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Abstract

This paper presents a case study demonstrating the process used to develop an overland flow 

model of radionuclide transport following an aerosol deposition from a hypothetical radiological 

dispersal device explosion. The process included the integration of digital elevation, building, and 

land cover information with hydrologic information from a calibrated Stormwater Management 

Model (SWMM) model. The overland flow model was used to explore the impact of washoff 

parameter selection and different storm events on radionuclide transport in surface flow. The 

range of washoff parameters used in the literature resulted in over a 7 times difference in 

radionuclide washoff, from a small surface removal to nearly full removal. The overland flow 

model illuminated the primary pathways of contaminant transport, a potentially useful tool that 

informs emergency response, planning, and remediation activities.
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1. Introduction

Radionuclides have been widely dispersed in the environment following nuclear weapons 

testing and reactor accidents, and Cesium-137 (137Cs) is a particularly persistent 

contaminant, with a half-life of approximately 30 years. 137Cs poses a risk to human 

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives 
License (http://creativecommons.org/licenses/by-nc-nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in 
any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way.This work was 
authored as part of the Contributor’s official duties as an Employee of the United States Government and is therefore a work of the 
United States Government. In accordance with 17 U.S.C. 105, no copyright protection is available for such works under U.S. Law.
✉CONTACT Anne M. Mikelonis mikelonis.anne@epa.gov. 

Supplemental data for this article can be accessed https://doi.org/10.1080/1573062X.2021.1968007.

Publisher's Disclaimer: Disclaimer
Publisher's Disclaimer: The research described in this article has been funded wholly or in part by the U.S. Environmental Protection 
Agency Contract No. 68HERC19D0009 to APTIM Government Services. This manuscript was subject to administrative review but 
does not necessarily reflect the view of the U.S. Environmental Protection Agency. No official endorsement should be inferred, as the 
EPA does not endorse the purchase or sale of any commercial products or services.

Disclosure statement
No potential conflict of interest was reported by the author(s).

EPA Public Access
Author manuscript
Urban Water J. Author manuscript; available in PMC 2022 August 01.

About author manuscripts | Submit a manuscript
Published in final edited form as:

Urban Water J. 2021 August ; 19(2): 130–140. doi:10.1080/1573062x.2021.1968007.E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript

https://creativecommons.org/licenses/by-nc-nd/4.0/


health as a high-energy gamma emitter, and it can quickly spread throughout surface 

and subsurface environments (Cornell 1993; Evrard et al. 2015). Of recent concern has 

also been the potential detonation of radiological dispersal devices, or ‘dirty bombs’, and 

improvised nuclear devices (U.S. Department of Health and Human Services), which could 

contaminate a wide urban area with 137Cs. Because environmental cleanup efforts can 

take months to years, precipitation would likely mobilize 137Cs and transport it beyond its 

initial fallout deposition. Accordingly, modeling tools are useful for predicting the spread of 

contamination in the environment following a widespread contamination incident, whether it 

be accidental or manmade.

The Homeland Security Research Program (HSRP) at the United States (US) Environmental 

Protection Agency (EPA) conducted a comprehensive review of different contaminant fate 

and transport models that could be used following a wide-area urban-release event to inform 

contamination mapping, characterization, and site clearance (Chen et al. 2018). Due to its 

widespread use and open-source engine code, the EPA’s Stormwater Management Model 

[SWMM; Rossman (2015)] was selected for use and expansion of emergency response 

and remediation capabilities. SWMM is widely used throughout the world to simulate both 

single event and long-term stormwater runoff quantity and quality. Its pollutant transport 

capabilities, including washoff, are suitable for modeling non-traditional contaminants, 

including radionuclides. EPA’s HSRP is actively conducting research to improve fate 

and transport-related modeling capabilities and contaminant parameterizations through 

laboratory and field studies.

The objective of this case study is to establish a process for developing and adapting a 

stormwater model that can be used to assist in emergency response and recovery functions. 

The purpose of this type of model is to support decision-making for remediation actions, 

such as sampling, waste staging, and installation of treatment technologies (Lemieux, Boe, 

and Hayes 2020). We use a hypothetical dirty bomb detonation in downtown Detroit, 

Michigan, which uses SWMM to model its stormwater conveyance network, to present 

the process of building a model capable of simulating radionuclide transport pathways in 

stormwater runoff and the relative radionuclide surface concentration remaining after rain 

events. We also discuss the unique aspects of modeling non-traditional pollution, such as 

selecting and testing various washoff parameters, and explore the effects of different types of 

storm events on 137Cs transport.

2. Materials and methods

2.1. Case study area

Southeast Michigan has one of the largest water and waste-water utilities in the US, and it is 

maintained and operated by the Great Lakes Water Authority (GLWA) in collaboration with 

the City of Detroit’s Water and Sewage Department (DWDS). In 2019, approximately 2.9 

million people used the GLWA waste-water services, and 298 kilometers of sewer pipes are 

operated and maintained in the sewershed (Great Lakes Water Authority 2019). Like many 

older collection systems in large cities located along rivers in the US, Detroit’s stormwater 

infrastructure features a combined sewer overflow system (CSO). Given its diverse urban 

environment and infrastructure and the fact that GLWA has used SWMM to model the 
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Greater Detroit Regional Sewer System (GDRSS), Detroit was selected as the location for 

this case study. A downtown location was selected for the hypothetical detonation point 

based on the density of likely targets with high potential for disruption of commercial and 

civil activities and operations (Figure 1).

2.2. SWMM model development

This case study expands on existing components from a 2013 GRDSS SWMM model 

to enable modeling radionuclide transport in overland flow at finer spatial scales in an 

area most impacted by the hypothetical 137Cs deposition. In support of this case study, 

the Interagency Modeling and Atmospheric Assessment Center (IMAAC) modelled 137Cs 

fallout. While the modelled deposition plume is not available for public release, its extent 

was used to determine the areas of the GDRSS model that warranted greater detail for 

modeling 137Cs washoff and transport (Figure 1). Several publicly available data sources 

were used in addition to the GRDSS SWMM model to develop a more refined model for 

part of the case study focus area (Table 1). The model building process is summarized in 

Figure 2 and further described in the following sections.

2.2.1. LIDAR/DEM—A digital elevation model (DEM) for the case study area was 

developed using publicly available LiDAR data from the US Geological Survey and the 

LiDAR Dataset geospatial analysis tools in ArcMap (v10.6). Raster grid files obtained from 

public repositories were aggregated and processed to produce a bare earth DEM by filtering 

for ground surface returns only. The separate DEMs were mosaiced and reconditioned using 

the ArcHydro fill sinks tool (U.S. Army Corps of Engineers 2003; Esri 2017).

2.2.2. Buildings—Buildings represent both obstructions to overland flow and their roofs 

impervious areas that rapidly shed precipitation and direct it to curb gutters or pervious 

areas. Therefore, we include these roof structures as a special type of subcatchment in 

developing the overland flow model in SWMM. Building footprint files were obtained 

from the South East Michigan Council of Governments (SEMCOG) GIS data warehouse 

(Table 1). The study area contains many buildings, some of which are smaller than the 

intended overland flow model resolution. These buildings typically represent sheds and 

storage facilities and have little impact on direct discharge to the sewer system; instead, 

they primarily contribute runoff to the pervious and impervious areas on which they are 

located. Removing buildings smaller than 18.6 m2 decreases the computational burden, both 

in generating the model and in running it, while maintaining the desired resolution for the 

overland flow model. See Supplemental Material Text S1 and Figure S1 for a more detailed 

description of evaluating building size relative to subcatchment size.

2.2.3. Landcover—Data from the United States National Landcover Database (NLCD) 

were used to update the percent impervious property of the SWMM model subcatchments 

(Homer et al. 2015). The model was developed using the 2011 NLCD data (Table 1). 

To estimate the mean value of the percent impervious for the SWMM subcatchments, the 

percent impervious NLCD raster was converted to a polygon layer using geoprocessing tools 

in ArcMap (v10.6). The resulting layer was then imported into PCSWMM, and the area 

Shireman et al. Page 3

Urban Water J. Author manuscript; available in PMC 2022 August 01.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



weighting tool was used to calculate and populate the impervious property of the model’s 

subcatchments.

2.2.4. Overland flow model—PCSWMM 2D (v7, pcswmm.com) includes a module 

for developing 2D cells, junctions, and conduits for modeling overland flow in a quasi-2D 

mode by discretizing the model domain with a hexagonal or rectangular mesh based on a 

model boundary layer, an obstruction layer, and a DEM. These cells, junctions, and conduits 

are generated based on a network of nodes created using a 2D boundary layer, which 

enforces node spacing and cell geometry. The 2D cells generated in PCSWMM can then 

be converted into SWMM subcatchments for hydrologic modeling. This 2D modeling is 

intended for use with cells that have a very small surface area (~0.1 m2). Since our model 

domain is significantly larger than the typical PCSWMM 2D domain, developing 2D cells 

at this resolution is not feasible, and therefore our model does not adhere to the assumptions 

made for modeling overland flow in quasi-2D. We do, however, use the PCSWMM 2D 

mesh generation tools to develop finer-resolution subcatchments and hydraulic network that 

solves the 1D depth-averaged momentum and continuity equations for simulating overland 

flow via a network of junctions and open conduits. Open-source tools are also available for 

automating the process of generating finer-scale subcatchments that allow for more detailed 

flow routing (Warsta et al. 2017; Niemi et al. 2019).

Developing an overland flow model for the entire GDRSS is not practical given the 

computational resources available at the time of model development, nor is it necessary 

to model overland flow at a fine scale in areas that received little or no hypothetical 

radiological contamination to achieve the aims of this study. The fallout plume was used 

to determine which subcatchments were contaminated above a threshold that poses a more 

significant radiation hazard, representing the area of maximum impact (Figure 1), and 

subcatchments expected to receive contaminated washoff from these radiation hazard areas 

were also included. Within this down-selected area, we utilized a nested model resolution 

strategy to balance tradeoffs between model detail and computation time. Closest to the 

detonation area, where contamination levels are highest, the finer scale grid resolution (12 

m) was used in generating the overland flow model. A coarser cell resolution was utilized 

in areas affected by fallout but lower activity levels, with cell sizes ranging from 24 to 

48.8 m. Hexagonal cells were used in generating the model mesh, except for along roads, 

which were modelled discretely as rectangular geometry using road centreline data from 

SEMCOG (Table 1) at a resolution of 12 m. Emergency response activities may focus 

on roadways separately from other areas, so it was important to build in this flexibility 

during the mesh generation and to match the shape of the mesh/sub catchments to the type 

of questions being asked of the model. Building footprints were used as obstructions in 

generating the overland flow mesh (except those smaller than 18.6 m2, see section 2.2.2) 

and incorporated in the SWMM model as separate subcatchments (Figure 3). The outlets of 

the building subcatchments were automatically assigned to junctions using PCSWMM’s set 

outlet tool. Subcatchments were assigned their respective land use (road, building, or urban) 

and their properties were populated using spatial datasets and the pre-existing GDRSS 

model information (Figure 4). The average area (in hectares) for the subcatchments used in 

the model was 0.03 (σ = 0.04) for mesh areas, 0.01 (σ = 0.004) for roads, 0.08 (σ = 0.23) 
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for buildings and 117 (σ = 237) for the original subcatchments in the area of the model with 

coarser resolution.

2.3. Modeling cesium washoff

In this study, we focus on modeling the fallout and washoff of 137Cs, a likely constituent 

of ‘dirty bombs’ (U.S. Department of Health and Human Services), which is persistent in 

the environment (t1/2 = 30 years) and has posed challenges for environmental remediation 

(Lee 2015). Research has been conducted on the environmental mobility of 137Cs following 

radionuclide releases in the environment, primarily focused on rural and agricultural settings 

following the Chernobyl and Fukushima Daichi (FDI) reactor accidents. Investigations 

following these release events have found that particulates from the reactor fuel matrix 

that were heavily contaminated with 137Cs were deposited in the soils close to the accident 

site. In these settings, studies have documented a slow release of 137Cs due to the weathering 

of fuel and soil erosion (Khanbilvardi et al. 1999; Smith, Clarke, and Saxén 2000; Anspaugh 

2008; Ueda et al. 2013). Farther from the release site, 137Cs fallout was predominantly in 

its mobile form (Konoplev 2016). In this form, 137Cs readily sorbs to clays in soil (Beasley 

and Jennings 1984; Dominik, Burrus, and Vernet 1987; Ratliff, Mikelonis, and Duffy 2020). 

Because clays often constitute a significant component of the total suspended solid (TSS) 

load in runoff, a conceptual model of cesium transport can be developed based on washoff 

models that have been developed for TSS. Since the release scenario for this case study 

assumes that 137Cs would be deposited in its mobile form that would rapidly sorb into clays 

in soil, we choose to model 137Cs transport as a fraction of TSS washoff.

Initially introduced by Sartor and Boyd (1972) and implemented in SWMM, an exponential 

relationship is most frequently used for modeling constituent washoff:

W (t) = mB(0)(1 − e−kt) (1)

where W(t) = the cumulative washoff mass at time t, mB(0) = the initial mass of the 

constituent on the surface at time = 0, and k is a coefficient that relates the runoff rate:

k = KW qNW (2)

where KW is a washoff coefficient, q is the runoff rate over the subcatchment, and NW 

is a washoff exponent (U. S. Envrionmental Protection Agency 2016). Generic values for 

these empirically derived coefficients and exponential terms for modeling pollutant loads are 

available in the EPA SWMM Reference Manuals (U. S. Envrionmental Protection Agency 

2016), although these parameters can be highly variable and controlled by localized factors, 

including landscape topography and land use (Di Modugno et al. 2015; Maharjan, Pachel, 

and Loigu 2017; Muthusamy et al. 2018).

The washoff parameter values we used in this case study were informed by published 

values from studies of TSS washoff featuring similar land use types (Temprano et al. 

2006; Hood, Reihan, and Loigu 2007; Maharjan, Pachel, and Loigu 2017). The range of 

values reported in these studies, along with site-specific knowledge of our study area and a 

simple assessment with a cumulative loss model, guided washoff coefficient and exponent 
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selection for this case study (Table 2). Buildings are generally rapidly flushing and are 

modelled using terms closer to the higher end of calculated parameter values. The case study 

model’s urban land use type features a mix of high-density developed areas and more open 

areas, and we chose to model this land use type using the minimum of the relevant values 

reported in Maharjan, Pachel, and Loigu (2017). Parameter values for the road land use type, 

which features a variety of surfaces including concrete, asphalt, and brick, were derived by 

computing the geometric mean of the urban and building values. See Supplemental Material 

Section S3 (Washoff Parameter Analysis) for a more detailed description of the cumulative 

loss model that guided washoff parameter value selection.

2.4. Meteorological analysis and simulated storms

Precipitation data from the Detroit Metropolitan Airport available through the National 

Oceanic and Atmospheric Administration (NOAA) are the most robust and complete 

publicly available precipitation dataset for the case study location, containing hourly and 

sub-hourly observations, daily summary data, and short-duration precipitation summaries 

(Table 1). Using the Local Climatological Dataset tool (https://www.ncdc.noaa.gov/cdo-

web/datatools/lcd), we obtained data for the years 1981–2017 and conducted a storm 

frequency analysis to establish the return frequency of storm intensities for both 1-hour 

and 24-hour peak rainfall events. For a 2-year return period, the estimated total precipitation 

is 26.7 mm for a 1-hour event and 48 mm for a 24-hour event. Wind data were also analysed 

to determine a prevailing wind direction from the southwest with sustained winds 24–48 

km per hour (Figure S2). See Supplemental Material S2 for a more detailed description 

of the meteorological data analysis. This analysis guided the selection of the atmospheric 

conditions that were used in selecting precipitation events for the washoff parameter 

sensitivity study.

Within the case study model, a single SWMM rain gauge was used in all model simulations, 

and two different 2-year return frequency storms were modelled: 1) a 24-hour design storm 

and 2) a real storm that included the calculated peak 1-hour rainfall total. We selected a 

Midwest and Southeast (MSE) Type III storm (59.7 mm total rainfall) as the 24-hour design 

storm relevant to this climatic zone (Michigan Department of Transportation 2006). The 

actual storm data were obtained from a storm that occurred on 27 July 2014. For modeling 

purposes, we simulated a 24-hour antecedent dry period and 3 days of post-rainfall dry 

weather to track the movement of water and contaminants through the system.

3. Results and discussion

Both the design storm and the 27 July 2014 storm produced acceptable continuity errors in 

the Detroit overland flow case study model. The design storm produced continuity errors 

of −1.1% and 1.7% for runoff and routing, respectively, and the 27 July storm resulted in 

errors of −3.3% and −0.3% for runoff and routing, which is consistent with general practice 

of simulation acceptability when continuity errors are less than ± 10% (Rossman 2015). 

The design storm featured a 140% increase in the total rainfall amount than the 27 July 

storm, which resulted in maximum allowed simulated runoff depths at 16 nodes between 20 

and 24 hours after the start of the simulated storm. Most of the runoff was generated from 
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highly urbanized areas that feature a greater fraction of impervious cover (Figure 4), along 

major roadways, and in the low relief areas along the river front (Figure 5). The overland 

flow case study model was not calibrated. When geographical and land use information are 

integrated into uncalibrated models, as done for the case study model, their performance 

greatly improves, sometimes to levels comparable to calibrated models that do not contain 

this information (Petrucci and Bonhomme 2014).

Two different washoff comparison studies were conducted to evaluate the impact of 1) 

varying washoff parameters and 2) the effect of different precipitation events using the 

Detroit case study model.

3.1. Washoff parameter effects

We used the precipitation data from the 27 July 2014 storm (2-year return frequency for 

1-hour peak intensity, total precipitation 24.9 mm) to evaluate the impact of a wide range 

of TSS washoff parameter values reported by Maharjan, Pachel, and Loigu (2017) on 

contaminant washoff processes. The maximum and minimum values for the relevant land 

use types from that study (Table 2) were each uniformly applied to all subcatchments over 

the entire case study model domain to investigate how significantly this range of parameter 

values impacts 137Cs washoff during one particular storm. Uniform application helps to 

avoid known issues of model over parameterization (Petrucci and Bonhomme 2014). Results 

from these two simulations are reported in Table 3.

For the minimum values of the washoff parameters, only 12% of the 137Cs contamination 

was entrained in runoff by washoff processes, with 88% of the initial contamination 

remaining on subcatchment surfaces after the storm. Conversely, for the maximum washoff 

parameter values tested, 88% of the 137Cs was washed off. When specific parameter values 

are assigned for each land use type (buildings, roads, urban; see Table 2), approximately half 

(55%) of the 137Cs washes off during a moderately heavy, short-duration storm. Washoff 

parameter values are typically obtained from small-scale experiments and then transposed 

to larger-scale applications. Researchers have found that once scaled-up, the parameters lose 

their physical meaning (Bonhomme and Petrucci 2017). This case study includes finer-scale 

subcatchment sizes that are closer in scale to the experiments performed to generate washoff 

coefficients than other models. This facilitates scenarios where changes in land use may 

be related to changes in model parameters. It has also been shown that due to the initial 

erosion of pollutants during the first flush of a rainfall event, spatially distributed deposits 

of contamination have little effect at the scale of a large subcatchment outlet (Hong et al. 

2017). The finer resolution subcatchments also facilitate improved modeling of this scenario.

The wide range of 137Cs washoff over the parameter values tested resulted in large 

differences between the amounts of contaminant mobilized, from a small fraction washed 

off to nearly full removal, which highlights the importance of these washoff coefficient and 

exponent values in modeling contaminant transport processes. Since 137Cs readily sorbs to 

clay and fine particles in soil, we approximate 137Cs by using washoff parameters for TSS, 

because more data from urban areas are available to inform TSS washoff parameterization. 

Modeling of 137Cs transport in urban areas would be improved with controlled laboratory 

studies or field studies using safe tracer materials (e.g. 133Cs sorbed into solids, the only 
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stable isotope of cesium) in areas with surfaces characteristic of large cities (e.g. concrete 

and asphalt).

3.2. Storm impacts

We also compared the differences between the actual 27 July 2014 storm with a 2-year 

peak intensity to the 2-year 24-hour MSE Type III design storm using the case of specific 

wash-off parameter values assigned to each land use type. Figures 6 and 7 compare both 

the amount of 137Cs washed off and the maximum overland flow activity levels as a 

result of the two different precipitation events. Given that buildings have been assigned 

higher washoff parameter values, they are flushed rapidly and contribute the majority of 

the initial contaminant load for both precipitation events (Figures 6(a), 7(a)). For the real 

27 July storm, roads closest to the initial blast area see 33–66% of 137Cs washed off, 

whereas in areas farther away from the blast, roads generally see a smaller fraction of their 

contamination washed away. This is in part due to the higher initial contamination load close 

to the blast zone, and also potentially because the less densely urbanized areas towards the 

north end of the model domain generated less runoff, as more of the precipitation was able 

to infiltrate in these areas (Figure 5). Subcatchments characterized with the urban land use 

type exhibit little loss of their original fallout contamination (<12%). In contrast, following 

the design storm featuring a higher total precipitation amount, nearly all the roads lose 

33–66% of their initial buildup, and much of the urban land use type loses a greater fraction 

of the initial 137Cs contamination (12–33%) compared to the real storm.

The maximum activity levels in overland flow (Figures 6(b), 7(b)) show a higher level of 

contamination closer to the detonation zone, which experiences a greater amount of initial 

contamination. The general distribution of the maximum 137Cs load in overland flow is 

similar between the two storms, but for the longer duration design storm, a greater fraction 

of the contamination is mobilized, as indicated by the higher total activity levels discharged 

at the model outfalls. The observed flux at the outfalls along the eastern model boundary are 

about the same as observed for the July 27 storm, but the amount discharged to the Detroit 

River is much greater for the longer duration storm. Identifying these primary pathways of 

contaminant transport and discharge areas to the Detroit River provides valuable information 

for conducting emergency response and remediation activities by identifying shifting ‘hot 

spots’ of contamination and informing more effective resource allocation.

4. Conclusions and future directions

This case study illustrates the process of modeling the washoff behavior and overland flow 

transport of 137Cs fallout that has been deposited following a hypothetical dirty bomb 

detonation in an urban setting using SWMM. Consistent with the literature (Vanoni 1975; 

Chow, Yusop, and Toriman 2012; Di Modugno et al. 2015), we find that the transport 

behavior is highly sensitive to the washoff coefficient and exponent, which highlights 

the need for additional studies to refine these parameters for radionuclides and other 

contaminants of public health concern. For both a short duration 2-year peak intensity 

rainfall event and a longer duration design storm, the primary contamination transport 

pathways in stormwater runoff were similar. This case study highlights the utility of 
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modeling contamination washoff and transport processes, which is useful for identifying 

potential areas where contamination is likely to persist over time or concentrate in overland 

flow following a wide area contamination event. This information is beneficial for making 

informed decisions about emergency response and clean-up activities, as well as for 

emergency planning purposes.

Overland flow pathways will be intercepted by existing stormwater infrastructure, and 

some portion of the contaminant load will enter a subterranean conduit system and move 

in unanticipated ways due to flow control structures, routing systems, and redirection to 

storages. Therefore, additional work is needed to connect overland flow models to more 

traditional models of the existing pipe networks and other stormwater infrastructure to 

properly account for the movement of contamination from the surface to the drainage 

network. Because movement of contaminant mass into the drainage network effectively 

reduces the contaminant loading in surface flow, representation of these processes is 

necessary to more accurately predict surface concentration values and migration pathways. 

Surface models are much faster to develop than combined models, and therefore are useful 

for a cursory understanding of topographic driven contaminant transport during the early 

stages of response and recovery. However, with more time, these combined models will 

provide additional guidance for determining where contamination may accumulate and for 

estimating volumes of contaminated water that would require containment and storage. 

Information from a combined model would also better inform emergency response and 

recovery efforts, providing guidance, such as determining which storm drains should be 

stoppered to prevent further spread of contamination and in identifying optimal monitoring 

points for quantification of the impact and success of these efforts. It is recognized that 

more spatially detailed modeling demands a higher computational cost for varying degrees 

of impact (Ghosh and Hellweger 2012; Krebs et al. 2014; Goldstein, Foti, and Montalto 

2016). The value added by the high resolution combined modeling continues to be an area of 

active research within EPA’s HSRP.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Detonation point and stormwater subcatchments potentially affected by air dispersion of 

radiological contamination (orange dashed area represents the area of highest radiation 

hazard in hypothetical scenario).

Shireman et al. Page 12

Urban Water J. Author manuscript; available in PMC 2022 August 01.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



Figure 2. 
Contents and steps in overland flow model preparation and execution.
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Figure 3. 
Subarea of the model domain containing finer resolution overland flow mesh. Subcatchment, 

building, and road layers were used to construct the model.
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Figure 4. 
Input data for converting 2D cells to subcatchments included land use type, percentage 

impervious, slope, and elevation information for the model domain.
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Figure 5. 
Total runoff generated during the 2-year 24-hour MSE Type III storm (total precipitation = 

58.7 mm). The subterranean conduit system was not factored into this analysis.
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Figure 6. 
(a) 137Cs washoff and (b) maximum activity in overland flow and cumulative activity 

discharged at outfalls as a result of the 1-hour 2-year peak intensity storm that occurred on 

27 July 2014.
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Figure 7. 
(a)137Cs washoff and (b) maximum activity in overland flow and cumulative activity 

discharged at outfalls as a result of the 2-year, 24-hour MSE type III design storm.
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Table 2.

Washoff coefficients and exponents used in the case study model representing the statistical summary of the 

relevant values from Maharjan, Pachel, and Loigu (2017) (used in the maximum/minimum parameter value 

comparison) and the values assigned to each land use type.

TSS values from Maharjan, Pachel, and Loigu 2017 Land Use

Parameter Max Mean Min Building Road Urban

Coefficient, KW 4.90 0.74 0.13 2.45 0.56 0.13

Exponent, NW 1.57 1.45 1.20 1.25 1.23 1.20
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