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ABSTRACT: We coupled rainfall-runoff and in-stream water quality models to evaluate total
suspended solids (TSS) in Wissahickon Creek, a mid-sized urban stream near Philadelphia, PA.
Using stormwater runoff and in-stream field data, we calibrated the model at a sub-daily scale
and focused on storm responses. We demonstrate that treating event mean concentrations as a
calibration parameter rather than a fixed input can substantially improve model performance.
Urban stormwater TSS concentrations vary widely in time and space and are difficult to
represent simply. Suspended and deposited sediment pose independent stressors to stream biota
and model results suggest that both currently impair stream health in Wissahickon Creek.
Retrofitting existing detention basins to prioritize infiltration reduced in-stream TSS loads by
20%, suggesting that infiltration mitigates sediment more effectively than detention. Infiltrating
stormwater from 30% of the watershed reduced in-stream TSS loads by 47% and cut the
frequency of TSS exceeding 100 mg/L by half. Settled loads and the frequency of high TSS
values were reduced by a smaller fraction than suspended loads and duration at high TSS values.
A widely-distributed network of infiltration-focused projects is an effective stormwater
management strategy to mitigate sediment stress. Coupling rainfall-runoff and water quality
models is an important way to integrate watershed-wide impacts and evaluate how management

directly affects urban stream health.



RESEARCH IMPACT STATEMENT: This study models urban runoff and in-stream
sediment loads, evaluates how well potential stormwater control measures ameliorate sediment

stress, and considers implications for stream health.
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INTRODUCTION

Urbanization results in many stressors to stream ecosystems, increasing flood intensity,
flood frequency, sediment loads, bank scouring, and stream turbidity (Blaszczak et al., 2019;
Walsh et al., 2005). Urban streams have greater sediment loads than forested streams due to
expanded sources of mobile material (e.g., construction activities) and increased erosion during
higher flows (Taylor and Owens, 2009). High total suspended solids (TSS) levels and settling
rates both severely impact stream ecosystems. Elevated TSS concentrations are associated with
reduced primary productivity (Bilotta and Brazier, 2008), decreased fish growth and survival
rates (Kemp ef al., 2011), and low diversity in benthic macroinvertebrates (Buendia et al., 2013).
Excess settling (burial) reduces habitat availability and dissolved oxygen exchange within the
streambed (Burdon ef al., 2013; Izagirre et al., 2009). Furthermore, higher TSS concentrations
are often associated with higher levels of metals and other pollutants (Berndtsson, 2014).

Storms play a significant role in degrading urban stream health and delivering sediment
to streams (Lawler ef al., 2006). For example, Clinton et al. (2006) observed a stream that flowed
through an urban area and then a forest; at baseflow, the forested segment showed improved
water quality compared to the urban area, but during storms the forested segment was equally as
impaired as the urban area. Storm size is a significant explanatory variable for predicting TSS in
urban watersheds (Fisher et al., 2016).

Green stormwater infrastructure (GSI), also commonly referred to as low-impact
development (LID), stormwater control measures (SCMs) or best management practices (BMPs)
(Fletcher et al., 2015), refers to decentralized engineering approaches to reduce stormwater
runoff generation during storms that incorporate soils and vegetation; these “green” approaches

may be more cost-effective than traditional grey infrastructure approaches (Vineyard et al.,



2015). Detention-focused GSI, including wetlands and detention basins, focus on temporarily
storing stormwater (Fletcher et al., 2013). Infiltration-focused GSI aims to infiltrate as much
stormwater as possible through swales, infiltration basins, bioretention systems, or permeable
pavements (Eckart et al., 2017), while harvest-focused GSI collects stormwater and re-uses it for
other purposes, such as irrigation or toilet-flushing (Askarizadeh et al., 2015; Shuster et al.,
2013). Both infiltration- and harvest-focused GSI ultimately re-route stormwater and reduce the
total volume that ends up in streams (Jefferson et al., 2017), while detention-focused GSI may be
less effective at reducing flooding during storms (Emerson et al., 2005; Fletcher et al., 2013).

At a project scale, GSI tends to be effective at reducing stormwater sediment loads, with
removal rates commonly in the 50-100% range (Ahiablame et al., 2012); removal has been
reported consistently for large and small storms (Wadzuk et al., 2010). Variability in
performance can be attributed to the specific project type, size, location, design, and
maintenance. Modeling can help optimize GSI project design (Binns et al., 2019; Yang and
Chui, 2018) and configuration (Bahaya et al., 2019; Sparkman et al., 2017) to maximize
pollutant load reduction.

There is a need for larger-scale studies to address integrated watershed-wide GSI impacts
and incorporate a broader range of GSI (Prudencio and Null, 2018). GSI is decentralized by
design and most GSI models focus on a small number of projects and only a single type of GSI.
In a recent review of 100 watershed-scale GSI studies, a third focused on watersheds <1 km? and
only 10 incorporated larger watersheds >100 km? (Jefferson et al., 2017).

There is also a need for watershed-scale GSI studies to incorporate stream health impacts
more directly. The overwhelming majority of studies focus on the impact of GSI on flow and

pollutant loading to streams without considering in-stream processing. Some GSI studies couple



rainfall-runoff models with groundwater models to evaluate impacts on recharge rates (Barron et
al.,2013; Locatelli et al., 2017) and some couple rainfall-runoff models with hydraulic stream
channel models to evaluate downstream flooding risks (Giacomoni et al., 2014; Schubert et al.,
2017). However, comparatively few couple rainfall-runoff models with in-stream water quality
models, which is necessary to quantify impacts on in-stream processes, stream biota, and
downstream pollutant loads.

In this study, we evaluate TSS in a mid-sized urban watershed (165 km?) by coupling a
rainfall-runoff model (PCSWMM) with an in-stream water quality model (WASP). We address
three primary questions: (1) How effective are land cover—based EMCs at representing
stormwater TSS dynamics in a coupled watershed-scale model? (2) What are the current
sediment dynamics in Wissahickon Creek and how do they impact stream health? (3) What is the
integrated impact of expanding GSI throughout the watershed on TSS loading to the stream, in-

stream suspended sediment concentrations, and settled loads within the stream?

METHODS
Study Area: Wissahickon Creek
Wissahickon Creek is an urban stream that discharges into the Schuylkill River in
Philadelphia, Pennsylvania, USA. The creek runs for 43.5 km through Montgomery and
Philadelphia Counties (Figure 1); including its tributaries, the watershed has a stream length of
185 km and drains 165 km? (PWD, 2007). 52% of land area in the watershed is developed,
including structures, roads, and lawns (Figure ). Wissahickon Creek and its tributaries are

classified as impaired (PADEP, 2018) and are characterized by low species diversity and tolerant



benthic macroinvertebrate and fish species (PWD, 2007). Four wastewater treatment plants

(WWTPs) contribute a considerable fraction of baseflow discharge.

Stormwater Collection and Analysis

Stormwater runoff samples were collected from six locations: two locations in the
headwaters of Sandy Run, the largest tributary to Wissahickon Creek, and two locations in each
of two nearby headwater streams in adjacent watersheds (Figure I). The adjacent headwaters
have similar land cover distribution to the Wissahickon watershed. Based on accessibility, each
location had 1-3 sites where overland stormwater runoff was directly sampled using Thermo
Scientific NALGENE® Storm Water Sampler bottles. The high-density polyethylene (HDPE),
1-L bottles are designed with a debris-shedding dome and floating ball valve to maintain sample
integrity. The day before an anticipated storm, we placed bottles in storm grates or buried them
underground in a secure housing for passive sample collection. Following a storm, all sample
bottles were collected within 48 hr and inspected for physical irregularities. Across 13 storms
from May to October 2018, 65 samples were collected (7able S1).

TSS filtration was completed for 400—850 mL of each sample. The samples were filtered
through dried and pre-weighed 0.45-pum filter paper under vacuum pressure. The filtered
sediment samples were dried in an oven for 48 hr at 30°C. After drying, the filtered samples
were placed in a desiccator for 20 min to cool and then weighed. TSS concentration in mg/L was
calculated by dividing the difference in pre- and post-sample weight by the volume of filtered
sample.

A catchment area delineation for each sample site was created in ArcMap using flow

accumulation rasters. To ensure accuracy, in some cases the catchments were adjusted manually



based on field observations of surface flow during storms. The catchment area for sample sites
varied widely, from 75 m? to 0.32 km?, with most falling between 1000 and 8000 m?. 1-m land
cover data (University of Vermont Spatial Analysis Laboratory, 2016) was used to calculate land
cover distribution within each catchment with the following categories: barren, tree canopy, low

vegetation (grass), impervious roads, other impervious surfaces, and structures.

Stream Data Collection: TSS—Turbidity Relationships

Turbidity data were obtained from the United States Geological Survey (USGS) National
Water Information System (NWIS) database at two stations: Fort Washington (#01473900) and
Mouth (#01474000) (Figure 1). During two storm events on March 2, 2018 and April 16, 2018,
ISCOs were deployed at these stations to automatically sample stream water. ISCOs began
collecting discrete samples when water level rose to a certain point on the rising limb. During the
storm on March 2, the Fort Washington ISCO was overturned, but we collected three grab
samples. TSS concentrations were measured in each sample using the laboratory procedure
outlined above with 900-950 mL samples.

Linear relationships were developed between turbidity and TSS concentrations and used
to convert 30-min turbidity data into 30-min TSS data (Figure 2). TSS—turbidity relationships are
commonly applied to generate high-frequency TSS records, but these relationships can vary with
location and over time (Esteves et al., 2019; Gippel, 1995). A distinct relationship was developed
for each location using data from two storms. While data from the March 2 storm fell into the
lower range of observed values, there was enough overlap between the two storms to provide
confidence in the TSS—turbidity relationship. The maximum observed linear TSS concentration

at the Mouth was 195 mg/L and at Fort Washington was 416 mg/L. Calculated TSS values were



included in the final record only if they fell within the range of observed TSS values; the linear

TSS—turbidity relationship can break down at high TSS concentrations (Ziegler et al., 2014).

Rainfall-Runoff Model: PCSWMM

PCSWMM Version 7.1.2480 was used to model rainfall and runoff processes throughout
the Wissahickon watershed and requires a number of input datasets. 15-min precipitation data
were obtained at four locations (Figure 3): three weather stations operated by the Philadelphia
Water Department (PWD) and one on Temple University’s Ambler campus; the Ambler station
also provided air temperature, which is required to calculate evapotranspiration. Delaware Valley
Regional Planning Commission (DVRPC) data were obtained for 2015 land use (DVRPC, 2017)
and impervious cover (DVRPC, 2018). Soil type data were obtained from the USDA’s Web Soil
Survey (USDA, 2019) and used to estimate infiltration characteristics. In developed areas, soil
types “Made Land” and “Urban Soil” are common and have unknown properties; in these cases,
we assumed a type ‘C’ soil (Table S2). A 0.6-m digital elevation model (DEM) for the region
was developed in coordination with BAE Systems (Mt Laurel Township, NJ). The DEM was
used to divide the Wissahickon watershed into 137 subcatchments and calculate the slope within
each. The subcatchments ranged in size from 0.15 to 5.47 km?, with a median area of 1.2 km?.
Flow was routed through the subcatchments using a network of 963 nodes.

Stormwater basins. As of 2014, there were 227 stormwater detention basins in the
Wissahickon watershed with a total storage capacity of 4.7 x 10° m® (Fromuth, 2014). Of these
basins, 69 were explicitly included in the model (Figure 3), including all 52 basins with a storage
volume >2500 m? (basin depths range 1.5-7.62 m, with an average of 2.6 m) and 17 smaller

basins with readily available location, storage, and outlet information. The other 158 smaller



basins were implicitly included in the model through the calibration process in adjustments to
subcatchment curve numbers, surface roughness, routing, and/or impervious cover.

For the explicitly-modeled basins, site visits were conducted for 53 basins to confirm
outlet configuration and dimensions. The other 16 basins were represented using design
information from engineer’s reports. The DEM was used to develop a stage—surface area
relationship and calculate the drainage area of each basin. These 69 basins collect runoff from
4.3% of the watershed.

Infiltration and runoff. The Curve Number (CN) method (USDA, 1986) was selected to
model infiltration and runoff generation; this method is widely applied in stormwater modeling
(Shuster and Pappas, 2011). Curve numbers are defined based on land use and soil type (Table
S2).

Event mean concentrations (EMCs) were defined to characterize TSS concentrations in
runoff from each land use type in the model. EMCs from the Pennsylvania Department of
Environmental Protection (PADEP) were used (PADEP, 2005); however, the PADEP land cover
categories did not coincide with DVRPC land use types, which were used in PCSWMM. To
rectify this, DVRPC land use types were considered as weighted combinations of PADEP land
cover categories. For example, single-family detached home was represented as 60% lawn, 20%
rooftop, 10% low traffic residential street, and 10% residential driveway (7able S3).

Flow calibration. The PCSWMM model was calibrated for flow at five locations
(Figure 3) for March—November 2017; December, January, and February were excluded to avoid
the impacts of snow, which is not recorded at local weather stations. Two calibration points
coincide with USGS flow gages (Fort Washington and Mouth). At the other three locations,

stage—discharge relationships were developed based on 15-min depth measurements using Onset



HOBO pressure transducers and periodic flow measurements using SONTEC River Surveyor or
SONTEC ADV instruments.

Calibration parameters for each subcatchment included overland flow width, percent of
flow routed from impervious to pervious land surfaces, groundwater characteristics, depression
storage, Manning’s roughness coefficient, and curve number (7able S4). The primary calibration
metric was the Nash—Sutcliffe Efficiency (NSE), which can range from —oo to 1. A NSE value of
0.5 is typically considered suitable for hydrologic modeling (Moriasi ef al., 2007; Rosa et al.,
2015). NSE values for flow reported at 15-minute time steps were 0.56—0.72 (Table 1),
indicating a well-calibrated flow model.

Scenario construction. The calibrated model represented a Baseline scenario. The
Baseline scenario expanded the one year of observed data (2017) to a three-year period (2016—
2018) with a wider range of conditions. Two alternative scenarios were developed to represent
watershed-scale GSI expansion. The Detention to Infiltration scenario modeled the impact of
retrofitting all existing detention basins to prioritize infiltration rather than storage (e.g., by
raising outlet structures, diverting flow, and/or incorporating plantings). Explicitly-modeled
stormwater detention basins were adjusted to infiltrate stormwater runoff according to the Green
and Ampt equation. Several additional parameters needed to be defined. Saturated hydraulic
conductivity was set to 0.41 in/hr, a representative value for C soils (USDA, 2019). Suction head
was set to 5.56 in, porosity to 0.477, and field capacity to 0.238 (Rossman and Huber, 2016).

The 30% Infiltration scenario represented extensive expansion of GSI to collectively
infiltrate runoff from 30% of the watershed. Rather than explicitly modeling specific additional
GSI projects, we focused on integrating the watershed-scale impact of many projects by

modeling the hydrologic outcomes of additional GSI (enhanced infiltration and reduced
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stormwater runoff generation). We adjusted subcatchment curve numbers such that runoff
generation during a 2-year design storm was reduced by 60% in the area treated by infiltration-
based GSI (see Table S5 for details). This approach assumed that the area treated by GSI was
distributed evenly among land use and soil types present in the watershed. We also reduced the
effective impervious area in each subcatchment by 30%. Other modeling studies have adjusted
curve numbers to represent individual GSI projects (Damodaram et al., 2010; Liu et al., 2015;
Wu et al., 2015) or watershed-scale GSI implementation (Giacomoni et al., 2014; Gu et al.,
2019). A benefit to applying this broader approach is that one model scenario may represent

many different GSI configurations that have a similar hydrologic impact.

Stream Model: WASP

Model construction. WASP Version 8.32 (Ambrose and Wool, 2017) was used to model
in-stream processes. WASP is commonly used to model a variety of water quality parameters in
streams, including suspended sediment (Borah et al., 2006; Caruso, 2005; Ma et al., 2018), and
has been coupled with rainfall-runoff models, including SWMM (Burian et al., 2002; Ekdal et
al.,2011). Wissahickon Creek and its tributaries were divided into 144 stream segments using
the U.S. Environmental Protection Agency’s (EPA) BASINS Version 4.5 model (EPA, 2019).
The length, average width, and slope of each segment was characterized using field-surveyed
cross sections from PWD. Each segment has a corresponding streambed onto which suspended
sediment can settle and from which sediment can become resuspended. Streamflow was modeled
using the kinematic wave method. Four old mill dams were incorporated along the lower main

stem of Wissahickon Creek.
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15-min stormwater volume and TSS concentration data from associated PCSWMM
nodes and subcatchments were used as input to each WASP segment. PCSWMM results cannot
be directly imported into WASP. A C++ tool was used to extract PCSWMM results (PWD,
2019) and Python was used to combine the output of multiple PCSWMM subcatchments and/or
nodes to a single WASP segment and format the data for WASP input. Discharge and TSS
concentration records from each of the four WWTPs (Figure 1) were obtained from electronic
Monthly Discharge Monitoring Reports submitted by each facility to PADEP. Where WWTP
TSS records were not available, a constant 30 mg/L was used, which is EPA’s average monthly
limitation for wastewater effluent (EPA, 2010).

In-stream TSS calibration. 30-min in-stream TSS concentration records (generated
using TSS—turbidity relationships) were combined with 30-min USGS flow records to calculate
daily TSS concentrations and loads for calibration at Fort Washington and the Mouth (Figure I).
Using flow at the Mouth, storms were identified using a Python code; the start of the rising limb
and end of the falling limb were noted for each storm. For each of 30 storms identified during the
calibration period (4/1/17—11/10/17), the total in-stream TSS load, average in-stream TSS
concentration, peak in-stream TSS concentration, time above 50 mg/L TSS, time above 100
mg/L TSS, peak streamflow, and total streamflow volume were calculated. NSE values were
calculated for daily and storm TSS records. One outlier storm with TSS concentrations that
exceeded the maximum observed value for a protracted time was removed from NSE
calculations. Qualitatively, the shape of hourly TSS responses during storms was also used to
evaluate each model run’s accuracy; however, WASP output not expected to closely reproduce
hourly TSS patterns. The model time scale (with 15-min PCSWMM output and 30-min observed

data used in WASP) is appropriate for daily evaluation, but finer-scale data would be required to
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develop an accurate hourly model. Additionally, it is possible that sub-daily timing errors were
propagated between PCSWMM and WASP.

Sediment settling velocity (in WASP), sediment resuspension velocity (in WASP), and
TSS EMCs (in PCSWMM) were varied for calibrating in-stream TSS within WASP. In-stream
settling and resuspension velocities can be set individually for each segment in WASP. Segments
were divided into three groups: Lower Main Stem (below confluence with Sandy Run), Upper
Main Stem (above confluence with Sandy Run), and Tributaries. Settling and resuspension
velocities were defined separately for each group to incorporate heterogeneity (7able S6). In-
stream sediment settling velocity was varied between 0.25 and 60 m/d. Stoke’s Law, a relatively
simple tool for estimating a particle’s settling velocity (Williams et al., 2008), guided the range
of values tested in calibration. According to Stoke’s Law, the range in expected settling velocity
for silt particles (0.002—0.05 mm diameter) is 0.3—194 m/d. Sediment resuspension velocity in
ponds is on the order of 0.00005 m/d (EPA, 2017); accordingly, we varied in-stream
resuspension velocity between 0.00005 and 1 m/d.

EMCs were varied in PCSWMM by multiplying the TSS EMC values for each land use
type by a constant factor (7able S3). Four WASP models were created, each receiving
PCSWMM input with a different TSS EMC. These four WASP models were then calibrated
independently, adjusting sediment settling and resuspension velocities to achieve the best
possible fit with that EMC. In total, over 700 WASP model runs were evaluated, with at least
100 runs for each EMC.

This TSS calibration procedure incorporated many metrics: NSE values for daily average
concentration, daily total load, storm average concentration, storm peak concentration, and storm

total load at Fort Washington and the Mouth. To evaluate the performance of each model run, we
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qualitatively weighed these metrics according to our best judgment. Priority was given to results
at the Mouth, which integrate responses from the entire watershed. TSS response during storms
was also considered particularly important, as storms are critical for generating TSS (Clinton and
Vose, 2006; Fisher et al., 2016).

Scenarios and post-processing. The Baseline, Detention to Infiltration, and 30%
Infiltration scenarios were run for March—November, 2016-2018, at a dynamic sub-hourly time
step. The total stormwater volume (PCSWMM), streamflow volume (WASP), stormwater TSS
load (PCSWMM), in-stream TSS load (WASP), and in-stream TSS settled load (WASP) during
each calendar year were calculated for each scenario. Because the models were calibrated using
observed in-stream data, we focus on streamflow and in-stream TSS loads. Settled loads are
presented but are less certain.

Rain events were defined using 15-min precipitation data from four weather stations
(Figure 3). Each event comprised at least 6.4 mm (0.25 in) rainfall and had gaps with no rainfall
of <24 hr. Rain events were characterized in terms of total rainfall, rainfall duration, average
rainfall intensity, and maximum rainfall intensity.

Using Python, stormflows were identified by finding peaks in modeled flow data at the
Mouth (as described above); storm start and end times were defined using Baseline scenario
results and the stormflow events were linked to rain events. In some cases, multiple consecutive
rain events corresponded to a single multi-peak stormflow event. Modeled flow and TSS
concentration data at the Mouth were used to calculate the total streamflow, total TSS load,
average TSS concentration, peak TSS concentration, and duration during which TSS

concentrations exceeded 50 and 100 mg/L during each storm for each scenario. p-values from
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pairwise t-tests were used to compare results for each storm between the Baseline and GSI
scenarios.

The recurrence interval of each stormflow event was characterized using a partial
duration series analysis of a 29-year flow record from the Mouth. Python was used to identify all
peak discharges >1.5 m?/s. To avoid the impact of multi-peak storms, only the largest peak
within any sliding 24-hour window was selected. A relationship between peak discharge and
recurrence interval (inverse of exceedance frequency) was generated (see Figure S1 for more
details). Storms were divided into three categories for analysis. Large storms have peak flow >75
m?>/s and recurrence interval >100 days; medium storms have peak flow between 10 and 75 m?/s
with recurrence interval between 13 and 100 days; small storms have peak flow <10 m?/s and

recurrence interval <13 days.

STORMWATER TSS RESULTS AND EMC CALIBRATION

1SS in Stormwater Runoff

TSS concentrations in stormwater samples ranged from 11 to 8600 mg/L, with a median
of 750 mg/L and an arithmetic mean of 1720 mg/L. TSS concentrations at most sites varied
across different storms, although some sites had consistently higher TSS (Figure 4). Stormwater
TSS values fall at the higher end of values reported in other urban studies (Bach et al., 2010;
Berndtsson, 2014; Hathaway and Hunt, 2011; Kayhanian et al., 2003; Toor et al., 2017).

Overall, the spatial variability in TSS concentrations did not correlate strongly with
catchment land cover or size (Figure S2). Percent tree canopy had a weak negative relationship
(7 = 0.4) with average stormwater TSS, such that stormwater from less-developed areas had

lower TSS, which is not surprising (Taylor and Owens, 2009; Walsh et al., 2005). The impact of
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specific types of development (e.g., lawns vs. roads vs. buildings) on stormwater TSS
concentrations was impossible to determine (Cushman, 2019); all other land cover variables had
correlation coefficients close to 0.0 with average stormwater TSS. Similarly, Goonetilleke et al.
(2005) found that runoff from urban catchments with similar impervious coverage had very
different TSS signals and Bahaya et al. (2019) found that urban “hot spots” associated with large
sediment loads had variable land cover. The lack of a clear land cover—TSS relationship could be
due to varying land management methods in urban settings, varying configurations of developed
surfaces (Ferreira et al., 2019), and/or transient sediment sources (e.g., construction). The
variability in TSS concentrations between storms at each site (Figure 4) demonstrates that

factors unrelated to land cover also affect stormwater TSS.

Incorporating EMCs into Stream Model Calibration

EMC:s are a critical model parameter, directly controlling storm sediment loading;
measuring local stormwater TSS concentrations was intended to guide the selection of EMC
values for stormwater modeling. Stormwater TSS (mean 1720 mg/L) was approximately an
order of magnitude greater than PADEP EMCs defined for urban settings (21-195 mg/L).
However, it is important to note that measured TSS values do not represent EMCs. It is common
for stormwater early in a storm event to have particularly high TSS concentrations due to a first
flush effect (Bach et al., 2010); though, particularly in urban settings, the first flush effect for
TSS is inconsistent and not always observed (Deletic, 1998; Deletic and Maksimovic, 1998;
Lawler et al., 2006; Todeschini et al., 2019). Peak stormwater TSS concentration is generally not
more than 3 times the EMC for that storm (Bannerman et al., 1993; Charbeneau and Barrett,

1998; Cho and Lee, 2017; Gobel et al., 2007; Peng et al., 2016); thus, even if measured
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stormwater TSS values are conservatively considered to be the peak TSS concentration occurring
during each storm, these values still exceed the expected range defined by PADEP EMCs by a
considerable margin (Figure 4). As a result, during calibration we chose to raise EMCs to 1, 2, 3,
or 5 times the PADEP values (Table S3).

As expected based on field TSS data, the best model run with PADEP values (1X EMC)
did not reproduce TSS well during storms: the model had NSEs of 0.41 and 0.22 for storm
average TSS concentration at the Mouth and Fort Washington, respectively, and even lower
NSEs (0.13 and —0.16) for storm peak TSS concentration (7able 2). Regardless of how WASP
sedimentation parameters were tuned (varying over several orders of magnitude), the 1X EMC
model simply did not generate enough sediment during storms to match observed TSS values
(Figure 5A). Furthermore, qualitative analysis of TSS concentrations during storms showed that
the 1X EMC model matched temporal patterns poorly (Figure 5C). This performance was
deemed unacceptable, given the importance of storms for sediment transport (Clinton and Vose,
2006; Fisher et al., 2016).

Increasing EMCs to double (2X EMC) or triple (3X EMC) the PADEP values
substantially improved accuracy for storm and daily TSS concentrations at both locations (7able
2; Figures 5B, §3) and more closely matched field stormwater TSS data (Figure 4). The 3X
EMC model modestly outperformed the 2X EMC model, particularly for storms at the Mouth.
Qualitatively, the 3X EMC model better matched observed TSS patterns during storms (Figure
5D), though no WASP model closely matched hourly observed TSS patterns, as expected;
higher-resolution input data would be required to reproduce hourly patterns in a coupled model.
Further increasing EMCs to five times (5X EMC) the PADEP values resulted in poorer

performance in most metrics, notably daily TSS concentrations and loads at both locations
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(Table 2). Some storm metrics were improved in the 5X EMC model compared to the 3X EMC
model, but sediment peaks were overestimated by a factor of 1.4-2.4 during smaller storm events
in the 5X EMC model, indicating that too much sediment was produced. The 3X EMC model
was thus selected as the most accurate.

The final calibrated model represented streamflow and TSS at the Mouth well during the
calibration period on a daily time step and during storms (Figures 6, S3). All NSE values
exceeded 0.5 except at Fort Washington during storms (7ables 2, 3), likely due to Fort
Washington having a poorer fit to stormflow, which influences load calculations. Storms at the
Mouth were well-represented; this location was considered a higher priority as it integrates

signals from the complete watershed and is the focus of model output analyses.

Applications for Hydrologic Modeling

This study demonstrated that varying EMCs during calibration can improve model
performance (Figures 5, S3; Table 2). Incorporating generic EMCs and treating them as a static
input parameter is a common modeling practice (Alamdari et al., 2017; Fisher et al., 2016,
Steinman et al., 2015). In this study, applying the PADEP EMCs would have resulted in
significant underestimation of TSS loads in stormwater and incorrect representation of settling
and resuspension within the stream. Collecting field data guided the range of EMCs explored in
this study; field data also emphasized the variability of stormwater TSS concentrations in urban
settings (Figure 4) and the difficulty in tying this variability to static factors such as land cover
(Figure S2). It is challenging to develop EMCs that apply broadly. However, EMCs can be a

helpful starting point for calibration, even when local field data are not available.
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Calibration Limitations

The limits of observed TSS posed a constraint on model calibration, particularly for large
storms. The TSS—turbidity relationship requires simultaneous high-quality TSS and turbidity
data, both of which are logistically challenging to collect during intense storms. For TSS, it is
often unsafe to collect grab samples during storms and ISCO auto-samplers placed near the
stream may be at risk of flooding or tipping over. In-stream turbidity loggers may be blown out
or clogged during high flow events. Furthermore, Wissahickon Creek has been observed to top
its banks during large storms, which contributes a more complex, nonlinear relationship between
TSS and turbidity.

As TSS—turbidity relationships are likely to become nonlinear at high TSS concentrations
(Ziegler et al., 2014), it is not reasonable to extrapolate the linear relationship beyond observed
TSS values. Thus, it is impossible to calibrate the model for storms during which TSS
concentrations exceed observed values for an extended time because observed TSS is essentially
unknown. One storm (out of 30 identified for calibration) was not included in any NSE
calculations for this reason. Furthermore, nine storms were excluded from peak TSS NSE
calculations, as peak TSS concentrations exceeded the threshold. Thus, model output for the
largest storms will be less accurate than for smaller storms. Modeled TSS concentrations did not
exceed the maximum observed values at the Mouth or Fort Washington. While we are not as
confident in specific TSS values at elevated levels, we are confident that at these times, TSS
concentrations are high and potentially damaging. Elevated TSS levels below the threshold may

be harmful to stream biota (Bilotta and Brazier, 2008).

SEDIMENT LOADING IN WISSAHICKON CREEK UNDER CURRENT CONDITIONS
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In-Stream Results: Baseline Scenario

Calendar year 2018 brought more than 155 cm (61 in) of precipitation (rainfall + melted
snow) to the Philadelphia region; this was the second-highest annual total since recordkeeping
began in the early 1870s (Franklin Institute, 2017). 2016 and 2017 were relatively drier, with
2017 close to the mean annual precipitation and 2016 a little drier than average. In this study, we
modeled the snow-free months of each year, March—November. As total rainfall increased from
2016 to 2018, so did modeled total streamflow volume and in-stream TSS load (7able 3). In
2018, there was 1.7 times more rainfall than in 2016, but the total in-stream TSS load during
storms was more than 5 times greater. This demonstrates a non-linear relationship between
annual rainfall amount and in-stream sediment load.

Overall, 70-88% of annual streamflow volume occurred during storms, but 91-99% of
annual in-stream TSS load occurred during storms. This highlights the importance of storms for
generating and transporting sediment loads. During March—November of 20162018, 113
stormflow events were identified in the model. The largest storm occurred during 2018 with a
peak flow rate of 274 m>/s; baseflow at the Mouth is typically <1 m?/s. This storm has an
estimated recurrence interval of 5 years, while all other storms had recurrence intervals <1.5
years. Five additional storms from 2017 and 2018 met the criteria defined for a “large” storm,
with peak flow >75 m?/s and recurrence interval >100 days.

Storms with higher peak flows tended to have higher peak TSS concentrations; the two
metrics had a Spearman rank correlation coefficient of 0.86. The highest peak TSS concentration
during a small storm was 105 mg/L, though 75% of small storms had peak TSS <48 mg/L

(Figure 74). Medium storms had the most variability in peak TSS, ranging between 41 and 180
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mg/L. Overall, TSS concentrations peaked above 50 mg/L 61 times, on average >2 times per
month over the modeled period, and exceeded 100 mg/L 24 times, about once a month.

TSS loads during large storms were more than an order of magnitude greater than TSS
loads during small storms (Figure 7B). Altogether, the six large storms resulted in 39% of the
TSS load that occurred over the three-year period. Medium storms brought 57% of the TSS load
and small storms just 3.5%. The median large storm delivered 11.6 times as much sediment as

the median medium storm, but medium storms occur 10-20 times more frequently.

Stream Health: Baseline Scenario

In-steam suspended sediment at the peak levels observed and modeled in this study (50—
200 mg/L) directly harm periphyton by reducing light penetration and thus photosynthetic
efficiency (Izagirre et al., 2009), macroinvertebrates by interfering with drift (Béjar et al., 2017),
and fish by abrading gills (Kemp et al., 2011), among many other impacts (Bilotta and Brazier,
2008). While stream biota may be resilient to infrequent sediment loading events during some
large storms (Monk et al., 2008; Ryan, 1991), the increased frequency, intensity, and duration of
such events in anthropogenically-modified streams like Wissahickon Creek poses a serious threat
(Bilotta and Brazier, 2008; Walsh et al., 2005).

As exposure duration is an important factor determining how high TSS levels affect
stream health, we used model results to estimate time above 50 mg/L TSS and time above 100
mg/L TSS at the Mouth during each storm. A validation analysis with observed storms in 2017
(Figure S4) shows favorable NSEs (0.59 and 0.58) for these two metrics. While TSS
concentrations at the Mouth did not often exceed 50 mg/L during small storms, almost every

medium and large storm resulted in TSS concentrations >50 mg/L for several hours (Figure 7C).
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The longest durations with TSS concentration >50 mg/L did not occur during the largest storms,
as was expected, but during sustained, multi-peak, medium-sized storms. Four medium-sized
storms each caused TSS concentration to be >50 mg/L for longer than 28 hours, a greater
duration than any large storm. TSS concentrations exceeded 100 mg/L for 4—13 hours during
every large storm.

Fine-grained sediment deposition is another process that disrupts habitat for many stream
biota and limits oxygen exchange for benthic macroinvertebrates and fish embryos (Conroy et
al.,2018; Kemp et al., 2011; Larsen et al., 2011). WASP reports settled sediment loads in
addition to in-stream TSS loads; though we do not have data to calibrate settled loads, settling
rate is a critical calibration parameter. Model results indicated that 2.4 x 107 kg of sediment
settled in the stream channel over three years, while 6.1 x 10® kg flowed out of the watershed
into the Schuylkill River (7able 3). Even with some uncertainty, the large settled sediment loads
under current conditions indicate stress to stream biota. Overall, it is likely that both suspended

and deposited sediment contributes to impaired stream health in Wissahickon Creek.

Implications of Baseline Scenario Results for Wissahickon Creek

Overall results from the Baseline scenario indicate a stream whose biota is likely heavily
impacted by high suspended and settled sediment loads, despite implementation of a sediment
Total Maximum Daily Load (TMDL) in 2003 (EPA, 2003) and hundreds of stormwater
detention basins around the watershed (Fromuth, 2014). A recent report found that the watershed
is impaired in terms of water quality and macroinvertebrate assemblages (EPA, 2015), which is
consistent with the sediment conditions observed and modeled in this study. Model results show

that the sediment load leaving the watershed was well below the sediment TMDL (3.3 x 106
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kg/yr at the Mouth) in 2016 and 2017. In 2018, the TMDL was exceeded, as in-stream TSS load
at the Mouth was 3.8 x 10% kg over March-November. As estimated storm recurrence intervals
in this study were <5 years, the conditions modeled were not outside the ordinary.

In-stream TSS loading from Wissahickon Creek was five times greater in 2018 (a wet
year) than in 2016 (a drier-than-average year), which has implications for future stormwater and
sediment management under climate change. Despite the differences in TSS loads at the Mouth
over the three years modeled, peak storm TSS concentrations remained consistently high. On
average, TSS concentrations at the Mouth exceeded 100 mg/L once a month and exceeded 50
mg/L twice a month. Large storms, with substantial in-stream TSS loads, occurred more than
once per year on average. In the northeastern United States, precipitation accumulation and
intensity are increasing (and are expected to continue increasing) more than any other part of the
country (Martinez-Villalobos and Neelin, 2018). It is likely that TSS loading will increase as
precipitation accumulation and intensity increase, which will make meeting existing TMDLs
more difficult. GSI may also be less effective at reducing peak and total stormflows during more

intense storms (Sohn et al., 2019).

SEDIMENT LOADING IN WISSAHICKON CREEK WITH ADDITIONAL GSI
In-Stream Results: GSI Scenarios
After retrofitting all detention basins to prioritize infiltration (Detention to Infiltration
scenario), total in-stream TSS load at the Mouth was reduced by 20% or 5.3 x 10° kg/yr (Table
S7). Increasing the area treated by infiltration-focused GSI from 4.3% to 30% (30% Infiltration
scenario) was, as expected, more effective and reduced the total in-stream TSS load at the Mouth

by 47% or 1.3 x 10° kg/yr.
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The same 113 modeled storm events across 2016-2018 were evaluated for the GSI
scenarios. TSS load reductions relative to the Baseline scenario varied from storm to storm
(Figures 8, S5, §6). During the Detention to Infiltration scenario, storm TSS loads at the Mouth
were 0-47% lower than the Baseline scenario, with up to 1.4 x 10° kg less sediment passing
through the Mouth in a single storm. During the 30% Infiltration scenario, storm TSS loads at the
Mouth were 22-83% lower than the Baseline scenario, with up to 2.3 x 10° kg less sediment in a
single storm.

As GSI treatment area increased, so did the percentage of in-stream TSS load occurring
during the largest six storms (7able S8), which had peak flow >75 m?*/s during the Baseline
scenario. At Baseline, these large storms accounted for 39% of in-stream TSS load; these storms
accounted for 43% during the 30% Infiltration scenario. This finding illustrates that the GSI
reduced sediment loads more during smaller storms and is consistent with other studies (Sohn et
al., 2019).

Notably, peak storm TSS concentrations were not reduced much relative to the Baseline
Scenario, especially considering substantial decreases in sediment loads (Figure 8). During the
Detention to Infiltration scenario, the average storm had an 18% reduction in TSS load and 7%
reduction in peak TSS concentration; 72 of 113 storms showed changes in peak TSS
concentration of <5%. During the 30% Infiltration Scenario, the average storm had a 60%
reduction in TSS load but just a 35% reduction in peak TSS concentration. During the largest

storm on June 10, 2018, TSS concentration peaked at ~200 mg/L in all three scenarios.

Stream Health: GSI Scenarios
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Model results showed that GSI can reduce both the frequency and duration of high-TSS
events, though it may be more effective at reducing high-TSS duration. Time above 50 mg/L was
reduced by 10% or 52 hr and 41% or 208 hr during the Detention to Infiltration and 30%
Infiltration scenarios, respectively; the time spent above 100 mg/L. was reduced by 21 hr (21%)
and 54 hr (55%) (Table S7). While the high-TSS-concentration durations were reduced, high-
TSS-concentration frequencies were similar during the Detention to Infiltration and Baseline
scenarios: TSS concentrations exceeded 50 mg/L at the Mouth 61 times during both scenarios
and exceeded 100 mg/L 24 times (Baseline) and 21 times (Detention to Infiltration). During the
30% Infiltration scenario, these frequencies were substantially reduced. TSS concentration
exceeded 50 mg/L at the Mouth 39 times, about 1/3 less often. TSS concentration exceeded 100
mg/L at the Mouth 13 times, half as often as during the Baseline scenario (an average of once
every two months rather than once every month).

GSI may more effectively reduce suspended rather than settled loads. During the
Detention to Infiltration scenario, in-stream storm settled loads were 0—19% lower than the
Baseline scenario; storm settled loads were 17-46% lower during the 30% Infiltration Scenario
than the Baseline scenario. For both GSI scenarios, in-stream suspended TSS load was reduced
by a larger fraction than was settled load. As a result, the fraction of sediment settling on the
streambed (rather than remaining in suspension) increased with additional GSI from the Baseline

scenario to the 30% Infiltration scenario.

Implications for GSI Management and Modeling
Many field and modeling studies have documented the impact of project design and

configuration on GSI performance (Zhang and Chui, 2018). We applied a novel approach in this
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study, indirectly modeling the impact of hundreds of GSI projects spread throughout a 160-km?
watershed without linking the model to specific types, sizes, or locations of GSI projects. This
approach addresses a need in the literature for more studies to evaluate the watershed-scale
impact of a variety of GSI projects (Prudencio and Null, 2018; Zhang and Chui, 2019).

Results demonstrate that retrofitting 69 existing detention basins to prioritize infiltration
had a measurable benefit in Wissahickon Creek, reducing in-stream TSS loads by 20% and
suggesting that infiltration-focused GSI is more effective at reducing TSS loads than detention-
focused GSI. A primary mechanism for pollutant removal by GSI projects is the physical
reduction of stormwater volumes (Jefferson et al., 2017); detention-focused GSI is effective at
slowing stormwater down, but generally not at reducing total stormwater volume (Fletcher et al.,
2013).

While extensive investment and space would be required to build enough GSI to infiltrate
stormwater runoff from 30% of the watershed, model results show that doing so in the
Wissahickon watershed would reduce in-stream TSS loads by 47% and cut the frequency of TSS
concentrations exceeding 100 mg/L at the Mouth by half. These results demonstrate the potential
effectiveness of building a distributed network of infiltration-focused GSI throughout a
watershed. In practice, the long-term effectiveness of GSI is largely determined by how well
projects are maintained over time (Roy-Poirier ef al., 2010), though it is beyond the scope of this
study to evaluate this effect quantitatively. Many types of GSI can be designed to promote
infiltration, including permeable pavement, rain gardens, trenches, and bioinfiltration basins
(Eckart et al., 2017). Infiltration-focused GSI is a space-efficient choice, particularly in urban

environments where limited area is available for GSI (Zhang and Chui, 2018).
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Not all TSS metrics were lowered equally in the model as a result of GSI installation.
Model results suggest that GSI more effectively reduces suspended loads and the time spent
above 50 mg/L than settled loads, peak TSS concentrations, or the frequency of TSS exceeding
50 mg/L. The impact of suspended sediment on stream biota is related to how high TSS
concentrations get, for how long, how often, and during what season (Bilotta and Brazier, 2008;
Mathers et al., 2017); furthermore, different species have widely varying tolerance to sediment
(McKenzie et al., 2020). These complexities make it difficult to characterize an “ideal” TSS
regime.

The modeling techniques applied in this study allowed for in-depth evaluation of the
current state of sediment delivery to and fate within Wissahickon Creek as well as the impacts of
watershed-scale GSI. It was crucial to model both stormwater inputs throughout the watershed
(PCSWMM) and in-stream settling and transport (WASP) together to distinguish suspended and
settled loads, which pose unique threats to stream biota. High-temporal-resolution model output
(15-min for PCSWMM and 45-min for WASP) required bigger files and longer run times, but
ultimately allowed for detailed analysis of individual storm events, including peak TSS

concentrations and the duration of high TSS levels.

SUMMARY AND CONCLUSIONS
Coupling rainfall-runoff and in-stream water quality models allowed insight into EMC
calibration, impacts of sediment on stream health, and the potential of GSI to ameliorate
sediment stress. The model was calibrated to evaluate daily TSS loads and sub-daily TSS

concentrations during storms in Wissahickon Creek, a mid-sized urban watershed in

Philadelphia, Pennsylvania, USA.
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Treating EMCs as a calibration parameter rather than a known input substantially
improved model performance. Urban stormwater TSS concentrations vary widely in time and
space and are difficult to represent simply. Field stormwater TSS data indicated that
recommended EMCs from PADEP would likely underestimate TSS loading to Wissahickon
Creek; as expected, regardless of how other model parameters were tuned, in-stream TSS during
storms was poorly simulated using PADEP EMC:s. Field data were used to inform a range of
EMC:s to test in the model, and performance was best at triple the PADEP EMC values. The final
calibrated model accurately represented (NSE >0.5) average TSS concentration, peak TSS
concentrations, and TSS load during storms at the Mouth.

Model results suggest that both suspended and deposited sediment contribute to impaired
stream health in Wissahickon Creek. On average, TSS concentrations at the Mouth exceeded 100
mg/L once a month and exceeded 50 mg/L twice a month. A recurrence interval analysis
demonstrated that the modeled flow conditions were not atypical; one storm had an estimated
recurrence interval of 5 years while all others were <1.5 years. While settled loads are
uncalibrated, the model indicated that more sediment was deposited on the streambed than
remained in suspension, indicating a potential for high burial rates. These threats may be
exacerbated by climate change, which will likely increase TSS loads alongside increasing
precipitation accumulation and intensity. The wettest year in this study (2018) had 1.5 times as
much rainfall and 5 times the in-stream TSS load as the driest year (2016).

A distributed network of infiltration-focused GSI throughout a watershed can be an
effective stormwater management strategy to mitigate sediment stress in urban streams.
Retrofitting all detention basins to prioritize infiltration had a measurable benefit in Wissahickon

Creek, reducing in-stream TSS and settled loads by 20% and 8%, respectively. This result
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suggests that GSI promoting infiltration, rather than focusing on temporary stormwater
detention, is more effective at reducing sediment loads. Building enough GSI to infiltrate
stormwater runoff from 30% of the watershed would reduce in-stream TSS (47%) and settled
(27%) loads and cut the frequency of high TSS concentrations at the Mouth by half. Modeling
the impact of extensive, decentralized GSI without linking the model to specific projects allowed
us to focus on integrating the watershed-wide impact of successful GSI rather than the efficacy
of individual project designs.

The modeling techniques applied in this study allowed for in-depth evaluation of the
current state of sediment in Wissahickon Creek and the potential benefits of watershed-scale
GSI. While analyses focused on results from the Mouth, calibrating TSS concentrations and
loads at two locations helped develop a model that could distinguish suspended and deposited
loads. High-temporal-resolution model output allowed for detailed analysis of individual storm
events, including peak TSS concentration and the duration of high TSS concentrations. Model
results showed that not all TSS metrics were lowered equally as a result of GSI installation; for
instance, in-stream TSS loads were reduced much more than settled load or peak TSS
concentration. Coupling rainfall-runoff and in-stream water quality models allowed us to assess
TSS loads delivered to the stream as well as the fate of that sediment in-stream and is an

important way to evaluate how stormwater management directly impacts stream health.
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Figure 1. Wissahickon Creek is an impaired urban watershed in Philadelphia. The

Wissahickon watershed (white) contains four wastewater treatment plants (WWTPs; navy

diamonds). Stream (blue squares) and stormwater (yellow dots) sampling locations are shown.
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Figure 5. Tripling TSS EMCs substantially improved model performance, especially
during storms. Modeled vs. observed TSS concentration at the Mouth during storms is shown
for calibrated WASP models using PADEP EMC values (4) and triple these values (B). Time
series of TSS concentration at the Mouth during a storm in August 2017 with calibrated WASP
models using PADEP EMC values (C) and triple these values (D). See Figure S3 for daily time

series results for 1X EMC and 3X EMC models.
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Figure 6. The calibrated PCSWMM-WASP model represents TSS concentration and flow

at the Mouth well on a daily scale and during storms. Scatter plots for daily TSS load, daily

average TSS concentration, peak stormflow, and peak storm TSS concentration at the Mouth.

Observed TSS concentrations are calculated from turbidity data, and values that exceeded the

maximum observed value (195 mg/L) were not considered in NSE calculations due to

uncertainty. See Figure S4 for scatter plots for time >50 mg/L and time >100 mg/L.
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2016 and 2017.
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TABLES
Table 1. PCSWMM calibration: NSE values for flow metrics. Bold values are >0.5, which is

a common threshold for acceptable NSE in hydrologic modeling. Flow calibration locations are

shown on Figure 3.

Mouth Northwest F(_)rt Upper Sandy

Avenue Washington Gwynedd Run

15-min Flow 0.68 0.56 0.62 0.63 0.72
Storm Total Flow 0.50 0.83 0.38 0.40 0.47
Storm Peak Flow 0.78 0.71 0.13 0.73 0.76

Table 2. WASP TSS calibration: NSE values for best calibration model runs with 1X, 2X,
3X, and 5X EMC. Bold values are >0.5, which is a common threshold for acceptable NSE in

hydrologic modeling. The highlighted row indicates the model that was selected.

MOUTH FORT WASHINGTON

Storm Storm . . Storm Storm . .
EMC Average Peak Storm Daily Daily Average  Peak Storm Daily Daily
Load Conc. Load Load Conc. Load

Conc. Conc. Conc. Conc.

1X 0.41 0.13 0.45 0.54 0.74 0.22 -0.16 0.25 0.40 0.40
2X 0.62 0.58 0.55 0.61 0.78 0.31 0.10 0.24 0.50 0.48
3X 0.70 0.68 0.52 0.61 0.74 0.33 0.20 0.18 0.56 0.50
5X 0.80 0.62 0.44 0.58 0.55 0.21 0.32 -0.07 0.52 0.43
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Table 3. Model results for Baseline scenario. All values in this table represent the period

between March and November each year.

Total Streamflow % Flow In-stream % TSS load In-stream TSS TsS
storm . . above above
rainfall volueme3 occurring TSS Load oceurring settleéj Ioacé 50 mg/lL 100 mg/L
(in) A (x10°m?3)  during storms  (x 10°kg)  during storms (% 10° kg) (hr) (hr)
2016 30.7 31.1 69.9 0.6 915 3.8 83.25 6.75
2017 32.7 43.3 83.7 1.7 99.8 6.6 150.75 33
2018 47.8 73.3 88.2 3.8 92.2 13.5 269.25 48

A Average rainfall recorded at four stations (Figure 3).
B In-stream settled loads are not calibrated, so values are uncertain.
€ Validation for time above 50 mg/L and 100 mg/L is shown in Figure S4.

SUPPORTING INFORMATION
Additional supporting information may be found online under the Supporting Information tab for
this article: Tables with stormwater TSS data, curve number and EMC definition, calibration
parameters, and scenario model results. Figures with peak flow—recurrence interval relationship,

land cover—TSS relationships, additional calibration/validation, and storm-specific scenario data

for 2016 and 2017.
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SUPPORTING INFORMATION

Coupling PCSWMM and WASP to evaluate green stormwater infrastructure impacts to
storm sediment loads in an urban watershed

Sarah Beganskas, Robert J. Ryan, Evelyn Walters, Manahel Soro,
Elizabeth Cushman, and Laura Toran



Table S1. Total suspended solids (TSS) concentration in stormwater samples. TSS concentration (in mg/L) for each stormwater
sample collected. Bottles were installed in advance of 13 storms, but all 11 sites were not sampled during every storm.

Site 5/12/18 5/19/18 6/10/18 6/24/18 6/28/18 7/6/18 7/27/18 8/4/18 8/11/18 8/31/18 9/18/18 10/11/18 10/26/18

FC-A-1 - - - 170 1,700 540 DNF 180 310 DNF 48 - 65
FC-B-1 - - - DNF DNF DNF 470 - DNF DNF 48 - 63
FC-B-2 - - - DNF 8,600 DNF 4,700 - 2,100 DNF 980 - 920
JC-A-1 770 6,400 5,900 6,100 4,600 DNF DNF 6,200 8,600 3,800 - - 3,200
JC-A-2 4,000 1,000 5,600 DNF 2,800 DNF DNF 1,700 2,400 1,800 - - 600
JC-B-1 4,400 400 1,100 820 770 - NM - 250 1,100 370 1,300 290
JC-B-2 - 750 1,600 6,500 310 DNF 120 - 1,200 370 1,100 — 52
SR-A-1 - - - - - - DNF - 2,300 DNF 5,100 - 590
SR-A-2 - - - - - - 130 - DNF DNF 380 — 170
SR-A-3 - - - - - - 2,200 - DNF 230 630 - 380
SR-B-1 - 120 DNF DNF DNF DNF DNF DNF 11 - 29 — 55

— =no bottle installed
DNF = bottle did not adequately fill
NM = bottle filled but TSS concentration was not measured



Table S2. Curve numbers based on Hydrologic Soil Group and land use category.

Hydrologic Soil Group (HSG) A B C D
Infiltration Rate (in/hr) >0.3 0.15-0.3 0.05-0.15 <0.05
Agriculture 49 69 79 84
Commercial 89 92 94 95
Community Services 81 88 91 93
Manufacturing: Light Industrial 81 88 91 93
> Military 63 77 85 88
S Parking 98 98 98 98
% Recreation 49 69 79 84
o Residential: Mobile Home 77 85 90 92
§ Residential: Multi-Family 77 85 90 92
- Residential: Row Home 77 85 90 92
3 Residential: Single-Family 57 72 81 86
- Transportation 83 89 92 93
Utility 89 92 94 95
Vacant 77 85 90 92
Water 100 100 100 100
Wooded 36 60 73 79



Table S3. EMCs classified based on land cover were adjusted to land use categories for characterization within PCSWMM.
For each Delaware Valley Regional Planning Commission (DVRPC) land use category, the percentage contribution of each land cover
type is shown, along with the calculated TSS EMCs.

PADEP Land Cover

g 3

g $ 3¢ & & 8§ 85 38 & 28 3F| mon) (mgh) (mgh) (mon)
SncioFamal 60% 20% 10% 10% 127 254 381 635
Residential 35% 50% 15% 86 172 258 430
ppeidental 35% 50% 15% 86 172 258 430
oy 35% 50% 15% 86 172 258 430
Manufacturing 28% 40% 32% 77 154 231 385
o Transportation 15% 85% 103 206 309 515
é Agriculture 20%  70% 10% | 54 108 162 270
§ Commercial 15% 15% 70% 71 142 213 355
% Recreation 15% 50% 25% 10% | 153 306 459 765
2 Wooded | 100% 39 78 117 195
Vacant 90% 10% | 48 96 144 240
Parking 100% 120 240 360 600
Utility 25% 75% | 55 110 165 275
Communtty 15% 15% 70% 71 142 213 355
Military 15% 15% 70% | 71 142 213 355

EMC(mat) | 39 47 55 180 200 21 113 8 60 120 58




Table S4. Calibration parameter ranges for flow within PCSWMM. Parameter values were varied
independently for each subcatchment. Ranges with a % indicate that individual values for each
subcatchment were varied as a percentage of their initial value.

Parameter Range tested
Width of overland flow 10% — 160%
Manning’s N for impervious area 0.01-0.03
Manning’s N for pervious area 0.05-0.6
Depth of depression storage on impervious  10% — 150%
Depth of depression storage on pervious 10% — 150%
Percent of runoff routed between subareas  10% — 160%
SCS runoff curve number 96% — 104%
Groundwater flow coefficient 0% — 105%

Groundwater flow exponent 0-2




Table S5. Adjusted curve numbers (CNs) for the 30% Infiltration scenario (New CN) compared
to Baseline scenario curve numbers (Original CN). Subcatchment CNs were adjusted so that runoff
from the treated area was reduced by 60% during a 2-year, 24-hr design storm (3.27 in). This 60%
reduction metric was based on the modeled performance of infiltration-based GSI projects in the
Wissahickon watershed.

The following equation was used: New CN = (1 — x) * Original CN + x * Adjusted CN
Adjusted CN = the CN that reduces subcatchment runoff by 60% during the design storm
x = the fraction of the watershed treated by infiltration-based GSI (in this case, 30%)

Original New Original New Original New Original New
CN CN CN CN CN CN CN CN
60.7 58.3 70.0 66.5 74.6 70.6 82.0 77.2
63.2 60.4 70.3 66.8 75.2 71.1 82.1 77.3
64.4 61.5 70.5 67.0 75.6 71.5 82.7 77.8
64.6 61.8 70.6 67.0 75.8 71.7 82.8 77.9
65.3 62.3 71.0 67.4 75.9 71.8 83.0 78.1
65.4 62.4 71.2 67.6 77.1 72.9 83.7 78.7
65.8 62.8 71.3 67.7 77.2 73.0 83.7 78.8
66.7 63.6 71.4 67.8 77.3 73.1 84.0 79.0
66.8 63.7 71.6 68.0 77.6 73.3 84.7 79.6
66.9 63.8 71.8 68.2 77.7 73.4 85.0 79.9
67.1 63.9 71.9 68.2 78.1 73.8 85.7 80.5
67.4 64.2 72.1 68.4 78.2 73.9 86.0 80.8
67.8 64.6 72.3 68.6 78.4 74.0 86.7 814
67.9 64.7 72.4 68.6 78.6 74.2 87.0 81.7
68.0 64.8 72.5 68.7 78.7 74.3 88.0 82.6
68.1 64.8 72.9 69.1 79.0 74.5 88.3 82.8
68.2 64.9 73.1 69.3 79.1 74.7 88.8 83.2
68.4 65.1 73.4 69.6 79.6 75.1 89.0 83.5
68.5 65.2 735 69.7 79.7 75.2 89.8 84.1
68.7 65.4 73.6 69.8 80.0 75.4 90.0 84.3
68.8 65.4 73.7 69.8 80.1 75.5 91.0 85.2
68.9 65.5 73.8 69.9 80.6 76.0 92.0 86.1
69.0 65.6 74.0 70.1 80.7 76.0 93.0 87.0
69.1 65.7 74.1 70.2 81.0 76.3 93.2 87.2
69.5 66.1 74.2 70.3 81.3 76.6 94.0 87.9
69.6 66.2 74.3 70.3 81.4 76.7 95.0 88.8
69.7 66.2 74.4 70.4 81.7 76.9 96.0 89.7
69.8 66.3 74.5 70.5 81.8 77.0 98.0 91.5




Table S6. Calibration parameter ranges for TSS concentrations within WASP.

Parameter Region Range tested Calibrated
9 (m/d) value (m/d)
Tributaries 0.25-30 10
S.ed|ment . Upper main stem 0.25-45 11
settling velocity
Lower main stem 0.25-60 12
Sediment
resuspension All 0.00005 -1 0.0001

velocity




Table S7. Model results for GSI scenarios compared to Baseline scenario. p-values represent results from paired t-tests comparing
values for each storm between the Baseline scenario and the GSI scenarios.

IN-STREAM SEDIMENT LOAD

IN-STREAM SETTLING LOAD A

Number Detention to Detention to
of Baseline Infiltration 30% Infiltration Baseline Infiltration 30% Infiltration
distinct total total total total total total
storms | (x 10°kg) (x 10° kg) (x 10° kg) (x 10° kg) (x 10° kg) (x 10° kg)
0.6 0.5 0.3 3.8 3.6 2.6
2016 41 p=2E-03 p=1E-05 p=9E-04 p=2E-09
1.7 1.3 0.8 6.6 6.2 4.8
2017 39 p=3E-03 p=1E-04 p=6E-04 p=1E-07
3.8 3.0 2.2 13.5 12.2 10.0
2018 33 p=1E-03 p=6E-05 p=8E-04 p=2E-07
6.1 4.8 3.3 23.9 22 17.4
Total 113 0=6E-06 0D=5E-08 0=9E-06 D=2E-12

TIME ABOVE 50 MG/L B

Detention to

TIME ABOVE 100 MG/L B

Detention to

Baseline Infiltration 30% Infiltration | Baseline Infiltration 30% Infiltration
total (hr) total (hr) total (hr) total (hr) total (hr) total (hr)
83.3 73.5 30.0 6.8 6.0 4.5
p=4E-03 p=2E-05 p=2E-01 p=4E-02
150.8 139.5 69.0 33.0 25.5 11.3
p=3E-04 p=3E-06 p=4E-02 p=5E-03
269.3 238.5 196.5 58.5 45.8 28.5
p=1E-03 p=2E-04 p=1E-01 p=8E-03
503.4 451.5 295.5 98.3 77.3 44.3
p=2E-06 p=2E-12 p=3E-02 p=3E-04

A In-stream settling loads are not calibrated, so values are uncertain.
B Time above 50 mg/L and 100 mg/L are not calibrated, but validation is shown in Figure S4.




Table S8. Percentage of streamflow and in-stream TSS load occurring during small,

medium, and large storms. Storm size was determined based on peak streamflow during the
Baseline scenario (see Figure 7).

Percent in-stream TSS load occurring during
Scenario | Small storms” Medium storms® Large storms©
n=>57 n =50 n=6
Baseline 3.5 57.1 39.4
Detention to Infiltration 3.6 57.1 39.3
30% Infiltration 2.6 53.9 43.5

ASmall storms had peak flow <10 m3/s during the Baseline scenario.
B Medium storms had peak flow between 10 and 75 m?3/s during the Baseline scenario.
€ Large storms had peak flow >75 m?/s during the Baseline scenario.
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Figure S1. All but one storm modeled this study had a calculated recurrence interval <1.5
years. A 29-year partial duration series of all peaks >1.5 m*/s (baseflow = ~1 m?/s) was
generated from 30-min flow data at the Mouth of Wissahickon Creek. Peaks were then
declustered to avoid the impact of multi-peak storms, such that only one peak was selected
within any sliding 24-hour window.

To calculate the recurrence interval (in yr) for a given flow x (in m?/s), we applied these
formulas:

1 #of occurences 2 x

RI, = Frogs freq, =

30 yr

where RI. = the recurrence interval of flow x
freqx = the average frequency of occurrence of flow x
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Figure S2. Land cover variability in the catchments draining to each stormwater sample
site does not fully explain the variation in observed TSS concentrations. Left. Land cover in
the catchment for each stormwater sampling site. Right. Average stormwater TSS concentration
at each site plotted against percent impervious surfaces (sum of barren, structures, roads, and
other impervious) and percent canopy in the catchment. While catchment canopy has a weak
negative correlation (72 = 0.4) with average stormwater TSS concentration, no other land cover
variable has a significant correlation.
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Figure S3. Increasing EMC to three times PADEP values improved TSS calibration. Time-series of daily average TSS

concentrations at the Mouth (4) and Fort Washington (B) for observed records (black), calibrated 1X EMC model (red) and calibrated
3X EMC model (purple).
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Figure S4. The model represented time above 50 mg/L and time above 100 mg/L during
storms reasonably well. Modeled vs. observed time above 50 mg/L (/eft) and time above 100
mg/L (right) at the Mouth during storms is shown for the calibrated WASP model.
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Figure SS. For each storm identified in 2016, the total TSS load exiting the Mouth during that
storm is shown (fop) as is the peak TSS concentration occurring during that storm (middle) and
duration for which TSS concentration at the Mouth exceeded 50 mg/L for each storm (bottom).
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Figure S6. For each storm identified in 2017, the total TSS load exiting the Mouth during that
storm is shown (fop) as is the peak TSS concentration occurring during that storm (middle) and
duration for which TSS concentration at the Mouth exceeded 50 mg/L for each storm (bottom).



