano’s study. Bias correction factors were
implemented for these downscaling methods. In the dynamic
and analog methods bias correction factors were developed from
a comparison of historical downscaled recurrence interval (also
known as return period) precipitation and observed recurrence
interval precipitation. The delta method uses raw data from
the CMIP5 project for daily precipitation, so historical bias
was only determined for the dynamical and analog approaches
(Degaetano and Castellano, 2014).

This study used data provided by NRCC’s precipitation
observation station located at the Buffalo-Niagara International
Airport in Cheektowaga, New York, USA. Thirty-two separate
design rainfalls (see Table 2) were used: four storm durations (1,
6,12, and 24 hours), four return periods (2, 10, 50, and 100 years),
and two timeframes (current: 1970-1999 and future: 2070-2099).
The four durations and four return periods were selected to
represent two extremes and two intermediate scenarios in each
category. The current timeframe IDF curves utilize measurement
data in their calculations and therefore were selected to provide a
baseline. For the future timeframe, the 2070-2099 time period
was selected as it is the IDF projection provided by NRCC.
RCP8.5 was also selected for this timeframe. These two factors
combined allow for analysis of the worst-case scenario available.
With two GI installations (with and without PP) used, 64
simulations were performed.

Implementation of the design storm scenarios were
accomplished using Computational Hydraulics International
(CHI)’s PCSWMM (CHI, 2021). Incorporation of NRCC IDF
curves into PCSWMM’s raingage editor resulted in the rainfall
intensity in Table 2. The Chicago Method (Keifer and Chu,
1957) parameters (a, b, and c) were fitted by PCSWMM. These
parameters and the Chicago Method equations (see Appendix)
were used to develop time series of rainfall intensity (i.e.,
hyetographs). Figure2 shows the design hyetographs for the
four return periods (with a 1-h duration). The Appendix also
shows the hyetographs of 32 scenarios (16 graphs with two
hyetographs apiece, representing the different timeframes).

RESULTS AND DISCUSSION

Climate Change Impact—CSO Total
Volume Comparison Between Current and

Future Scenarios

Total CSO volume (53 outfalls, refer to Figure 1) was calculated
for the current and future timeframes, both with and without PP
implementations, as shown in Figure 3. Figure 3 is composed of
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CSO Outfalls

—— Conduits
[ Municipal Boundary
B Subcatchments

0051 2 3 4
B e Kilometers

FIGURE 1 | City of Buffalo’'s SWMM Model—conduits, sub-catchments, and CSO outfalls.

16 sub-figures, from top to bottom increasing return periods [2
(a), 10 (b), 50 (c), 100 years (d)] and from left to right increasing
rainfall durations (1, 6, 12, and 24 hours). Scenarios with PP
are represented with solid columns and the original condition
(without PP) with stripped columns. The timeframe 1970-1999
is shown in orange, and the projected timeframe 2070-2099 is in
dark gray. Under all return periods and rainfall durations, CSO
total volume under future scenario (2070-2099) is higher than
that under current scenario (1970-1999). The largest increase
in CSO volume magnitude corresponds to the 100-year return
period and 24-h duration scenario.

Table 3 summarizes the CSO volume increase in percentage
from 1970-1999 to 2070-2099, without PP (i.e. baseline
condition). The percent increase is between 11 and 73%,
with the largest difference occurring under the 2-year return
period and 1-h duration scenario. It shows that the difference
between current and future scenarios, in terms of percent

increase, is more prominent in a shorter return period. In the
2-year return period, the percent increase ranges from 35-
73%, while the 100-year return period results in an 11-20%
increase in CSO volume. The results showed that while the
CSO volume is linearly correlated with the magnitude of rainfall
event, the relation is different among the periods of 1970-
1999 and 2070-2099 and varies also with the duration and
return period.

Gl Mitigation Impact—CSO Total Volume

Comparison Between w/ and w/o PP

Figure 4 shows the comparison of total CSO volumes using
the two timeframes without PP (solid lines) and the future
condition with PP (dotted line). As expected, as duration and
return period increases, CSO volume increases regardless of
the scenario analyzed. As can be observed on the increasing
width of the shaded areas, i.e., the difference between the upper
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TABLE 1 | SWMM parameter values used for modeling PP.

Surface Layer Pavement layer Soil layer Storage layer Underdrain system
Roughness 0.015  Thickness (mm) 76.2  Thickness (mm) 381  Thickness (mm) 508  Drain coefficient 2
Slope (%) 1% Void ratio (voids/solids) 0.16  Porosity (volume fraction) 0.5  \Void ratio 0.75  Drain exponent 0.5
Berm height (mm)  152.4  Impervious surface fraction 0 Field capacity (volume fraction) 0.2  Seepage/filtration rate 0 Drain offset height 0

Permeability (mm/h) 254 Wilting point (volume fraction) 0.1 Clogging factor 0
Conductivity (mm/h) 12.7
Conductivity slope 10
Suction head (mm) 88.9

TABLE 2 | Rainfall intensity [total rainfall depth] per timeframe, return period, and duration and associated Chicago method rainstorm parameters.

Return Period Rainfall Intensity (mm/h)

[total rainfall depth (mm)]

Chicago-method parameters

(year) 1h 6h 12h 24 h a b c
1970-1999 2 23.9 6.9 4.3 2.8 23.705 0.005 0.680
[23.9] [41.2] [51.8] [67.0]
10 33.5 9.7 6.1 3.8 33.510 0.008 0.686
[33.5] [67.9] [73.2] [91.4]
50 47.5 13.7 8.6 5.3 47.777 0.013 0.690
[47.5] [82.2] [103.7] [127.9]
100 56.4 16.3 10.2 6.4 56.483 0.008 0.689
[56.4] [97.6] [121.9] [152.4]
2070-2099 2 29.2 8.6 5.3 3.3 30.201 0.019 1.696
[29.2] [51.8] [64.0] [79.2]
10 40.6 11.9 7.4 4.6 41,557 0.013 1.695
[40.6] [71.6] [88.5] [109.7]
50 58.2 17.0 10.4 6.6 58.948 0.010 1.692
[68.2] [102.1] [125.0] [158.5]
100 69.1 20.1 12.4 7.6 71.415 0.020 1.704
[69.1] [120.4] [149.4] [182.9]
[ 19701999 [T 2070-2099
5 2-year 10-year 50-year 100-year
300
— 250
'E 200
g
= 150
E
£ 100
<
A 50
0
SEEC8LRATER NS 8822843439228 88228 LS9YR98 88228524889 2e8
C OO O OOOCOOOOC~ SO S SOCSSSSSCSS~ OO SCOSOCSSSS~ 0SS SS ~
FIGURE 2 | One-h design storm hyetographs of 2-, 10-, 50-, 100-year return period from left to right. Period 1970-1999 in blue hollow columns and period
2070-2099 in orange solid columns.

(2079-2099 w/o PP) and lower bounds (1979-1999 w/o PP), the
absolute differences in CSO volumes between the current and
future timeframes generally increase with the rainfall duration.

Figure 4 also shows that the total CSO volumes under 50-
year and 2070-2099 timeframe scenarios exceed those under
100-year and 1970-1999 timeframe scenarios, for all rainfall
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durations, which shows that in terms of CSO volume, the
current 100-year event may be a 50-year event in the future if
no CSO mitigation strategies are undertaken. Regarding CSO
volumes under 1-h rainfall duration scenarios, the future 2-
year return period can be almost the same as the current
10-yr return period, indicating considerable potential impact

of climate change. Also, it is worth mentioning that PP
deployment alone in this study cannot completely neutralize
the increases in CSO volume due to climate change (i.e.,
dotted line is always above the lower solid line with the same
return period). More actions such as other types of GI should
be considered.
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It is expected that the deployment of PP will reduce the  percent generally decreases as rainfall duration and return period
CSO volume (Alyaseri and Zhou, 2016). The total CSO volume  increase. Also, the larger the rainfall event, the smaller the impact
differences between the original condition (i.e., no PP) and  of PP in the outfall volume. This is also evident from Figure 4,
with PP deployment in all parking lots can range between 60  the dotted lines of the 100- and 50-year are closer to the upper
and 572 thousand cubic meters for the 1970-1999 timeframe,  bound (2070-2099 timeframe) compared to the 2- and 10-year
and between 212 and 859 thousand cubic meters for the 2070-  return periods. Previous studies have also shown that GI has
2099 timeframe, exhibiting, in general, larger reductions for the = lower performances for larger rainfall events (Cook et al., 2019;
future timeframe than the current. However, we did not find  Vaillancourt et al., 2019), since the GI soil and media may reach
consistently higher or lower reduction volumes for the same  saturation, hence providing less storage capacity. Webber et al.
duration and return period between the two timeframes, which ~ (2020) also found the trend of diminishing effectiveness of GI
indicates that the effectiveness of PP on CSO reduction varies  in reducing flood peak as events become more intense, i.e.,
upon rainfall patterns (duration and intensity). associated with a lower probability of occurrence.

When analyzing the effectiveness of PP on CSO reduction
for each timeframe separately in Table 4, CSO volume reduction

Spatial Distribution of CSO Volume
Reduction Among CSO Outfalls

TABLE 3 | Percent increase (%) in CSO total volume from the 1970-1999 to Results above are summaries of the aggregated Buffalo system
2070-2099 scenarios without PP, CSO outfalls, i.e., resulting volumes and volume reductions
2-year 10-year 50-year 100-year  SUMMINg up the 53 CSO outfalls of the city. These aggregations

provide the global impact of placing PP in all parking lots of

1-h 73 33 18 17 the city, but do not capture differential reductions among CSO
6-h 42 41 16 11 outfalls. When comparing the outfalls individually, there are
12-h a1 26 22 14 outfalls whose CSO volume are completely eliminated, while
24-h 35 23 21 20 there are some outfalls where the volume remains undisturbed

after PP is deployed. Additionally, even for the same CSO outfall,

- the percentage reductions varied for different return periods

and rainfall durations. To investigate spatial distributions, we

oo S ;Z()y:'r pr examined the CSO volume reduction of all outfalls using all

B 10yr e durations and return periods. High variability was observed

i Ooaw P P - among return periods and for the same duration, and among

E B g durations for the same return period. An example of the latter

§ —~ i is shown in Figure 5, which shows the CSO volume reduction (in

g thousand cubic meters) spatial distribution for the 1-h duration,
g 660 1979-1999 timeframe, and four return periods.

2 For a single CSO outfall, there is no observable trend (no

& 4000 increasing or decreasing of volume reduction for increasing

return periods). This result goes in line with our aggregated

2000 finding that CSO reduction relies heavily upon rainfall patterns

(duration and intensity) but also points out that the complexity

0 of the sewer system makes individual CSO outfalls behave

Hhe oh 12he e differently. It is possible that a reduction in a CSO outfall could

FIGURE 4 | Comparison of total CSO volumes under different scenarios. increase the volume in another interconnected outfall. Note that

Shaded areas are the volumetric differences per return period bounded by in Figure 5, outfalls missing in one (or more) return period sub-

CSO volumes under 2070-2099 timeframe (upper border) and 1970-1999 figures indicate no reduction for that return period. For example,

timeframe (lower bolrder). Dotted lines represent the PP deployment scenarios some CSO outfalls in the northwest of the city have no reduction
for the 2070-2099 timeframe. . .

for the 50 years return period, have large reductions for the 2 and

TABLE 4 | Percent decrease (%) in CSO total volume from the w/o PP to w/PP scenarios (w/o PP: without porous pavements; w/ PP: with porous pavements).

Return Period 2-year 10-year 50-year 100-year

Duration 1970-1999 2070-2099 1970-1999 2070-2099 1970-1999 2070-2099 1970-1999 2070-2099
1-h 18 31 15 12 15 7 6 7

6-h 16 13 12 16 6 9 3

12-h 11 iR 8 8 6 5 6 2

24-h 9 8 6 4 5 2 1 2
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1979-1999). A larger circle size indicates larger reduction.
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100 years return periods, and smaller reductions for the 10 years
return period. To better analyze these patterns, Figure 6 shows
the CSO volume reduction for the 5 prioritized CSO outfalls
referred to in Study area, for all durations and return periods
under the 1970-1999 timeframe.

Figure 6 shows that while for some return periods a CSO
outfall volume reduction seems to increase with increasing
duration, the opposite occurs for a different return period.
Observe, for instance, the outfall C (dark blue color in Figure 6):
the volume reduction increases with increasing durations for
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the 2 and 10 years return periods and decreases with increasing
durations for larger return periods (50 and 100 years). When
observing each CSO outfall independently, we consistently find
smaller percentage reductions with increasing return periods,
which is consistent with our aggregated findings in Spatial
distribution of CSO volume reduction among CSO outfalls.

CONCLUSION

The urban hydrologic model for the city of Buffalo was used
to predict the volume of CSO events as influenced by climate
change and PP installation. From a series of simulated intensity-
duration-frequency curves, the highest RCP (RCP 8.5) was
selected to provide a worst-case climate changed scenario.
The simulations showed that the current (1970-1999)s 100-
year storm will generate CSO volumes comparable to the
future (2070-2099)’s 50-year storm due to the more intense
precipitation and resulting runoff. Overall, predicted CSO
volumes increased by 11-73% for the different storm events
influenced by climate change. Additional simulations showed
that the installation of PP can reduce 2-31% of CSO volume
under the studied design storms. PP was generally more effective
for CSO reduction, under storm events with a smaller return
period and shorter rainfall duration.
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