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ABSTRACT
The Raritan River has a history of overflowing its banks and causing substantial damage to
nearby townships and boroughs. In this study, a hydrological model was developed for the
Raritan Basin. The calibrated model was subsequently used to compute the reduction in stream
flow as a result of implementing sufficient Green Infrastructure to reduce runoff depth by one
inch throughout a chosen Watershed Management Area. In order to simulate the runoff
reduction, the curve number corresponding to the reduced runoff was back-calculated. Changing
the curve number also changes the lag time and initial abstraction so these values were adjusted
accordingly. In terms of discharge, the peak flow would pass from approximately 30,000 cfs to
just under 20,000 cfs. The reduction in the stream was then translated to the reduction in the
stream water level using the established rating curve. The types of Green Infrastructure that can
be used to reduce one-inch of runoff were also assessed, and their costs were estimated as well.

INTRODUCTION
Among many flood mitigation strategies, Green Infrastructure (GI) is an emerging one. In their
study of a South Carolina watershed, Medina et al. (2011) estimated that, avoided flood losses
would account for approximately 20 percent of the total cost for Green Infrastructure
implementation. This is a significant economic benefit of Green Infrastructure. Our study
provided an additional example of the impacts of implementing GI on the watershed scale as
well as provided an evaluation of various combinations of GI techniques that could be deployed
and their associated costs.
HYDROLOGIC MODELING
Modeling Software
HEC-HMS version 3.5 (http://www.hec.usace.army.mil/software/hec-hms/download.html) was
chosen as the modeling software for this project. This is the state-of-the-art version of the
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software and offers a range of modeling capabilities. An advantage of HEC-HMS 3.5 is that it
allows adding and removing components easily as the project develops. It also allows flexibility
in switching between modeling methodologies for the different components of the model. In this
way, the model can be slowly refined and adjusted according to the objectives set at each stage
of the project.
Data Acquisition and Processing
Manville was chosen as the municipality to be studied in this modeling example. In order to
build the hydrologic model, it was necessary to compile precipitation records, discharge records,
land use cover maps, and watershed delimitation maps. For purposes of this pilot demonstration
of the model, data for the year 2007 was chosen. The choice of Manville and of 2007 as the place
and time period to be modeled were based on FEMA payout records which indicate that this year
and borough coincide with some of the highest payouts for flooding damage.
ArcGIS Explorer was used as the primary tool for geographic information processing for the
system. It allowed us to obtain data on slopes, distances, and coordinates of necessary
components within the system. GIS shapefiles and rasters were obtained from the National
Geospatial Management Center, the Geospatial Data Gateway, and the New Jersey Department
of Environmental Protection Geographic Information Systems webpage.
Watershed delineation
The Raritan watershed comprises approximately 1100 square miles. The Raritan watershed is
divided into 3 watershed management areas (WMAs) for administrative purposes, by the New
Jersey Department of Environmental Protection (NJ DEP). Each of these watershed management
areas corresponds to a subbasin within the watershed. WMA 8 comprises the Upper Raritan
watershed, both the North and South Branches. For this pilot demonstration of methodology for
modeling of green infrastructure mitigation strategies, only WMA 8 (and one additional
subwatershed from WMA 9) was modeled. WMA 08 is in turn divided into 15 subwatersheds,
which were the smallest subdivision used for modeling purposes. One additional subwatershed
from WMA 09 was included in the analysis because it contains the Manville stream gage that
was used as reference point coordinating the hydrologic and the payout models. Subwatershed
delimitation is determined by USGS. Figure 1 below shows the subwatershed delimitation used,
where the yellow shaded area corresponds to WMA 08 and the subwatershed marked with a star
and the number 16 corresponds to the subwatershed containing the Manville stream gage, which
is located in WMA 09.
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Figure 1. Subwatersheds in WMA 08 used for the hydrologic model and the additional
watershed included from WMA 09
Precipitation records
Hourly precipitation records for a rain gage located in Somerset Airport, within WMA 08 were
obtained from the office of the New Jersey State Climatologist for 2007. Precipitation records for
other rain gages, such as Hillsborough and Cream Ridge, were also obtained from this same
source.
Discharge records
Fifteen-minute discharge records were downloaded from the USGS Instantaneous Data Archive
website for the Manville stream gage. This data was used to perform a rough calibration of the
hydrology model. However, further refinement of the model can be performed in the future using
multiple stream gages upstream of the Manville gage.
Land use cover maps
Land use cover maps are available from NJ DEP’s watershed management areas website.
Topographic contour
The weighted slope of each subbasin was calculated using 20 foot elevation profiles loaded in
ArcGIS Explorer over the watershed maps.
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Modeling Methodology and Parameters
SCS Curve Number method
The first step in modeling the watershed was to choose the method to estimate the runoff for
each subbasin. The method chosen was the Soil Conservation Service (SCS) curve number (CN)
method. This method will allow adjustment of the curve number to represent the modified runoff
volume when GI measures are implemented.
Using the land use / land cover maps superimposed on the watershed subdivision map, the
percentage of land covered by each land use category was determined and tabulated. Given that
most of the subwatersheds in the model are located in the highlands or piedmont of New Jersey,
a hydrologic soil group D was assumed to be prevalent. The curve number used for each land use
type was thus based on soil type D. These values were obtained from hydrology books
(Viessman and Lewis, 2003; Bedient et al. 2008) that reproduce them from the original SCS
handbook. A composite curve number was obtained for each subbasin by using the land use
percentage as a weighting factor.
Once the curve number has been obtained, the SCS method is used to estimate the runoff volume
by calculating the potential maximum retention and the initial abstraction (the maximum amount
of water that the soil will absorb initially).
With the runoff volume estimated, the next step is to represent the travel time of this runoff
through the watershed. The runoff travel time (lag time) will depend on the area and slope of the
watershed and the length of the rivers or streams flowing through the watershed. The method
chosen for this modeling component was the SCS unit hydrograph method. The area of the
watershed and the length of river through it were measured using ArcGIS explorer.
The final component of the subbasin model is the baseflow. The baseflow is the groundwater
discharge (Viessman and Lewis, 2003), and can usually be estimated as the low flow in the river
before the rain starts. The baseflow for each subbasin was either estimated from available stream
gages or, for watersheds without stream gages, interpolated from the available data. The
baseflow was assumed to be constant for the modeled period.
HEC-HMS model components
With the pertinent GIS shapefiles loaded as background maps, the model was built in HEC-HMS
3.5. The first step was to assign a number to each subbasin and input the gathered and calculated
parameters (curve number, lag time, etc.). Ten sections of river/stream (reaches) were defined to
simulate the channel flow between subbasins. Flows in the reaches were modeled using the
Muskingum method, a common method used for reach routing (cf. Viessman and Lewis (2003)
or Bedient, at al. (2008).) Wave travel time through each reach was calculated from available
flow data and the cross section of all channels was assumed to be parabolic. The computerized
model also includes 5 junctions (where water from the subbasins joins the reaches for modeling
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purposes) and an outlet defined as the USGS Manville stream gage. Figure 2 shows the
schematic of the model in HEC-HMS 3.5.

Figure 2. Schematic of hydrologic model of upper Raritan watershed in HEC-HMS 3.5

Once the physical model was built, a storm had to be chosen so we could run the model to
observe the response of the model to rainfall. Instead of choosing a generic design storm, the
Nor’easter storm of 2007, which caused serious flooding in the Manville-Bound Brook area, was
chosen. The rainfall data used covered April 11 to April 22, 2007 with a total precipitation of
5.99 inches recorded by the Somerset Airport rain gage. Choosing a specific storm event has the
advantage of permitting comparison of the model to actual observed measurements in the stream
gages.
A rough calibration of the model was performed. The main goal of the calibration exercise was
to try to maintain the total amount of discharge as close as possible between the observed and
modeled values. An attempt was made also to have synchrony in the model and observed
response time. In some of the locations further upstream, the curves did not match perfectly, but
the total amount of water was kept as close as possible to the observed data. Figure 3 shows a
graphic representation of observed vs. modeled data at the Manville stream gage.
Additional details about the modeling can be found from Guo et al. (2012). Also note the model
was not validated, using a separate storm event, in this methodology-demonstration project.
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Figure 3. Observed vs. modeled discharges in April 2007 for the Manville stream gauge

Simulation of Runoff Reduction
The implementation of Green Infrastructure methods would result in reduced runoff. For this
modeling exercise, it was assumed that runoff would be reduced by one inch over the entire
watershed. In order to simulate this runoff reduction, the curve number corresponding to the
reduced runoff was back-calculated. Changing the curve number also changes the lag time and
initial abstraction so these values were adjusted accordingly. New curve numbers were
calculated for each one of the 16 subbasins that compose the model. Table 1 shows the original
and modified curve numbers used for each subbasin.
The runoff for the entire watershed under a storm event equal to the 2007 Nor’easter (5.99 inches
of rainfall) would pass from 4.65 inches under the present conditions to 3.65 inches. In terms of
discharge, the peak flow would pass from approximately 30,000 cfs to just under 20,000 cfs.
Figure 4 shows the curves for the modeled flow under the conditions of April 2007 and with the
modified conditions with green infrastructure implemented.
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Table 1. Initial and modified curve number for subbasins in the hydrologic model
Initial CN
Subbasin 1
Subbasin 2
Subbasin 3
Subbasin 4
Subbasin 5
Subbasin 6
Subbasin 7
Subbasin 8
Subbasin 9
Subbasin 10
Subbasin 11
Subbasin 12
Subbasin 13
Subbasin 14
Subbasin 15
Subbasin 16

CN with GI

88
89
87
85
88
91
88
86
92
84
86
88
88
88
94
95

78
79
78
75
79
82
77
77
83
74
76
79
79
78
84
85
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Figure 4. Modeled vs. green-infrastructure-scenario discharges in April 2007 for the
Manville stream gauge
To obtain the water level, the rating curve for the Manville station was used to convert from flow,
the output of the computer model, to gauge height. The flood stage for the Manville station is 14
feet according to the USGS website. The rating curve for the Manville station is shown in Figure
5.
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Figure 5. Rating curve for Manville stream gauge station (source: http://waterwatch.usgs.gov)

GREEN INFRASTRUCTURE SCENARIOS AND THEIR COSTS
Green Infrastructure is still a fairly new mitigation strategy and there is very little published data
regarding cost of implementation. Given that quantifying the costs of the different GI techniques
was not the primary goal of this study, cost estimates were obtained using the Center for
Neighborhood Technology’s (CNT) Green Values National Stormwater Management Calculator
(Center for Neighborhood Technology, 2012). The CNT has received funding from U.S. EPA,
among others, to develop this tool. The data sources mentioned in the methodology outline are
consistent with those that would be used by a construction manager or engineer to estimate the
costs. However, these costs are included only as a reference and should in no case be considered
reliable for planning purposes.
Three GI scenarios were chosen and for each the cost was estimated using the Green Values
National Stormwater Management Calculator. All of the scenarios were adjusted to remove one
inch of runoff. It was assumed that the type of soil, land cover use, etc. was homogeneous
throughout the watershed being modeled. The first scenario includes a combination of permeable
pavement, bioswales, rain gardens, and cisterns. Table 2 shows the capital and maintenance cost
associated with this scenario as calculated by the CNT’s tool.
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Table 2. Costs per acre associated with scenario 1 - combining several green infrastructure
techniques
Green Infrastructure
Annual
Technique
Area (ft2) Capital Cost ($) Maintenance ($)
Permeable pavement
3,000
$ 19,020
$ 570
Swales in parking lot
400
$ 8,000
$ 50
Roadside swales
800
$ 16,000
$ 100
Rain gardens
600
$ 7,200
$ 205
Downspout disconnect
$ 70
Cisterns (500 gallons)
$ 725
$ 35
TOTAL
4,800
$ 51,015
$ 960
The second scenario considered only includes permeable pavement and bioswales. It is important
to note that the CNT Green Values National Stormwater Management Calculator only estimates
the cost for new developments, so the values given do not include demolition and removal costs
usually associated with retrofits. This scenario would be the most likely implementation in
heavily urbanized areas such as subbasin 16 in the hydrologic model. Table 3 shows the cost
estimates obtained for this scenario.
Table 3. Costs per acre associated with scenario 2 - using only permeable pavement and
bioswales
Green Infrastructure
Annual
Technique
Area (ft2) Capital Cost ($) Maintenance ($)
Permeable pavement
6,700
$ 42,478
$ 1,273
Swales in parking lot
800
$ 12,000
$ 96
Roadside swales
600
$ 9,000
$ 72
TOTAL
8,100
$ 63,478
$ 1,441
The third scenario considered includes only vegetated strips and rain gardens and would be wellsuited for suburban areas with ample availability of green areas or where curbs could be replaced
without major impacts to pedestrian traffic. Table 4 shows the estimated costs for this scenario.
Table 4. Costs per acre associated with scenario 3 - using only vegetated strips & rain
gardens
Green Infrastructure
Annual
Technique
Area (ft2) Capital Cost ($) Maintenance ($)
Vegetated filter strips
8,000
$ 17,300
$ 560
Rain gardens
400
$ 3,100
$ 140
Downspout disconnect
$ 35
TOTAL
8,400
$ 20,435
$ 700
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CONCLUSION
Hydrologic modeling can be an effective tool in determining the best approach to mitigate
flooding. It can be used in conjunction with economic analysis to estimate the cost of mitigation
infrastructure and compare it to flood related losses with the current conditions and after the
mitigation infrastructure is introduced. In order to appropriately compare the investment in
infrastructure with losses, it would be necessary to perform a full economic assessment of floodrelated losses throughout the watershed. We choose one example of a mitigation strategy as a
case in point to explore and develop the methodology, specifically Green Infrastructure (GI). In
addition, our study assumed the reduction of one inch of runoff in the watershed, but a more
exhaustive analysis would allow one to determine the optimum reduction goal on the basis of
economic feasibility, and also to do away with some of the simplifying assumptions we have
adopted, such as homogeneity of the watershed with respect to land cover, soil moisture, and
mitigation.
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