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Applicability of Stormwater Best Management Practices in the Virginia Coastal Plain 

Rachael Diane Johnson 

ABSTRACT (academic) 

The Virginia Runoff Reduction Method (RRM) was adopted in 2014 as a compliance tool for 

evaluation of stormwater volume and quality, and necessitates use of urban stormwater best 

management practices (BMPs) to meet regulatory standards. Coastal Virginia is characterized by 

flat terrain, shallow water tables, and low permeable soils that may limit the application of BMPs 

as recommended by state regulations. Soil morphological features are often used to estimate the 

seasonal high water table (SHWT) for initial feasibility, but existing soil data misrepresented 

expected SHWT depths in the Virginia Beach, VA, study area. A GIS-based methodology 

relying on perennial surface water elevations and USGS groundwater monitoring data was 

developed to estimate the SHWT depth in Virginia Beach. The SHWT map was shown to be 

consistently more reliable than available predictions based on soil morphology, and was used as 

input to a BMP siting tool. The tool, known as BMP Checker, was developed to explore how flat 

terrain, shallow water tables, and poor soils influence BMP siting in coastal Virginia. The BMP 

Checker algorithm was validated on 11 Virginia Beach sites before application on 10,000 ft2 

(929 m2) area sections across the city. Citywide application showed that the most widely 

applicable BMPs in the study area include wet ponds that intercept groundwater and constructed 

wetlands. Conversely, sheet flow to conservation area and infiltration practices are the least 

applicable. Because the RRM assigns more credit to infiltration-based practices, sites in Virginia 

Beach may find it difficult to meet regulatory standards.  



 

Applicability of Stormwater Best Management Practices in the Virginia Coastal Plain 

Rachael Diane Johnson 

ABSTRACT (public) 

Virginia updated the state stormwater management regulations in July 2014. The new regulations 

aimed to reduce the amount of runoff by using stormwater best management practices (BMPs) to 

capture and treat the runoff before it could be discharged to the storm sewer system. The 

stormwater regulations gave more credit to BMPs that filter water through the soil than to BMPs 

that store or move water along the surface. Performance of BMPs that filter water through the 

soil depends on soil quality, on water table proximity, and on surrounding land slope. Coastal 

Virginia, however, has low quality soils, shallow water tables, and flat land surfaces. The goal of 

this research was to characterize usability of BMPs in coastal conditions, using the City of 

Virginia Beach as a study area. Water table information had to be created to account for human 

influence on water table depth. The created water table information was found to be more 

accurate than available sources and was used in remaining research. Computer software that 

compares BMP design requirements to land characteristics was developed, tested, and applied to 

the City of Virginia Beach. As expected, BMPs that filter water through the soil are less usable 

in Virginia Beach due to coastal conditions. Coastal cities may struggle to comply with the 2014 

stormwater regulations because the most effective BMPs are less usable.  
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1.0 Introduction and Background 

1.1 The Runoff Reduction Method 

A report by the (National Research Council, 2009) reviewed the U.S. Environmental 

Protection Agency approach to stormwater management and found that the stormwater 

regulatory approach at the time did not address key environmental objectives. Previous 

regulations did not address volume reduction and instead focused on pollutant loading and point-

source pollution. The regulations did not incentivize the reduction of future intensive land use 

development. The report recommended numerous changes in stormwater management practice 

in order to validly address future water quality. Subsequent to the 2009 National Research 

Council report, the U.S. Environmental Protection Agency (2010) instituted the Chesapeake Bay 

Total Maximum Daily Load (TMDL), which required each state within the Bay watershed to 

meet water quality goals specified in the TMDL (Hampton Roads Planning and Development 

Commission 2013a) . While the current relative contributions of total phosphorus (TP), total 

nitrogen (TN), and sediment (TSS, total suspended solids) from urban runoff to the Bay are 

small compared to other sectors (15%, 8% and 16%, respectively), the load fraction from this 

sector is increasing according to Bay model projections (U.S. Environmental Protection Agency, 

2010). Additional and new modes of stormwater treatment are expected to reduce loads 

substantially. Virginia’s urban stormwater management regulations were then updated to better 

address the Chesapeake Bay TMDL and incorporate the new stormwater treatment paradigm. 

Virginia’s revised urban stormwater management regulations became effective July 2014 

(Virginia Department of Environmental Quality, 2014). All new development and redevelopment 

after July 2014 must meet the new post-construction runoff quality and quantity criteria; 
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redevelopment projects with no net increase in impervious cover must meet a 20% reduction in 

TP if over an acre in size, and a 10% decrease in TP if under an acre in size. New development, 

and additional impervious cover on redevelopment sites, must meet the revised Virginia water 

quality criteria of 0.41 lb/ac/yr of phosphorus (0.46 kg/ha/yr P) (Frie and Hare, 2012), calculated 

with the Runoff Reduction Method (RRM) (Virginia Department of Environmental Quality, 

2013c) rather than the Simple Method (Virginia Department of Conservation and Recreation, 

1999), as was required by the previous Virginia Stormwater Management regulations. The goal 

of the revised water quality criteria is to have no net increase in nutrients leaving developed sites 

after completion of construction, which will, in turn, help meet the Chesapeake Bay TMDL 

requirements and goals. In addition to the revised criteria, local governments are now responsible 

for reviewing site plans for compliance with the runoff criteria. 

As applied in the Chesapeake Bay watershed, the Simple Method (Hampton Roads 

Planning District Commission, 2013a) addressed water quality concerns and considered only the 

amount of impervious cover in the drainage area and a given pollutant reduction from best 

management practices (BMPs) when calculating the pollutant load of a site. The RRM, however, 

takes a more holistic approach to water quality management by incorporating the entire site in 

the evaluation, including pervious cover. The RRM also uses a new metric, runoff volume 

reduction, as a basis for both quantity and quality calculations. Furthermore, the RRM focuses on 

post-construction, site-based nutrient load limits. Post-construction soils, impacted by grading 

and compaction, are not as pervious as undisturbed soils and the RRM accounts for runoff 

volume accordingly. Using runoff coefficients determined from a combination of underlying 

hydrologic soil groups (HSGs) and land covers, a target treatment volume (Tv), measured in ac-
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ft, is calculated for the site in question. Tv represents the amount of runoff that needs to be 

treated before leaving the site.  

1.1.1 Meeting New Regulations 

The new regulations’ focus on impacted land cover promotes the use of Low Impact 

Development (LID). LID is a land development approach that seeks to reduce and treat runoff at 

the source before it enters the stormwater conveyance system. LID includes a planning practice 

known as Environmental Site Design (ESD) and the utilization of stormwater BMPs. In practice, 

the objective of ESD is to minimize the amount of impervious cover and disturb as little of the 

original site as possible. BMPs reduce runoff and treat the remainder that is discharged to the 

storm sewer system. Treatment BMPs employ a variety of pollutant removal processes, including 

settling, adsorption, or biological uptake. In order for a site to meet stormwater management 

goals in the VSMP, some combination of ESD and BMP must be used. The RRM offers water 

quality credits for the effective implementation of BMPs. Preserving forested land, minimizing 

impervious cover, and incorporating a variety of BMPs will help reduce Tv and, consequently, 

reduce the pollutant load leaving the site. A brief description of the fifteen recognized Virginia 

non-proprietary, post-construction BMPs and their treatment mechanisms may be found in Table 

1-1 (Virginia Department of Environmental Quality, 2013a). The reader should note that the 

BMPs listed in Table 1-1 are defined in the VSMP and are thus in compliance with the RRM. 

For purposes of discussion later in this report, particular exceptions to some of these 

requirements are made, but are specifically noted.  
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Table 1-1. Fifteen post-construction, non-proprietary BMPs. The Virginia Stormwater 

Management Handbook (VSWMH) BMP Standards and Specifications (Virginia Department of 

Environmental Quality, 2013a, b) number is listed in order to reference more detailed 

information about a particular practice. 

Practice 

BMP 

Spec. 

No. 

Description 

Rooftop 

Disconnection 
1 

Rooftop disconnection, also known as impervious disconnection, 

is the practice of routing flow to pervious areas or other alternate 

treatment practices where the runoff can infiltrate, filter, be 

treated, or be reused before it reaches the storm drain system. 

This is one of the simplest ways to reduce runoff. 

Sheet Flow to 

Open Space 

or Veg. Filter 

2 

Designed, vegetated filter strips or conserved open space receive 

non-concentrated flow (sheet flow) from adjacent impervious 

areas or managed turf. As the water flows evenly through the 

filter or space, the vegetation slows runoff velocity and filters out 

pollutants. The slower velocities also encourage settling of 

particles. 

Grass 

Channels 
3 

Grass channels are vegetated depressions that convey flow. They 

replace typical impervious conveyance systems, offering filtering 

and volume reduction of runoff. The benefits are modest but 

preferable to typical conveyance systems when site conditions 

allow. 

Soil 

Amendments 
4 

Incorporating compost as a soil amendment improves porosity, 

water holding capacity, and habitat potential for vegetation. Soil 

amendments can be used on disturbed soils or naturally poor soils 

to increase the infiltration rate and improve runoff reduction. Soil 

amendments can be used alone or in conjunction with other 

BMPs to improve their performance. 

Vegetated 

Roofs 
5 

Also known as green roofs or living roofs, vegetated roofs replace 

traditional roofs by maintaining a pervious, vegetated cover on 

the tops of buildings. The vegetated roof intercepts rainfall and 

temporarily stores it before releasing it to the storm drain system. 

The runoff is taken up by plants or evaporated, reducing runoff 

volume. 

Rainwater 

Harvesting 
6 

Rainwater harvesting systems intercept, divert, store, and allow 

for future reuse of collected rainwater. The water is stored in a 

tank, above or below ground, and may be used for non-potable 

purposes such as irrigation or toilet flushing. The RRM only 

assigns a water quality credit for year-round use.  
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Practice 

BMP 

Spec. 

No. 

Description 

Permeable 

Pavement 
7 

Permeable pavement has gaps or voids that runoff can filter 

through into an underlying stone reservoir. From there, the runoff 

is temporarily stored or infiltrated. Permeable pavement replaces 

traditional paving methods, converting an impervious surface into 

a pervious one. 

Infiltration 8 

Infiltration practices trap and temporarily store runoff, allowing 

the runoff to exfiltrate into underlying soils. Exfiltration removes 

pollutants through chemical and physical adsorption processes.  

Bioretention 9 

Bioretention practices are shallow, landscaped, and vegetated 

depressions that collect runoff. The runoff may temporarily pond 

at the surface during large storms then filter through an 

engineered media to an underdrain. The treated runoff is then 

returned to the storm drain system. Rain gardens are micro-

bioretention systems, normally following a template design, and 

most often do not have underdrains for collecting water that does 

not infiltrate.. 

Dry Swales 10 

Dry swales are essentially linear, shallow bioretention cells 

planted with turf or non-mulch, non-ornamental material. The 

treated runoff flows into an underdrain and is conveyed to the 

storm drain system. They may appear to be simple grass channels 

or be more elaborate. 

Wet Swales 11 

Wet swales are a cross between a wetland and a swale. They are a 

conveyance system that treats runoff through filtering, settling, 

biological uptake, and microbial activity. The swale has saturated 

soil or very shallow standing water that supports wetland 

vegetation. The RRM does not assign any runoff reduction credit 

to wet swales, however, pollutant removal credits are assigned. 

Filtering 

Practices 
12 

Filtering practices are good for small, highly impervious sites. 

They capture, temporarily store, and treat runoff via an 

engineered media. The runoff is collected in a settling chamber 

before flowing through the filter media. Treated runoff then enters 

an underdrain and is conveyed to the storm drain system. Filters 

do not reduce runoff volume, only pollutant concentration. 
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Practice 

BMP 

Spec. 

No. 

Description 

Constructed 

Wetlands 
13 

Constructed wetlands are shallow basins that maintain a slight 

permanent pool depth. The basin has diverse microtopography to 

promote a variety of wetland vegetation. Constructed wetlands 

are typically engineered to have long flow paths, increasing 

runoff residence time and enhancing pollutant removal by 

settling, biological uptake, and microbial activity. The RRM does 

not assign any runoff reduction credit to constructed wetlands, 

however, pollutant reduction credits are assigned. 

Wet Ponds 14 

Wet ponds maintain a permanent pool that promotes settling, 

biological uptake, and microbial activity. The pool reduces 

resuspension of settled particles. Long residence times increase 

pollutant removal. The RRM does not assign any runoff reduction 

credit to wet ponds, however, pollutant reduction credits are 

assigned. 

Extended 

Detention 

Ponds 

15 

Extended detention (ED) ponds detain water for 24-36 hours after 

a storm event. The primary removal mechanism is settling, which 

works well for solid particles but not for dissolved pollutants. An 

undersized outlet releases water slowly to the downstream 

channel The RRM does not assign any runoff reduction credit to 

ED. A small pollutant reduction credit is assigned. It should be 

noted that, ED ponds, when used alone, are the least effective 

pollutant removal practice. 

 

Under the previous regulations (Virginia Department of Conservation and Recreation, 

1999), BMPs were measured by their total pollutant removal efficiency only. The new 

regulations recognize that BMPs can have an important runoff volume reduction benefit in 

addition to reducing a pollutant’s event mean concentration (EMC), thus addressing downstream 

loading. The Center for Watershed Protection (CWP) and the Chesapeake Stormwater Network 

(CSN) conducted a review of the capabilities of fifteen non-proprietary BMPs to remove runoff 

and reduce EMCs (Hirschman et al., 2008a). The results of that review for total phosphorus (TP) 

and total nitrogen (TN) may be found in Table 1-2. Hirschman et al. (2008b) note that the data in 
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the table were generated from a limited number of studies; the table was created using the 

authors’ best judgment based on those studies, and the values are subject to change as more 

research becomes available.  

Table 1-2. The runoff reduction, total pollutant removal, and total removal values for TP and TN 

by fifteen non-proprietary BMPs. See Hirschman et al. (2008a) Technical Memorandum 

Appendices B and C for derivation of the RR and PR values. 

Practice 

Runoff 

Reduction 

(RR) (%) 

Pollutant 

Removal 

(PR)1 -TP 

(%) 

Total 

Phosphorus 

Removal 

(TPR)2 (%) 

Pollutant 

Removal 

(PR)1 -TN 

(%) 

Total 

Nitrogen 

Removal 

(TNR)2 (%) 

Green Roof 45 to 60 0 45 to 60 0 45 to 60 

Rooftop Disconnection 25 to 50 0 25 to 50 0 25 to 50 

Raintanks and Cisterns 40 0 40 0 40 

Permeable Pavement 45 to 75 25 59 to 81 25 59 to 81 

Grass Channel 10 to 20 15 23 to 32 20 28 to 36 

Bioretention 40 to 80 25 to 50 55 to 90 40 to 60 64 to 92 

Dry Swale 40 to 60 20 to 40 52 to 76 25 to 35 55 to 74 

Wet Swale 0 20 to 40 20 to 40 25 to 35 25 to 35 

Infiltration 50 to 90 25 63 to 93 15 57 to 92 

ED Pond 0 to 15 15 15 to 28 10 10 to 24 

Soil Amendments3 50 to 75 0 50 to 75 0 50 to 75 

Sheetflow to Open Space 50 to 75 0 50 to 75 0 50 to 75 

Filtering Practice 0 60 to 65 60 to 65 30 to 45 30 to 45 

Constructed Wetland 0 50 to 75 50 to 75 25 to 55 25 to 55 

Wet Pond 0 50 to 75 50 to 75 30 to 40 30 to 40 

1EMC based pollutant removal  
2TR = RR + [(100-RR) * PR] 
3Numbers are provisional 
 

The RR and PR capabilities of any given BMP are highly dependent upon design factors. 

The RRM differentiates these factors by allowing for “Level 1” and “Level 2” BMP designs 

(Hirschman et al., 2008b). Table 1-2 accounts for the range of values expected from a BMP 
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based on varying design factors. Level 1 designs can be expected to achieve the lower value 

assigned to the BMP, while Level 2 designs are expected to achieve the higher value. Hirschman 

et al. (2008b) identified five key design factors that separate Level 1 and Level 2 designs. These 

factors are: 1) increased treatment volume, 2) increased runoff reduction volume, 3) enhanced 

design geometry and hydraulics, 4) vegetative conditions, and 5) multiple treatment methods. 

The 2013 BMP Standards and Specifications (Virginia Department of Environmental Quality, 

2013a) detail how design differs between levels for each BMP. Unfortunately, no additional 

credit is awarded for a Level 1 BMP with Level 2 design aspects but insufficient total design 

specifications to meet classification as a Level 2 BMP. The design level system is simple and 

easy to follow but fails to reward intermediate design options between Level 1 and Level 2, or 

advanced options above Level 2, with higher credits. In effect, the two-level crediting system 

bimodally limits potential BMP design and application. 

Koch et al. (2014) performed a data analysis on the N removal of dry ponds, wet ponds, 

wetlands, and swales. The N removal efficiencies were found to be highly variable for all four 

BMPs and all N constituents. Comparison between the RRM and the author’s median and third 

quartile values for total nitrogen removal (TNR) can be found in Table 1-3. Koch et al. (2014) 

attribute a much higher TNR value to all practices except for swales. RRM-approved dry swale 

values include swales with underdrains while Koch et al. (2014) specifically did not look at 

underdrains. This difference may inflate the comparable RRM credit. Koch et al. (2014) also 

found that the removal efficiencies for all BMP types did not differ statistically for NO3, NH4, or 

TN, indicating that TN performance may not be as variable as Hirschman et al. (2008b) 

predicted. NH4 removal efficiency did vary based on the position of the BMP in a treatment train 

and the number of BMPs in the train. Deeper basins were found to remove NH4 less efficiently 



9 

 

than shallow (<1 m; <3.3 ft) basins but the effect was weak. The TN removal efficiency had less 

variation than either NO3 or NH4 removal efficiency alone for all BMP types, but there was not 

sufficient data to identify drivers of variability. Weiss et al. (2007) evaluated TPR of various 

BMPs but reported an “average”; it is not clear whether the “average” is a median or a mean. 

However, Table 1-3 includes the data for comparison with a caveat. There is a great amount of 

variability in the data, represented by a 67% confidence interval in their analysis. The wide 

variability found by both Koch et al. (2014) and Weiss et al. (2007) indicates that assigning the 

same removal efficiency to all Level 1 or level 2 BMPs regardless of design specifics may be 

unrealistic. As more data become available and individual design specifications are found to 

affect removal efficiencies, the RRM should incorporate these for a more specific credit 

assignment. 

Table 1-3. A comparison of the second (Q50) and third (Q75) quartile Total Nitrogen Removal 

(TNR) values found by Hirschman et al. (2008b) and Koch et al. (2014), as well as a comparison 

of Total Phosphorus Removal (TPR) values found by Hirschman et al. (2008b) and Weiss et al. 

(2007). 

Practice Total Nitrogen (TN)  Total Phosphorus (TP) 

Phosphorus  RRM TNR (%)  Koch et al. TNR 

(%) 
 RRM TPR 

(%) 

Weiss et al. TPR 

(%) 

 Q50 Q75  Q50 Q751  Q50 Average5 

ED Pond 10 24  18 -2  15 25 

Wet Pond 30 40  40 65  50 52 

Wetland 25 55  61 81  50 42 

Swale 25-553 35-743  50 524  - - 

Bioretention - -  - -  55 72 

Sand Filter - -  - -  60 46 

Infiltration 

Trench 

- -  - -  63 656 

1Values were estimated from a boxplot 
2Koch et al. (2014) use “dry pond” to account for both extended and regular detention ponds; the boxplot is for grouped “dry ponds” and thus no 

specific Q75 information is available for ED ponds. The Q50 and Q75 for the grouped dry ponds is 27% and 38%1, respectively. 
3Lower value is for grass channels and higher value is for dry swales with or without underdrains 
4Includes grass channels, grass swales, and dry swales without underdrains 
5These values are not explicitly a median, only an “average” 
6Assumed value 
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1.1.2 Water Quality Compliance 

To evaluate sites for compliance with the revised water quality standards, the CWP 

created a spreadsheet to evaluate the proposed site data using the RRM. An example of the site 

data input tab can be seen in Figure 1-1. User entry fields are highlighted in cyan and all other 

fields are locked from editing; constant values are shown in yellow and calculations are shown in 

grey. In typical use, the user enters the area of HSG for all three land cover types (forest, turf, 

impervious). The spreadsheet then computes Tv, the estimated post-development P load (lb/yr), 

and an estimate of how much P (lb/yr) needs to be removed from the Tv in order to meet the 0.41 

lb/ac/yr (0.46 kg/ha/yr) P site discharge load limit. There are separate pages for each drainage 

area in a proposed design where BMPs are selected and assigned a contributing drainage area.  

The RRM spreadsheet is meant to be used iteratively in a process that begins with 

calculating Tv and P load from the proposed site data, then evaluating the effectiveness of 

various BMPs in reducing the site load, and, if the target load is not met, the user then selects 

new values in the spreadsheet reflecting an altered design of the site and/or new BMPs to reduce 

the P load estimated in the site discharge. The RRM spreadsheet provides two design options for 

each of the BMPs, Level 1 and Level 2 (with Level 2 having more treatment capability) and 

provides for linear treatment trains. The spreadsheet does not, however, allow for runoff from 

one BMP to be routed to more than one downstream practice at a time within the same drainage 

area. To account for more complex flow paths, the second receiving BMP must be included in a 

separate drainage area (Virginia Department of Environmental Quality, 2012). Furthermore, the 

spreadsheet does not readily allow the same practice to occur more than once in a treatment train. 

For example, two Level 1 bioretention cells cannot be in series in the same drainage area.  
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Figure 1-1. A screenshot of the RRM compliance spreadsheet site data tab. 

  



12 

 

The RRM spreadsheet is a useful compliance tool to evaluate proposed designs. 

However, it has been stressed by the CWP that the RRM spreadsheet is only a compliance tool. 

The spreadsheet documentation explicitly acknowledges that use of the tool assumes the designer 

will locate and design treatment practices appropriately in order to meet the minimum BMP 

criteria for effectiveness (Center for Watershed Protection, 2012). In order for the tool to be 

effective, the designer must have a thorough understanding of the site characteristics and 

thorough knowledge of the BMP design specifications for both levels. The physical site 

constrains feasible BMPs and potential design levels. Appropriate BMP selection becomes even 

more complicated when considering that the Virginia BMP specifications were designed 

primarily for use in the Piedmont region (Virginia Department of Environmental Quality, 

2013b), which is the dominant physiographic region in VA, as seen in Figure 1-2. Portions of the 

Valley and Ridge region exhibit Karst terrain and some practices are ruled out completely. In the 

Coastal Plain, the utility of many practices can be limited due to the presence of physical factors 

that make it unlikely for BMP specifications to be met. A description of some of these factors 

will be provided in the next section. Thus, meeting the maximum annual TP load can be quite 

challenging in the Coastal Plain on such heavily constrained sites. 

 

Figure 1-2. A map showing the physiographic regions in Virginia (Sample and Liu, 2014). 
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1.2 Unique Challenges of the Coastal Plain  

The Virginia Coastal Plain varies significantly from the Piedmont region in three main 

ways. Flat terrain, high water table, and poorly drained soils create a challenging environment 

for treating stormwater and meeting compliance with the specifications and regulations of the 

VSMP. The Hampton Roads Planning District Commission (2013b) conducted a slope analysis 

of the Hampton Roads region in the Virginia Coastal Plain and found that over 63% of the area 

has a slope less than 3 percent and 25% of the land area has a slope between 3 and 8 percent. A 

map depicting slope in Hampton Roads may be found in Figure 1-3. Because many of the BMPs 

require some amount of hydraulic head to properly pass water through the treatment process 

(Virginia Department of Environmental Quality, 2013a), many BMPs may not be feasible on a 

coastal VA site.  

 

Figure 1-3. The regional soil slope map for Hampton Roads produced by the HRPDC (2013). 
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Further analysis by the Hampton Roads Planning District Commission (2013b) of the 

Hampton Roads region revealed that 70% of the soils are HSG C and D and therefore have slow 

or very slow infiltration rates. Most of the C class soils are in the western part of the region while 

D and B/D soils predominate the eastern region, as can be seen in Figure 1-4. These poorly 

drained soils are less able to infiltrate rainfall and produce higher runoff volumes. In addition, 

the dominant removal mechanism of most of the approved BMPs is infiltration (Virginia 

Department of Environmental Quality, 2013a). The predominance of poorly drained soils limits 

the application of these infiltration-type BMPs in the Coastal Plain. Steps to circumvent the low 

permeability of the site can be taken, but these may result in larger implementation costs.  

 

Figure 1-4. A map of Hampton Roads soil types produced by the HRPDC (2013). 
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Finally, the HRPDC (2013b) inventoried the depth to water table in the Hampton Roads 

area using data from the Soil Survey Geographic Database (SSURGO). The data represents 

water table depths between January and April, when the water table is normally at its highest 

point. The HRPDC found that 40% of the region has a depth to water table of less than 1 ft (0.30 

m) from the surface and 60% has a depth to water table of less than 2 ft (0.61 m). The western 

region is predominated by water table depths between 2 and 3 ft (0.61 and 0.91 m). The lowest 

seasonal high water table depths occur in the northern region. These trends can be seen in Figure 

1-5. The high water table increases the risk for groundwater interaction and contamination, and 

may reduce the effectiveness of BMPs. 

 

Figure 1-5. A map of the Hampton Roads depth to the seasonal high water table produced by the 

HRPDC (2013). 
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The Coastal Plain also differs from the Piedmont region in regards to pollutants of 

concern. The VSWMH, Appendix 6-C (Virginia Department of Environmental Quality, 2013b) 

states that P is the limiting nutrient in the Piedmont region, however, it is rarely limiting in 

coastal waters. Instead, N, bacteria, and metals are key pollutant concerns in the Coastal Plain. 

The HRPDC (2013b) notes that the most common water quality impairment in Hampton Roads 

is bacteria and that N and sediment must be reduced to comply with the Chesapeake Bay TMDL. 

Law et al. (2008) conducted an extensive web-based survey of Coastal Plain communities, 

targeting coastal water managers or professionals. The response to a portion of the survey 

showed that 65% of the coastal communities viewed sediment as a priority pollutant and 60% 

viewed N as one. Bacteria (43%) and P (38%) were concerns, but impacted fewer coastal 

communities. Law et al.’s findings corroborate the VSWMH (Virginia Department of 

Environmental Quality, 2013b) assertion that P management is not the greatest concern in coastal 

communities. Stormwater practices may need design deviations to address additional coastal 

water quality concerns such as N and bacteria.  However, the RRM only addresses TP loads and 

removal for compliance purposes, even in the Coastal Plain.  TN loads and removal are 

calculated but not used for compliance. 

In addition to concerns involving pollutant types, the Coastal Plain faces higher 

concentrations of pollutants and larger rainfall events than those in the Piedmont region. 

Hirschman et al. (2008a) evaluated the National Stormwater Quality Database and found that the 

median EMC for TN and TP was higher in the Coastal Plain than it was in the Piedmont. 

Regarding rainfall amounts, the VSWMH (Virginia Department of Environmental Quality, 

2013b) describes a 90th percentile rainfall event in the Tidewater region averaging at 1.14 in 

(2.90 cm) of rainfall. Comparatively, the Piedmont’s 90% storm event averages to 1.0 in (2.54 
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cm) or less. For coastal communities, higher average rainfall, higher concentrations of pollutants, 

pollutants of concern that differ from the established standards, poorly draining soils, a high 

water table, and flat terrain combine to create a cluster of issues to overcome to properly apply 

the VSMP stormwater management practices.  

1.3 Use of BMPs in the Coastal Plain 

Schueler (2009) evaluated non-proprietary BMPs based on their suitability for the 

Coastal Plain; each of Virginia’s recognized fifteen non-proprietary BMPs was assigned a 

classification of “preferred”, “accepted”, or “restricted”. These classifications take into account 

the BMP feasibility in the Coastal Plain and the ability of each BMP to address N and bacteria 

concerns. BMPs may also be classified as runoff reduction (RR) or pollutant removal (PR) 

practices based on the primary mode of mass pollutant removal (Hampton Roads Planning 

District Commission, 2013b). Strictly defined, PR practices reduce pollutant loads through 

treatment, but do not reduce runoff volume; the opposite is true for RR practices. RR may reduce 

pollutant EMCs through mass load reduction. Of course, some practices combine PR and RR 

features. Table 1-4 summarizes the classifications as found in VSWMH (Virginia Department of 

Environmental Quality, 2013b) and also designates group type (Hampton Roads Planning 

District Commission, 2013b). Infiltration practices were broken into two forms, large and small 

scale, because size of the practice affects its ability to be implemented. 
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Table 1-4. The suitability classification for use in the Coastal Plain according to the VSWMH 

(Virginia Department of Environmental Quality, 2013b) and the practice group as identified by 

the HRPDC (2013b). 

Practice Classification Group 

Rooftop Disconnection Preferred Runoff Reduction 

Sheet Flow to Open Space or Veg. Filter Preferred Runoff Reduction 

Rainwater Harvesting Preferred Runoff Reduction 

Dry Swales Preferred Runoff Reduction 

Wet Swales Preferred Pollutant Removal 

Constructed Wetland Preferred Pollutant Removal 

Permeable Pavement Acceptable Runoff Reduction 

Bioretention Acceptable Runoff Reduction 

Small Scale Infiltration Acceptable Runoff Reduction 

Soil Amendments Acceptable Runoff Reduction 

Vegetated Roofs Acceptable Runoff Reduction 

Filtering Practices Acceptable Pollutant Removal 

Wet Ponds Acceptable Pollutant Removal 

Grass Channels Restricted Runoff Reduction 

Extended Detention Ponds Restricted Pollutant Removal 

Large Scale Infiltration Restricted Runoff Reduction 

 

The CSN developed a list of guiding principles for coastal stormwater practices (Center 

for Watershed Protection, 2010). These principles include: use of micro- and small-scale 

practices for developments within 500 ft (152.4 m) of tidal waters; avoid intersection of BMPs 

and shoreline buffer areas with the exception of conservation areas for sheet flow filtering at the 

buffer’s outer boundary; avoid negative impacts on groundwater by promoting flexibility in 

practice design to allow for shallower depths; including design modifications that promote 

bacteria removal; facilitate N removal by modifying practices to encourage denitrification; use of 
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native plant species appropriate for the practice; use of linear design approaches to spread 

treatment along the length of the stormwater path and to increase time of travel; and consider the 

effects of sea level rise on future development. Practices can promote denitrification by 

increasing the length of time saturation is experienced, thus promoting anoxic conditions which 

lead to increased denitrification. Schueler (2009) created a list of design strategies that could 

encourage pathogenic bacteria removal from stormwater. These design strategies include:  

 Use of high light conditions to promote bacteria death by UV in standing water 

 Avoiding re-suspension of bottom sediments by specific modifications to design 

 Reduction of turf around open water and wetlands to discourage geese habitation 

 Use of shallow wetlands and benches to promote habitat for bacterial micro-predators 

 Addition of organic matter to sand filter media to provide a carbon source for beneficial 

bacterial growth 

 Use of dry or wet swales rather than grass channels 

 Use of filtration and infiltration to maximize runoff reduction 

 Maintaining recommended setbacks, especially from septic fields 

 Use of filter strips on edge of shoreline or stream buffers 

 Reducing bacterial sources 

The VSWMH BMP Standards and Specifications (Virginia Department of Environmental 

Quality, 2013a) provides recommendations for modifying BMPs in the Coastal Plain to maintain 

effectiveness or increase feasibility. For some practices, more effective or more widely 

applicable alternatives were listed. Table 1-5 summarizes those recommendations. With respect 

to coastal adaptations, the BMP specifications contain some conflicting information. The 

VSWMH (Virginia Department of Environmental Quality, 2013a) states explicitly that Rooftop 
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Disconnection is “especially suited to the Coastal Plain” but then goes on to say it cannot be used 

when the water table is within 2 ft (61 cm) of the surface. The same is true for sheet flow to a 

vegetated filter; the VSWMH highly recommends the practice in the Coastal Plain but cautions 

that shallow groundwater may inhibit functionality. One class of sheet flow practices is flow 

through conserved open space, usually attached to a riparian buffer that explicitly intercepts the 

water table. Potentially conflicting information is found regarding soil amendments. The 

VSWMH states that the soil amendment layer must not become saturated, but then goes on to 

say the depth to water table should be at least 2 ft (61 cm) from the surface. It would seem as 

though the unsaturated soil stipulation would allow relaxing the depth requirement below 2 ft (61 

cm) as long as the soil amendment layer does not become saturated, but that is not the case. If the 

SSURGO water table estimates are correct, then these practices are quite constrained in the 

Coastal Plain.  

While some design modifications allow for a relaxed depth to water table, there is currently 

no state standard for analyzing the effects of relaxing the water table depth in regards to BMP 

effectiveness or groundwater impact at the planned location. An example of such a standard is 

provided in the following section. 
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Table 1-5. A summary of the VSWMH (Virginia Department of Environmental Quality, 2013a) Coastal Plain specifications and modifications. 

Practice 

BMP 

Spec. 

No. 

Necessary Specifications for Coastal Plain 

Use 
Allowable Design Modifications for Coastal Plain Use Preferred Alternatives 

Rooftop 

Disconnection 
1 

Depth to WT1 at least 2 ft (0.61 m); minimum 

slope 1% in first 10 ft (3.05 m) 
- - 

Sheet Flow to 

Open Space 

or Veg Filter2 

2 - Discharge to outer boundary of shoreline, stream, or wetland buffer - 

Grass 

Channels 
3 Use in HSG A soils only; >0.5% practice slope Depth to WT 1 ft (0.31 m) minimum; off-line cells tied to ditch system Dry or wet swales 

Soil 

Amendments 4 Depth to WT at least 2 ft 3 (0.61 m) - - 

Vegetated 

Roofs 
5 - Use drought, salt, and acid tolerant plant species - 

Rainwater 

Harvesting 
6 - Above-ground storage tanks - 

Permeable 

Pavement 
7 

Depth to WT at least 2 ft (0.61 m); >0.5% 

underdrain slope 
- - 

Infiltration 8 Micro- and small-scale practices Maximize surface area of practice; depth of infiltration <24in plus WT separation 

Shallow bioretention (very permeable 

soils only), constructed wetland (more 

impermeable soils) 

Bioretention 9 
>0.5% underdrain slope; underdrain tied to 

conveyance system 

Multiple linear cells; depth to WT 1 ft (0.31 m) minimum with underdrain; turf cover rather 

than mulch; 18-24 in (0.46-0.61 m) filter bed depth minimum; limit ponding depth to 6-9 in 

(0.15-0.23 m); use of native wet-footed and salt-tolerant species 

Dry swale, wet swale, ditch wetland 

restoration, smaller linear wetlands 
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Practice 

BMP 

Spec. 

No. 

Necessary Specifications for Coastal Plain 

Use 
Allowable Design Modifications for Coastal Plain Use Preferred Alternatives 

Dry Swales 10 
>0.5% underdrain slope; underdrain tied to 

conveyance system 

Multiple storage cells; depth to WT 1 ft (0.31 m) minimum with underdrain; landscaped with 

wet-footed and salt-tolerant plants 

Wet swale, ditch wetland restoration, 

smaller linear wetlands 

Wet Swales 11 - 
Saturated soil but no standing water between events; add sand or compost to promote better 

growing environment; use of wet-footed and salt-tolerant plant species 
- 

Filtering 

Practices 
12 

Perimeter sand filter only; >0.5% underdrain 

slope; underdrain tied to conveyance system 

Depth of underdrain and sand filter bed 18 in (0.15 m) minimum; maximize length of filter or 

use multiple cells; depth to WT 1 ft (0.31 m) minimum with underdrain; further relaxed depth 

to WT with self-contained filter bed and underdrain 

- 

Constructed 

Wetlands 
13 - 

Multiple linear, shallow cells; excavation below WT permitted; use of wet-footed and salt-

tolerant plant species; consider forested wetlands with appropriate native tree species; use of 

flashboard risers 

- 

Wet Ponds 14 
Reduced nutrient removal credit; small ponds 

must meet design criteria for larger ponds 
Avoid excavating below WT Constructed wetlands 

Extended 

Detention 

Ponds 

15 - Avoid excavating below WT Shallow constructed wetlands 

1Separation from the seasonal high water table measured from the practice invert. 
2Shallow groundwater may reduce function. 
3The amendment layer must not be saturated. 
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1.3.1 Relaxing Depth to Water Table 

The North Carolina Department of Environmental and Natural Resources (NC DENR) 

issued a document in March 2014 stating that infiltration designs with a depth to water table less 

than 2 ft (61 cm) could now be approved, provided certain conditions were met. According to the 

NC DENR (Bennett and Vinson, 2014), there is no precedence or evidence to suggest that a 

relaxed water table requirement will allow infiltration basins to function properly. To evaluate 

infiltration capacity, the NC DENR requires that the site undergo a hydrogeologic evaluation by 

a licensed geologist, licensed soil scientist, or professional engineer. The report shall recommend 

a depth to seasonal high water table which should be based upon a groundwater mounding 

analysis under the proposed basin (North Carolina State University, 2013; PC-Progress, 2008), 

the groundwater flow regime before and after construction, and other critical factors. Should the 

site warrant, the NC DENR will consider relaxing the separation to the water table to a minimum 

of 6 in (15 cm), provided the report substantially demonstrates that the water quality design 

volume will infiltrate and water table mounding will dissipate within five days. The reasoning 

behind the 6 in (15 cm) minimum separation is because, according to NC State wetland soil 

scientist Mike Vepraskas (Bennett and Vinson, 2014), a capillary fringe usually exists up to 6 in 

(15 cm) above the water table which creates a saturated zone that inhibits infiltration. In the 

Coastal Plain, there is no significant gradient for groundwater to move laterally through the 

aquifer to help dissipate the mound. If the mound does not dissipate within five days, it is 

presumed the infiltration basin will be unprepared for the next storm event and will be unable to 

provide adequate treatment. Though the VSWMH (Virginia Department of Environmental 

Quality, 2013a) allows relaxed water table depths up to a 1 ft (30.5 cm) minimum for numerous 
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practices in the Coastal Plain without any reduction in performance credit, perhaps a mounding 

analysis could ensure adequate performance is maintained.  

1.3.2 Reliance on Wet Ponds 

 Law et al. (2008) found that stormwater ponds, wet or dry, are the most prolific 

stormwater control practice in use in the Coastal Plain. Ponds are able to control localized 

flooding and capture sediments, but coastal ponds are limited by the RRM in terms of their 

nutrient reduction credit and are provided no volume reduction credit despite potential infiltrative 

and evaporative volume reductions. The VSWMH BMP specifications (Virginia Department of 

Environmental Quality, 2013a) reduce nutrient removal credits in ponds that intercept the 

groundwater table. In effect, this reduces the performance credit assigned to any pond in the 

Coastal Plain, as most of them intercept the groundwater table. Ponds can promote harmful algal 

blooms and encourage the growth of fecal coliform bacteria and may even convert inorganic 

nutrients into bioavailable forms via algae productivity (Center for Watershed Protection, 2010) 

unless they are designed and/or managed for water quality. In practice, Coastal Plain wet ponds 

are often installed without design features that ensure desired water quality functions (Schueler, 

2009). The VSMP requires ponds be developed according to the new design standards (Virginia 

Department of Environmental Quality, 2013a) in order to achieve the estimated stormwater 

quality and quantity (Schueler, 2009). While many of these new standards are intended to boost 

water quality treatment of the ponds, others, such as the requirement for a littoral bench, may 

make it impractical to retrofit the pond for a water quality benefit. 
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1.3.3 Bioretention and Coastal Pollutants of Concern 

Despite the VSWMH (Virginia Department of Environmental Quality, 2013b) 

designation as only an “acceptable” coastal BMP, coastal communities are increasingly using 

bioretention to treat stormwater due to its high performance credit. Modification to bioretention 

design has been proven to improve effluent quality for coastal pollutants of concern (Liu et al., 

2014). Internal water storage (IWS) zones have been proposed to increase N mass removal 

through denitrification (Kim et al., 2003). IWS is introduced to a bioretention cell by using an 

upturned elbow at the end of the drain; the area between the top of the elbow and the bottom of 

the practice becomes saturated, thus providing an area in which periodic anoxic conditions 

predominate, promoting denitrification. Alternatively, an external weir can also be used to 

promote an IWS (Battiata, 2014). Liu et al. (2014) summarized the mass load pollutant removal 

amounts for bioretention practices with underdrains. A comparison of the TN mass load 

reduction shows that cells with IWS consistently removed more N on average than cells without 

an IWS. Bioretention practices with an IWS also tend to reduce more runoff and experience 

fewer outflows than traditional bioretention cells (Liu et al., 2014; Lucas and Sample, 2015). The 

same summary of studies revealed that, in the studies that measured bacteria, bioretention was at 

least 70% effective at removing coliforms regardless of IWS presence. Bioretention is useful for 

treating bacteria by unmodified standards and also is useful for denitrification with some design 

modifications. 

Modifying the bioretention media may also result in improved removal of coastal 

pollutants. Media depth affects performance substantially (Liu et al., 2014), with deeper media 

performing better. Making the media as deep as possible, with a maximum depth of 36 in 

(Virginia Department of Environmental Quality, 2013a), is expected to improve practice 
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performance. The saturated zone created by an IWS is only effective at denitrification if the 

media promotes bacterial growth, which may be achieved by adding additional organic carbon 

amendments to the media (Chen et al., 2013). Kim et al. (2003) found that newspaper and 

woodchips were the best organic candidates to maximize nitrate removal efficiency. Carefully 

selecting a media mix with a chemical structure that promotes denitrification could result in 

improved TN mass load removal. The VSWMH (Virginia Department of Environmental Quality, 

2013b) lists vendor-supplied media as a requirement for a Level 2 design because self-mixed 

media poses the risk of leaching nutrients (Hsieh et al., 2007) or even metals (Barrett et al., 

2006). Currently, all media must be tested for an acceptable phosphorus index (P-index) prior to 

use (Virginia Department of Environmental Quality, 2013a) because of the leaching risk. 

Checking the P content to prevent leaching is good practice, but use of the P-index may be ill-

suited to that task. The P-index was developed specifically for agricultural sites and accounts for 

a number of factors that do not impact bioretention cells, such as edge of field soil loss or 

fertilizer application (Wolfe et al., 2005). Some other method of evaluating leaching risk from 

the media should be implemented that more accurately characterizes risk without misusing an 

established tool. 

1.3.4 Threats to BMP Function 

Though not specific to coastal BMPs, proper construction and maintenance is vital to 

achieving stormwater management goals. It is not enough for the BMP to be adequately 

designed; it must also be constructed according to the design and constructed during the 

appropriate construction phase. Though construction planning may become more complicated, 

appropriate phasing is critical to the success of the BMP. Many infiltration practices are 

susceptible to clogging and it is vital that they not be used as erosion and sediment control (ESC) 
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measures nor be constructed during a time when they are capable of accepting construction 

sediment (Battiata, 2014). Construction is just as important as construction planning. The small 

storage volume of BMPs makes them very susceptible to even minor construction oversights. 

Bioretention cells are typically designed to store 15-30 cm (0.5-1 ft) of water at the surface. A 

difference of 0.1 m (3.9 in) in creating the surface pond for a bioretention cell represents a 30-

66% change in storage volume (Brown and Hunt, 2012).  

 Brown and Hunt (2012) examined the effect of restorative maintenance on bioretention 

performance. The bioretention cells they examined were both undersized and poorly maintained. 

After removing the top 75 mm (2.95 in) of media, which consisted of accumulated and 

constricting fines, and steepening the side slopes, storage volume increased 89%. The practices 

were still undersized when considering the recommended volume, but overflows were reduced 

by two-thirds. Brown and Hunt (2012) also experimented with increasing the media depth from 

0.6 m (1.97 ft) to 0.9 m (2.95 ft). However, the authors found that the effects of increasing 

surface storage and providing adequate care to the practice was more valuable. Though Brown 

and Hunt (2012) only investigated bioretention, it is safe to say that all BMPs should be 

constructed with qualified construction oversight and should undergo routine maintenance to 

continue meeting stormwater goals. Maintenance should be performed before the problem 

becomes critical; counter-productive maintenance, such as seal-coating permeable pavement, 

should be avoided (Battiata, 2014). 
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1.4 Purpose 

Evidence suggests that the Virginia Coastal Plain poses significant challenges to 

implementing functional stormwater BMPs and, consequently, poses challenges to meeting the 

state regulatory standards for runoff quality. Infiltration-based BMPs appear to be limited in 

application due to coastal physiographical conditions including shallow water tables, poor soil 

permeability, and flat terrain. Though infiltration-based BMPs are assumed to be less feasible in 

coastal sites, true applicability of BMPs in the coastal landscape is unknown. There is a need to 

characterize the applicability of BMPs in coastal landscapes to help designers and planners meet 

state regulatory goals effectively. This work explores a quantifiable difference in physical 

applicability between BMP types in coastal Virginia by comparing spatial information for soils, 

terrain, and water tables to approved BMP design standards.  
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2.0 A GIS-based method for estimating surficial groundwater levels in coastal Virginia 

using limited information 

2.1 Abstract 

Locating infiltrative stormwater best management practices (BMPs) that adhere to the principles 

of low impact development (LID) requires consideration of the water table. High water tables 

can reduce the performance of BMPs or preclude them altogether. Soil morphological features 

are often used to estimate the seasonal high water table (SHWT) for initial feasibility. Soil 

survey data, however, misrepresented expected SHWT depths in our study location of Virginia 

Beach, VA. This may be due to the static nature of the survey data, which does not account for 

groundwater withdrawals or other anthropogenic impacts on groundwater elevations. A GIS-

based methodology relying on perennial surface water elevations obtained from a 5 ft (1.52 m) 

resolution LIDAR digital elevation model (DEM) from November 2012 was developed to 

estimate the SHWT depth in Virginia Beach. Aerial imagery and publically available shapefiles 

of surface water features supported the methodology. Estuaries, inlets, and marshes form 

terminal boundaries for discharge from the shallow groundwater system in Virginia Beach. The 

water table was assumed to be consistent with the elevation along the banks of surface water 

bodies. Surface water elevations were extracted and used to create a triangulated irregular 

network (TIN) representing the November 2012 elevation of the water table. The November 

2012 water table elevations were adjusted to seasonal high levels based on an adjustment factor 

calculated from the highest recorded April water table depth noted in long-term groundwater 

monitoring data at 22 wells. The adjusted water table elevations were subtracted from the DEM 

to yield SHWT depth. The resultant SHWT depth map was compared to the long-term 

monitoring well information. Linear regression on the predicted vs. observed values resulted in 



30 

 

an R2 value of 0.91, indicating a high correlation between predicted and observed SHWT depths. 

Analysis of residual errors exhibited no patterns, but indicated the LIDAR-based model 

underpredicted the highest expected SHWT and overpredicted the median SHWT. The SHWT 

depth map was validated using water table depths from 57 soil borings at 10 different sites, 

resulting in a root mean square error of 1.5 ft (46 cm). Residual comparison between the SHWT 

depth map and soil survey predictions showed the SHWT depth map to be consistently more 

reliable than soil survey estimates. The SHWT depth map has been applied to a spatial BMP 

siting tool to improve siting accuracy. Though the methodology requires few inputs that are 

widely available and appears to yield viable results, its use should be limited to coastal areas 

with similar hydrogeological settings. 

2.2 Introduction 

Water table depth is a critical design consideration in implementing infiltrative 

stormwater best management practices (BMPs) that adhere to the principles of low impact 

development (LID). The goal of these practices is to reduce runoff volume and improve site 

discharge runoff quality. Infiltrative BMPs can result in groundwater mounding, which has the 

potential to threaten subsurface utilities and nearby infrastructure (Machusick et al., 2011) and 

reduce the runoff reduction and pollutant removal performance of BMPs. The most common of 

these LID practices are bioretention cells. Bioretention meets runoff volume reduction goals 

more often and has improved pollutant removal when the filtration media is deeper, such as at 3 

ft (0.9 m) as opposed to 2 ft (0.6 m) (Brown and Hunt, 2011), however, deeper units may not be 

viable in locations with shallow groundwater. Intersection with the water table can increase 

discharge of pollutant loads and may cause negative impacts by draining groundwater through 

the underdrain and altering the groundwater flow regime (Brown and Hunt, 2012). Furthermore, 
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water table proximity limits infiltrative capacity, and thus the performance of BMPs (Susilo et 

al., 2009). Achieving stormwater volume and quality goals through BMP application is only 

possible if BMPs are designed and installed with adequate separation from the water table. 

The recently adopted Virginia stormwater regulations utilize the Runoff Reduction 

Method (RRM) to estimate the post-construction runoff nutrient loads from individual sites. Use 

of stormwater BMPs is essential to meeting the new stormwater regulations; inherent is the 

assumption that these BMPs comply with Virginia design standards and specifications. These 

design specifications are implemented uniformly across Virginia, irrespective of physiological 

differences, using criteria developed mainly for application in the Piedmont physiographic 

region, the dominant physiographic region of Virginia (Virginia Department of Environmental 

Quality, 2013c). However, coastal Virginia is characterized by flat terrain, shallow water tables, 

and low permeability soils that limit the application of infiltration-based BMPs recommended by 

the Virginia specifications (Virginia Department of Environmental Quality, 2013a). The most 

limiting physical constraint in coastal Virginia, when siting individual BMPs, is the depth to 

water table in shallow unconfined settings. Thus, knowledge of the seasonal high water table 

(SHWT) depth is critical to designing functional BMPs.  

Direct SHWT measurements are often only sparsely available, are resource-intensive to 

collect, and may be unreliable (Sander et al., 1996). Redoximorphic soil features (RMFs), such 

as low chroma colors, can be used as a SHWT indicator (Vepraskas and Wilding, 1983). Morgan 

and Stolt (2006) found that the SHWT was often above horizons with common RMFs, and 

sometimes present in horizons with no RMFs. The authors also determined that soil texture 

should be considered when making SHWT interpretations based on RMFs. Humphrey and 

O'Driscoll (2011) corroborated this finding, and found that low chroma colors were better 
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predictors of SHWT depth when SHWT depths were relatively shallow. Overall, RMFs are a 

good starting point for making SHWT predictions, particularly in loamy soils (Morgan and Stolt, 

2006). Coarser soils and soils with deep water tables require more consideration for SHWT 

prediction. 

Geographic information systems (GIS) have been used to bridge the informational gap 

left between soil RMFs and physical water table measurements with respect to groundwater 

features. Multi-criteria decision analysis (MCDA) based on remote sensing (RS) and GIS 

information has been applied extensively for the delineation of potential areas of groundwater 

development and recharge zones (Agarwal and Garg, 2016; Kumar et al., 2014; Machiwal et al., 

2011; Madani and Niyazi, 2015; Patil and Mohite, 2014; Sahoo et al., 2015). The MCDA 

technique involves overlaying thematic layers of features that contribute to favorable conditions 

for groundwater development, such as slope, soil, topography, and rainfall. Each thematic layer 

is assigned a weight that determines influence when the thematic layers are combined into a 

single groundwater potential map, which reports a qualitative measure of groundwater potential. 

This technique is associated with greater success when more thematic layers are used to generate 

the groundwater potential map (Kumar et al., 2014). Similar multivariate techniques have been 

employed to assess factors controlling the distribution of groundwater recharge in other areas of 

Virginia (Sanford et al., 2015). 

Few published studies are available that use GIS and RS technologies to quantitatively 

estimate groundwater levels using limited information, short of a hydrogeologic modeling study. 

Vijay et al. (2011) used kriging to interpolate the water table surface from water elevations 

measured at 35 production wells north of the Bay of Bengal in India and used it to characterize 

seasonal water table fluctuations. Direct interpolation of water table measurements is ideal when 
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data is sufficiently dense, but indirect methods must be used when monitoring data is sparse. 

D.C. Water Resources Research Center (1995) used elevation points of surface water bodies, 

groundwater monitoring wells, and soil boring data to generate water table contours via kriging. 

McKenzie et al. (2010) followed a similar process, inferring water table levels from surface 

water elevations when actual measurements were not available. When water level measurements 

were too sparse to effectively construct a water table surface, Peck and Payne (2003) used USGS 

monitoring data to create a linear regression model that predicted the water table elevation based 

on land surface elevation. They applied the linear regression function spatially using GIS and set 

surface water elevations as boundary points. These indirect studies investigated an average water 

table condition. There is a need for a method that aims to estimate the SHWT, rather than an 

average condition, with limited and readily accessible spatial data.  

The objective of this study was to develop a GIS-based methodology to estimate the 

SHWT elevation in a coastal Virginia city using only readily available GIS data. The results of 

this method were to be used as input to a tool that helps planners identify areas within their 

jurisdiction where infiltration BMPs are feasible. In order for the input to be acceptable, the 

results of the methodology should be more accurate than currently available soil survey data.  

2.2.1 Study Area 

The City of Virginia Beach is located in southeastern Virginia adjacent to the Atlantic 

Ocean and the Chesapeake Bay, noted in Figure 2-1, and encompasses 312 mi2 (808 km2) of 

coastal lowlands and wetlands. The barrier beach for which the city is named stretches about 35 

miles (56 km) from Cape Henry at the entrance to Chesapeake Bay southward to the North 

Carolina border. The cities of Norfolk and Chesapeake, Virginia, are immediately west of 

Virginia Beach. Currituck County, North Carolina, is immediately south. 
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The topography of Virginia Beach is dominated by the north-south trending depositional 

morphology of ancient barrier-and-lagoonal environments (Oaks and Coch, 1973). Ancient 

barrier complexes form locally high northward trending ridges at Oceana and Pungo that rise to 

elevations of 20 to 25 ft (6.1 to 7.6 m) above sea level. Sand dunes along the present coastline 

rising more than 80 ft (24.4 m) above sea level are visible at Fort Story near Cape Henry, 

Virginia. Topographic relief of Virginia Beach is, however, generally low and flat, and the area 

has an average altitude of 12 ft (3.7 m) above sea level. The broad Mt. Pleasant Flat occupies the 

generally undissected and poorly drained area bounded by Oceana and Pungo Ridges to the east, 

Hickory Scarp to the west, and the Diamond Springs Scarp along the present Chesapeake Bay 

coastline to the north.  

The water table fluctuates in response to precipitation, evapotranspiration, and 

anthropogenic activities at various temporal scales (James and Fenton, 1993). In Virginia Beach, 

long-term records of groundwater levels show that the SHWT occurs in the early spring, with 

water level typically declining through summer as evapotranspiration and use of the aquifer for 

irrigation increases (Smith, 2003). Seasonal pumping of confined or semi-confined aquifers at 

depths greater than 60 ft (18.3 m) can result in decline of groundwater levels by as much as 25 ft 

(7.6 m) below sea level during summer months in Virginia Beach (U.S. Geologic Survey, 2016). 

Few measurements are available to assess the influence of pumping or climate on shallower flow 

systems (<30 ft or 9.1 m depth) making spatial extrapolation of observed SHWT depths difficult.  
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Figure 2-1. The Virginia Beach study area including elevation, relative location, and prominent 

geographic features. 
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2.3 Methods 

2.3.1 Long-term monitoring data 

The United States Geological Survey (USGS) monitors groundwater levels in the 

surficial aquifer at shallow well locations in Virginia Beach. The shallow aquifer is generally 

considered unconfined and representative of the water table (McCoy, 2015; Smith and Harlow, 

2002). Wells in the active groundwater network with a top of screen less than 70 ft (21.3 m) 

below the land surface were considered for use as comparison points. When wells were located 

within 500 ft (152 m) of another well, the shallower well was used. Wells were eliminated from 

use when data from October or November 2012 was unavailable or if the data suggested the well 

was significantly influenced by localized pumping. Twenty two (22) wells were chosen as 

representatives of the water table and were used in further analyses. The well locations can be 

seen in Figure 2-2, along with the surface elevation of the area. The wells in Figure 2-2 are 

identified by a simple integer code, which is decoded in Table 2-1 with the site number, station 

name, and top of screen depth.  

The availability of data is highly variable across all wells. April is the most sampled 

month during the seasonal high window for the 8 wells with the least data. Of the remaining 14 

wells, 5 have the highest recorded daily median in April. The other 9 have the highest recorded 

daily median earlier in the season, typically in February or March. While April may not represent 

the highest depths at all well locations, depths are consistently high during this month for all 

wells. The available April data at each well was consolidated into median April values for each 

year during the period of record. These median values were used to describe the SHWT in 

further analyses. 
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Figure 2-2. Locations of the active USGS shallow groundwater wells in Virginia Beach, VA. 

The wells are spread across the city and occupy a wide range of surface elevations. Refer to 

Table 2-1 for additional information about the wells. 
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Table 2-1. The 22 wells selected for analysis based on top of screen depth, available data, and 

proximity to other wells. Refer to Figure 2-2 for well locations. Top of screen is a depth given in 

feet below the land surface (BLS). 

Map 

Integer 
USGS Site ID USGS Station Name 

Top of Screen 

(ft BLS) 

1 364529076031501 62C 8 SOW 127 50 

2 364613075583202 63C 3 SOW 100C 30 

3 364721075591701 63C 19 25 

4 364909076051101 62C 34 60 

5 363812076021202 62B 16 SOW 208B 65 

6 365045075585301 63C 20 39W 

7 363537076061002 62A 3 SOW 097B 20 

8 363310075594002 63A 4  50 

9 365324075593202 62D 27 52 

10 365327076080501 61D 6 SOW 124 25 

11 363325076005201 62A 5 58 

12 365307076055302 62D 25 60 

13 365256076032002 62D 23 65 

14 365212076091202 61C 46 SOW 212B 62 

15 365046076041602 62C 33 SOW 211B 70 

16 364920076093202 61C 28 SOW 174B 65 

17 364745076004303 62C 11 SOW 172C 20 

18 364352076005401 62B 9 52 

19 364126076003501 62B 1 SOW 098A 20 

20 364504076031301  62C 5 SOW 093 60 

21 364715076030801 62C 3 SOW 092B 53 

22 363337075595002  63A 2  17 
W Value represents well depth because top of screen depth was unavailable. 

 

2.3.2 Available soil and hydrography data 

The most readily available depth to water table information is derived from the Soil 

Survey Geographic Database (SSURGO) and is widely used. In 2011, SHWT depth was one of 

the most queried soil properties from the United States Department of Agriculture Natural 

Resources Conservation Service Web Soil Survey (USDA NRCS WSS), second only to 

hydrologic soil group (HSG) (Thompson et al., 2012). The SHWT information in the soil survey 
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database is typically based on RMFs, however, it is recommended that local water table 

monitoring be used to calibrate the data (U.S. Department of Agriculture, 2015). No procedure 

for calibrating the data was presented. Because many hydrologic models are designed to read 

SSURGO data with minimal processing (Thompson et al., 2012), it can be assumed that 

calibration of the data seldom occurs. 

The USGS shallow wells were used to investigate the reliability of readily available, 

uncalibrated RMF-based SHWT predictions. Virginia Beach SSURGO data was obtained from 

the USDA NRCS WSS. The soil type of each USGS shallow well was identified and cross-

referenced with the expected water table depth range for that soil. Both Udorthent and Urban soil 

types are not associated with a water table depth range in SSURGO. If a shallow well was 

located on an Urban-complex soil, the water table depth range for the non-Urban soil was used. 

If a well was located on an Udorthent or fully Urban soil, the well was assigned the water table 

depth range of the nearest non-Udorthent or non-Urban soil. The SSURGO data represent a 

range of nearest expected water table depths throughout the year. The median SSURGO-

predicted water table depths were compared to the highest recorded April median at all 22 USGS 

shallow wells. A linear regression was performed to characterize the strength of the uncalibrated 

SSURGO data’s ability to predict the SHWT depth. Residuals were inspected for patterns.  

2.3.3 Indirect Lidar-based interpolation 

An indirect method of estimating the SHWT was formulated based on available spatial 

layers including a digital elevation model (DEM), water surface shapefiles, and aerial imagery. 

The 5 ft (1.52 m) resolution DEM was derived from Lidar data by Pictometry International Corp. 

Quality control investigations by the City of Virginia Beach showed that the DEM was accurate 
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within 0.5 ft (15 cm) (Meyer, 2015). The Lidar data was collected in November 2012 and aerial 

imagery was taken April 2013.  

A shapefile containing hydrography surfaces was obtained from the City of Virginia 

Beach’s Open GIS website (Virginia Beach City GIS, 2014). The shapefile was split into three 

separate shapefiles according to water surface type: lakes and ponds (LP); inlets, bays, and 

oceans (IBO); and rivers and canals (RC). These water features were inspected for accuracy and 

agreeance with the DEM and aerial imagery using a combination of manual inspection and GIS 

operations, described in Section 2.3.4.  The water surfaces and their associated elevations were 

used to create a triangulated irregular network (TIN), which was converted to a raster. An 

adjustment factor based on data from the USGS shallow monitoring wells was added to the raster 

and the result was subtracted from the DEM to yield SHWT depth. All GIS work was conducted 

using ArcGIS 10.3 (Esri, 2016). Figure 2-3 and Figure 2-4 illustrate the methodology used and 

provide insight into the specific ArcGIS operations that were conducted. 
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Figure 2-3. A flowchart summarizing the creation and conditioning of the shapefile input layers 

used to estimate the SHWT depth. 
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Figure 2-4. A flowchart summarizing how the shapefile input layers were used to generate the 

SHWT depth grid. 
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2.3.4 Extracting open water surface elevations 

Inspection of the lakes and ponds (LP) shapefile revealed that many ponds were 

misidentified. While it is possible that a pond previously existed in that location, or was planned 

for that location, the DEM and aerial imagery did not show a pond in that location. LP was in 

need of manual inspection and editing to reduce the likelihood of false input data. As expected, a 

majority of lakes and ponds had flat elevation across the water surface. Inspection of the DEM 

confirmed that flat elevations only occurred at water surfaces, thus areas with a slope of 0% 

confirmed the presence of a water body at the time the DEM was created. These areas with 0% 

slope were matched with features in LP, and the matching features were removed from 

inspection. Only lake and pond features with variation across their surface remained in LP for 

manual confirmation. Lakes and ponds were added and removed from LP based on indicators in 

the DEM and aerial imagery, such as presence of a depression and noticeable water in the aerial 

photo. Features with a surface area less than 0.1 acres (0.04 ha) were removed. All additions or 

deletions of surface water features to LP used best professional judgement. Once lake and pond 

locations were confirmed, the locations of 0% slope were added back to the shapefile. The 

median elevation across each feature was calculated and added to LP. LP was included in 

creation of the TIN with elevation values as a “hard replace”, meaning the boundary and the 

edge of each polygon was set to the same value to model a level surface. 

A similar process was used for determining elevation of the shapes in the inlets, bays, and 

oceans (IBO) shapefile. All but two features had a median elevation of 0.0 ft (0.0 m), or sea 

level. Those two features were small and had median elevations of less than 1.0 ft (0.30 m). IBO 

was also used in TIN creation with elevation values set to “hard replace”.  
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Rivers and canals (RC) do not have a static elevation across the water surface, so the 

median elevation method used on LP and IBO was not viable for assigning elevation to the 

features in RC. To capture the water surface elevation change along the channel, the RC 

shapefile ultimately needed to exist as a series of points rather than polygons or polylines. After 

considering several other methods, extracting water elevations along the channel centerline was 

determined to be the least problematic approach. Stream centerlines were found unlikely to 

intersect the bank and give an erroneous water surface elevation, and the number of points 

needed to represent each river and canal feature were minimized, which reduced processing time. 

ArcScan was used to generate centerlines from the RC shapefile using a process known 

as Centerline Vectorization, where a polyline centerline is generated from contiguous sections of 

a binary raster. The resulting polyline file was manually checked for accuracy in a way similar to 

the LP features. Some manual editing of the polyline file occurred using best professional 

judgement. Features were added based on proximity to other features or altered based on 

intersection with bridges or the channel bank. Many features that were short and adjacent to an 

estuary were removed entirely, as those features did not represent a meaningful water surface. 

The edited polyline file was used as a raster mask to extract elevations from the DEM at the 

location of the polyline. Those elevations were converted to a point shapefile, and were then 

incorporated into the TIN as “mass points”.  

In addition to the RC elevation points, and the LP and IBO elevation polygons, the 

political boundary of the city was included as a “soft clip” to ensure all portions of the city were 

included in the resulting TIN without impacting the surface shape. The TIN represented the 

estimated Virginia Beach water table elevation in November 2012. The TIN values were 
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converted to a raster using natural neighbors interpolation, yielding a grid that represented the 

water table elevation in November 2012.  

2.3.5 Adjusting for the seasonal high 

In November, the groundwater has typically recovered from mid-year pumping but is still 

not in the seasonal high window. When geotechnical evaluation takes place outside of the 

seasonal high window, the groundwater elevation is often adjusted using USGS monitoring data 

to estimate the SHWT in that location (Johnson, 2015). Similarly, the USGS shallow monitoring 

wells were used to adjust the November 2012 water table elevations to the seasonal high.  

The adjustment factor for the Virginia Beach water table elevations was based on the 

difference between the monthly median depth in November 2012 and the highest April median 

depth at each well.  The highest April median was used because it yields the highest expected 

SHWT across the city, which is useful for conservative BMP siting.  The interpolation method 

also results in lower than expected values (discussed in Section 2.5), and using the highest April 

median mitigates that effect. The difference between the November 2012 depth and the highest 

April depth is noted as the “adjustment factor” (AF) in Table 2-2. At 11 of 22 wells, October 

2012 median depth was substituted for the November 2012 median depth due to lack of 

November 2012 data.  

The AF was interpolated between the 22 wells using inverse distance weighted 

interpolation with the default ArcGIS 10.3 settings, yielding an approximate adjustment factor 

for each cell in the city boundary. The interpolated AF grid was added to the November 2012 

water table elevation grid, effectively raising the water table by the AF. The result was a water 

table elevation grid that had been adjusted to estimate the SHWT elevation. Subtracting the 
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SHWT elevation grid from the DEM gave SHWT depth. The water surfaces used to generate the 

SHWT depth grid were set to “no data” in the final map. 

 

Table 2-2. The values used to determine the adjustment factor (AF) at each of the USGS shallow 

monitoring wells. The AF is the difference between the November 2012 median and the highest 

April median depths recorded at each well.  

Station Name 

Nov 2012 

Median 

(ft BLS) 

Highest April 

Median 

(ft BLS) 

Adjustment 

Factor 

(ft BLS) 

62C 8 SOW 127 9.82* 6.26 3.56 

63C 3 SOW 100C 5.31* 3.79 1.52 

63C 19 5.43* 3.54 1.89 

62C 34 6.42* 4.29 2.13 

62B 16 SOW 208B 9.65* 8.24 1.41 

63C 20 7.63* 5.88 1.75 

62A 3 SOW 097B 1.08* 0.32 0.76 

63A 4  6.8* 5.90 0.90 

62D 27 2.97* 2.34 0.63 

61D 6 SOW 124 7.24 3.85 3.39 

62A 5 14.97* 9.21 5.76 

62D 25 17.26 16.92 0.34 

62D 23 14.78* 12.27 2.51 

61C 46 SOW 212B 12.49 10.65 1.84 

62C 33 SOW 211B 9.11 8.45 0.66 

61C 28 SOW 174B 7.90 6.01 1.89 

62C 11 SOW 172C 6.51 5.40 1.11 

62B 9 4.30 4.14 0.16 

62B 1 SOW 098A 1.87 1.02 0.85 

 62C 5 SOW 093 4.46 3.03 1.43 

62C 3 SOW 092B 7.36 4.81 2.55 

 63A 2  3.55 2.95 0.60 

*Used October 2012 median because November 2012 median was not recorded. 
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2.3.6 Comparison to flooding data 

Areas of shallow groundwater (<2.0 ft; <61 cm) were expected to have a high frequency 

of reported flooding during the seasonal high months.  The Virginia Beach Department of Public 

Works Operations Management (2016) provided citizen-reported flooding data from October 

2007 through March 2016.  The number of flooding reports for each month during that time 

period were counted and consolidated by location.  The flooding frequency data was geocoded in 

ArcGIS 10.3 (Esri, 2016) using address locators built from parcel and street information obtained 

from the City of Virginia Beach Open GIS Data website (City of Virginia Beach, 2016).  The 

geocoded points were then filtered; points were retained only if 100% of their associated 

flooding reports occurred between January and April.  A total of 311 flood report points were 

used to create a point density map, based on a 0.5 mi (0.8 km) circular neighborhood radius.  

Areas with a density greater than 4 reports per square mile were visually inspected for patterns.   

2.4 Results 

2.4.1 Evaluation of SSURGO water table estimates 

Investigation of SSURGO data for the City of Virginia Beach, VA, reveals that 82% of 

the land area is estimated to have a SHWT within 3.0 ft (91 cm) of the land surface and 64% of 

the land area is estimated to have a SHWT within 1.0 ft (30 cm) of the land surface. 11% of the 

land area in Virginia Beach has no listed water table information. The available SSURGO data 

suggest that use of LID BMPs in Virginia Beach is tightly constrained by the SHWT because the 

SHWT is not adequately deep to allow appropriate BMP construction and performance.  

Comparison of the highest observed April median depths to the median of the SSURGO-

predicted range shows that the SSURGO values are a poor predictor of the actual SHWT depth at 



48 

 

well locations. A simple linear regression was performed on the data (Figure 2-5), and residuals 

are shown in Figure 2-6. An R2 value of 0.19 suggests that the SSURGO data is a poor predictor 

of actual SHWT depths in Virginia Beach. The residuals exhibit wide variability for the same 

predicted value and are concentrated above the X-axis, with a mean residual value of 4.5 ft (1.4 

m) and a 5.7 ft (1.7 m) root mean square error (RMSE). The observed SHWT depth was at least 

3.0 ft (91 cm) deeper than the SSURGO-predicted values at 15 of the 22 wells.  

 

 

 

 

 

 
Figure 2-5. Observed vs. predicted depths comparing the highest April median depths to the 

median SSURGO-predicted depths. The linear regression confirms that SSURGO is a poor 

predictor of actual SHWT depths in Virginia Beach, VA. 

 

y = 1.51x + 3.85
R² = 0.19

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

16.00

18.00

0.0 1.0 2.0 3.0 4.0 5.0 6.0

U
SG

S 
H

ig
h

e
st

 A
p

ri
l M

e
d

ia
n

 D
e

p
th

(f
t 

B
LS

)

SSURGO Predicted Median Depth (ft BLS)

USGS Observed vs. SSURGO Predicted Depths



49 

 

 
Figure 2-6. The residual plot of the USGS shallow well and SSURGO predictions. SSURGO 

predicts the SHWT as much higher than observed. 

 

Statistical and visual inspection indicate that the SSURGO data overpredict SHWT 

elevations at well locations in Virginia Beach. This is in contrast to the literature which 

suggested the SHWT is often higher than soil RMF indicators (Humphrey and O'Driscoll, 2011; 

Morgan and Stolt, 2006). A likely explanation for the difference is that the RMFs used to predict 

the SHWT depth are relict features formed before some process locally lowered the water table 

(Daniels et al., 1971). In many places, groundwater levels in Virginia Beach are lowered by 

pumping for irrigation or dewatering by drainage ditches, surface mines, and sand pits (Smith, 

2005). The USDA NRCS (2015) cautions that some conditions may alter the usual 

correspondence between soil morphology and hydrology and, in such cases, recommends 

calibrating the RMFs with monitoring data or the presence of reducing conditions. The 

uncalibrated SSURGO data were determined to be unreliable for predicting the SHWT in 

Virginia Beach, VA, because the data likely ignore drawdown effects.  
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2.4.2 Visual evaluation of the SHWT depth grid 

The final SHWT depth grid can be seen in Figure 2-7. The SHWT elevation grid can be 

seen in Figure 2-8. The grid shows the expected pattern in water table depth across the city. 

Northern elevations are relatively high with surrounding water bodies at a relatively low 

elevation, which suggested a deeper SHWT. Wetlands dominate the southern watersheds and a 

SHWT near the surface is expected (Smith, 2003). Water tables extending above the land surface 

are predicted in some portions of the developed city (< 0 ft BLS), particularly in street 

depressions. 

In November 2012, Virginia Beach saw lower than average rainfall—1.3 in (3.3 cm) 

compared to the average 2.9 in (7.4 cm)—following October’s Hurricane Sandy (Northeast 

Regional Climate Center, 2015). The drier-than-normal conditions suggest that some water 

surface elevations were more representative of the water table because they were not storing 

much runoff, but other water bodies could have been fuller than expected because the aquifers 

were slow to dewater after Hurricane Sandy and subsequent rain events. An understanding of 

water table response to precipitation events of varying intensity is not clear, but may account for 

the higher-than-expected SHWT prediction at some locations and not others.  
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Figure 2-7. The final SHWT depth grid in feet below the land surface (BLS). Depths of < 0 ft 

BLS are locations where the SHWT may rise above the land surface elevation. 
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Figure 2-8. The final SHWT elevation grid in feet above mean sea level (NAVD 88). 
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The final flood report density map, created as described in Section 2.3.6 and shown in 

Figure 2-9, was used to evaluate the likelihood of predicted shallow water tables, including 

groundwater flooding of street depressions. Areas with report density greater than 4 per square 

mile were used to filter the SHWT depth grid for visual inspection, shown in Figure 2-10.   

Clusters of points not adjacent to tidal-influenced water bodies tended to have predicted depths 

less than 5.0 ft (1.5 m), with depths less than 2.0 ft (61 cm) in street depression.  Three locations 

along the northern boundary are adjacent to estuaries and the Chesapeake Bay, but showed 

similar predicted SHWT conditions.  The remaining clusters adjacent to tidal-influenced water 

bodies showed SHWT predictions greater than 5 ft (1.5 m).  Because tidal-influenced water 

bodies had surface water elevations at mean sea level (0 ft; 0 m) in the DEM, these areas may 

underpredict the SHWT, discussed in detail within Section 2.5.  However, they may also be 

prone to flooding due simply to proximity of tidal-influenced waters.  Similarly, areas not 

adjacent to tidal waters with SHWT predictions greater than 5 ft (1.5 m) tended to be in close 

proximity to a number of ponds.  

Reports in the southern watersheds were very infrequent despite shallow SHWT 

predictions in those areas.  Population density and development are much lower in the southern 

watersheds and were a likely explanation for low or no reporting in these areas.  Two areas with 

predicted street depression springs in the northern, developed watersheds were not included in 

the flood report comparison; one had insufficient point density and the other had no flooding 

reports between January and April.   
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Figure 2-9. The flood report density map generated from citizen reports of flooding between 

January and April for the years 2008 through 2016. Land and water surfaces used to create the 

SHWT depth grid are shown for convenience.  Areas with zero reports are not shown. 
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Figure 2-10. The SHWT depth grid filtered according to flood report density greater than 4 per 

square mile during the seasonal high window.   
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The flooding comparison was not expected to perfectly correlate with the shallow 

groundwater predictions. A number of factors beyond groundwater proximity influence flooding, 

including the storage capacity of nearby ponds, tidal influence, antecedent moisture, and storm 

size, among others. The flooding frequency map was based on reports of citizens and carried 

self-reporting biases, including influence from population density, lack of reports due to apathy 

or non-concern, or false reports. Overall, the flooding frequency map provides some general 

insight via real world correlations, at least for the developed area. 

2.4.3 Comparison to long-term monitoring data 

The SHWT estimate was compared to the observed highest April median depth at each 

USGS shallow well through linear regression (Figure 2-11) and residual analysis (Figure 2-12). 

The observed values are the highest April median depths at each shallow USGS monitoring well 

and the predicted values are the SHWT depth grid value at each well location. An R2 value of 

0.91 indicates that the grid values are a strong predictor of the observed highest SHWT depths. 

The residual plot shows no obvious pattern but does indicate a slight negative bias, meaning the 

grid tends to predict the SHWT lower than the highest observed values at the well locations. The 

negative bias occurs despite using the highest April median to calculate the adjustment factor.  

Underestimation of the highest expected water table is acceptable, as the highest recorded SHWT 

was not the most commonly observed SHWT depth.  

The residuals were symbolized by magnitude and sign and displayed at the well locations 

in Figure 2-13. The greatest magnitude residuals (-2.2 and 1.9 ft; -67 and 56 cm) both occurred 

in the northwest section of the city, but magnitudes were otherwise well-dispersed. Positive 

residuals only occurred in the western half of the city but negative residuals occurred throughout. 

Overall, there were no obvious and major spatial pattern in the residuals. The greatest magnitude 
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residual was at the northernmost well, 61D 6 SOW 124, or well 10, which is identified in Figure 

2-13. This well was furthest from any body of water used in the creation of the SHWT grid, 

suggesting that the grid may not give reliable results in areas further than 1500 ft (460 m) from 

open water hydrogeological boundaries. Other high magnitude residuals, however, occurred in 

close proximity to water surfaces.  

 
Figure 2-11. Linear regression of the observed highest April median depths and the SHWT grid 

depth. The R2 value is 0.91; the SHWT depth grid is a good predictor of the highest expected 

SHWT depths. 

 

Figure 2-12. The residual plot for the observed highest April median depths and the SHWT 

depth grid predictions. The residuals show no obvious pattern, but there is a slight negative bias. 
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Figure 2-13. The residuals symbolized by magnitude and sign at each USGS shallow monitoring 

well location. Residuals have been rounded to two significant digits.  
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Ideally, BMP siting analysis would use a conservative estimate of the SHWT—above the 

median expected SHWT but within the range of expected SHWT depth. The SHWT depth grid 

value was plotted alongside a boxplot of the recorded April medians at each well in Figure 2-14. 

Predictions at ten wells meet the criteria for conservative BMP siting: above the median but 

within the range of data observed at the well. Predictions for six of the wells exceed the highest 

observed SHWT median while two predictions fall below the lowest observed SHWT median. 

The remaining predictions are in the range of observed values at each well.  

 

 
Figure 2-14. Comparison of the SHWT depth grid value to the overall range of data for each 

USGS shallow well. 
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2.4.4 Comparison of predictions to the median April median 

Both the SSURGO and SHWT depth grid values were compared to the median of 

observed medians at each well as a residual plot in Figure 2-15 with descriptive statistics in 

Table 2-3. As before, the SSURGO residual was calculated using the difference between the 

USGS shallow well and the median of SSURGO depth range at the well location. Residual 

comparison of the SHWT depth grid and the SSURGO-predicted values demonstrates that the 

SHWT depth grid provides a more realistic estimate across the city, even for average SHWT 

conditions. The SHWT depth grid is consistently more reliable for estimating the SHWT depth. 

The residual mean is 6.1 ft (1.9 m) for SSURGO and 1.0 ft (31 cm) for the grid. Both show 

positive bias, indicating that their predictions are higher than the observed median SHWT depth, 

but the grid prediction is much closer to the observed values. Based on the RMSE, the 

uncalibrated SSURGO data provided an estimate within 7.1 ft (2.2 m) of the expected SHWT 

median, while the SHWT depth grid was accurate to within 2.0 ft (61 cm). The SHWT depth grid 

is a much better predictor of the average expected SHWT depth at the well locations than 

uncalibrated SSURGO data.   
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Figure 2-15. Residual comparison of both SSURGO and SHWT depth grid predictions to the 

median observed SHWT depth. 

 

Table 2-3. Descriptive statistics rounded to two significant digits comparing residual values of 

SSURGO and the SHWT depth grid. 

Statistic SSURGO SHWT Depth Grid 
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RMSE (ft) 7.1 2.0 
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actual SHWT depth for the purposes of grid validation. The 10 sites are all located in the 

northern half of the city, and the relative locations can be found in Figure 2-16. 

The validation point residuals were summarized with basic statistics in Table 2-4. Again, 

positive residuals meant that the grid estimates the SHWT to shallower surface than observed, 

while negative residuals meant the grid estimates the SHWT to be deeper than observed. The 

residuals were plotted in Figure 2-17, showing no obvious pattern and no positive or negative 

bias, supported by a mean residual near zero. Residuals were found to be representative of a 

normal distribution using a normal probability plot (Figure 2-18). The residual RMSE was 1.5 ft 

(46 cm), thus the SHWT grid was expected to be accurate within 3.0 ft (91 cm) at a 95% 

confidence interval.  Note that the accuracy relies on the assumption that the given seasonal high 

in the geotechnical evaluation reports was indicative of the expected SHWT at each location.  

Though an accuracy of ± 3.0 ft (91 cm) appears to be a wide margin of error, the error was 

reasonable considering the simplicity and pitfalls of the method, discussed in Section 2.5. 
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Figure 2-16. The locations of the geotechnical evaluation points used for validating the SHWT 

depth grid. There are 57 points at 10 different sites, all in the northern half of the city. 

 

Table 2-4. Summary statistics for the residuals of the validation points rounded to two 

significant digits. 

Statistic Value 

n 57 

Min -2.8 

Max 4.0 

Min Magnitude 0.015 

Max Magnitude 4.0 

Mean 0.05 

SSR 130 

RMSE 1.5 
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Figure 2-17. The residual plot where the observed values are the geotechnical evaluation final 

recommendations and the predicted values are from the SHWT depth grid. 

 

 

 

 

Figure 2-18. The normal probability plot used to verify the distribution of validation residuals 

for the purposes of calculating accuracy within a 95% confidence interval. 
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2.5 Discussion 

Effective use of the SHWT depth grid necessitates an understanding of the grid’s 

limitations and sources of error. The source of greatest error is the simplification of complex 

hydrologic processes that determine water table elevation. The SHWT depth grid was created 

from the elevations of water surfaces; the water table elevation beneath the land surface is the 

product of linear interpolation from one water surface to another. Such interpolation results in a 

linear gradient between water bodies that disregards soil properties and land surface elevations. 

In reality, the water table follows a subdued version of surface topography due to a combination 

of pressure forces and capillary action. If the ground surface were raised substantially, the actual 

water table elevation would follow the land surface, limited by soil properties and other geologic 

features (Peck and Payne, 2003). The grid estimate of the water table would remain static when 

faced with such a land elevation change, as conceptualized in Figure 2-19. Figure 2-20 

demonstrates how this concept translates to the actual SHWT grid. The elevation was estimated 

irrespective of the surrounding soil, geology, and land surface condition. The predicted SHWT 

elevation clearly lacks features of the surrounding topography, including the ridge. The SHWT 

elevation should rise with the ridge rather than exhibit a steady decline towards the estuary in the 

east. 
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Figure 2-19. A cross-sectional representation of how the SHWT depth grid ultimately represents 

the physical character of the water table. The bottom image demonstrates how the predicted 

water table elevation does not respond as expected when the land surface elevation is increased 

from the original condition. The SHWT depth grid predicts a water table deeper than expected, 

especially at locations far from water bodies, due to inability to account for land surface 

elevation and soil conditions. 
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Figure 2-20. A comparison of the land surface elevation and the SHWT elevation at a portion of 

Oceana Ridge in the City of Virginia Beach. The ridge is around 10ft (3.05m) higher than the 

surrounding land. The SHWT elevation does not reflect surface topography, as would be 

expected. 

 

The methodology used to estimate the SHWT elevation is limited by the concentration of 

water bodies across the land surface. More water bodies result in more input points, and more 

input points allows the predicted water table surface to follow the land surface more closely. 

Because there are no water bodies on the highest points of the ridge, the water table estimates in 

this area ridge may not be accurate. The estimated SHWT elevation ignores the land surface, so 
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the predicted water table is especially deep along areas of high elevation. These areas are likely 

not as deep as the SHWT depth grid predicted. Furthermore, streets and other artifacts from the 

DEM were very evident in the SHWT depth grid as a result of the static predicted water table 

elevation.  

Additional sources of error leading to the predicted street depression spring locations 

include the open water surfaces used as inputs for the initial November 2012 water table 

elevation estimate. Including a pond or other water body that was not reflected in the DEM 

would result in a much shallower prediction, including the prediction of a spring in street 

depressions and other areas where the DEM was lower than average.  It was more likely that the 

water table under street depressions was high, but not so high that the groundwater threatened to 

well up from the surface periodically.  Drainage intervention may also have dewatered 

groundwater flooding in these areas. Accounting for the underlying soil and geology could alter 

the SHWT depth estimate in those areas and provide a more accurate prediction. 

The methodology used to create the SHWT depth grid ignores the underlying soil and 

geology in other ways. Though November 2012 was drier than usual, the soils underneath the 

lakes and ponds would affect the rate of dewatering; some ponds would therefore contain more 

stormwater than other ponds, elevating the water surface and effectively increasing the estimated 

SHWT elevation in those locations. In addition, the presence of perched water tables is neglected 

by this methodology, as are areas of highly localized anthropogenic impacts that are not reflected 

in adjacent water surfaces.  

The highest observed April median was used to calculate the AF, rather than an average 

observed April median, in order to generate a surface that would ideally represent the highest 

potential SHWT at all points for conservative BMP siting. The highest observed April medians 
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did not occur at the same point in time due to spatial variability in soil conditions, precipitation, 

anthropogenic influences, and other complicating factors. The surfaces are not representative of a 

specific or average year condition and should not be used as such. Though the SHWT depth grid 

was created using the highest observed April median, the final grid presents a moderate surface 

with accuracy of ± 3.0 ft (91 cm) at a 95% confidence interval.   

2.6 Conclusion 

Readily available soil and hydrography datasets were evaluated for accuracy by 

comparison to long-term monitoring data. Surface water elevations were obtained from available 

GIS datasets and used as boundaries to estimate the SHWT. Surface water elevations were 

interpolated and the results adjusted to seasonal high values based on long-term monitoring data. 

The resulting SHWT grid was compared to long-term monitoring data, available soil and 

hydrography datasets, and available water table measurements from construction soil bores. The 

methodology was shown to be more accurate and more reliable than available, uncalibrated 

RMF-based SHWT data and was found to be representative of SHWT estimates from soil bores. 

The methodology requires easily accessible spatial layers, is straightforward to implement, and 

could be used to more accurately predict the SHWT in other coastal locations with similar 

geological characteristics.  

 A representative surface for a specific or average year could be created by altering the 

AF—for example, by finding the difference between the November 2012 median and the mean 

April median, rather than the highest April median. Within the confines of the current 

methodology, the SHWT depth grid could be improved by altering the input data. Because the 

predicted water table elevation is dependent on the presence of water surfaces, areas with more 

water surfaces are likely more accurate than areas with fewer water surfaces. Identifying missed 
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ponds or reaches in areas relatively far from other water bodies and incorporating them into the 

input data could improve prediction accuracy. Wetland boundaries could provide valuable input 

data points, though the elevation of wetland boundaries would already represent the SHWT and 

would not need to be adjusted. Of course, there is much room for expansion of the methodology, 

such as obtaining more geotechnical evaluation data and directly incorporating that information 

into the SHWT grid, utilizing soil properties and other thematic layers to modify the initial 

elevation estimate, or development and calibration of a hydrogeologic model, but all are beyond 

the scope of the limited informational resources available.  

Despite the linear representation of the physical character of the water table, it was 

concluded that the SHWT grid provided a more realistic estimate of the SHWT depth throughout 

the city than the available uncalibrated SSURGO data, which likely did not account for the 

substantial anthropogenic impacts on the water table in Virginia Beach. The SHWT grid should 

be used with caution, however. The grid is not a substitute for direct measurement and is meant 

only for planning purposes. All predicted water table depths should be verified in situ.  
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3.0 A semi-distributed model for locating stormwater best management practices in 

coastal Virginia 

3.1 Abstract 

The Virginia Runoff Reduction Method (RRM) was adopted in 2014 as a compliance tool for 

evaluation of runoff volume and downstream phosphorus loads, and necessitates use of urban 

stormwater best management practices (BMPs) to meet regulatory standards. Coastal Virginia is 

characterized by flat terrain, shallow water tables, and low permeable soils that may limit the 

application of BMPs as recommended by the RRM. The BMP Checker tool was developed to 

facilitate BMP siting and planning while explicitly accounting for coastal physiography and the 

RRM compliance framework. Use of the tool is not limited to Virginia or coastal areas. BMP 

Checker uses ArcGIS 10.3 to find median slope, median seasonal high water table depth, soil 

types, and size of individual catchments from input rasters and shapefiles. Catchment 

characteristics are compared to a modifiable BMP constraint table. Suitable BMPs and their 

associated total phosphorous removal credits, unsuitable BMPs, and catchment summary tables 

are given as tool output. The BMP constraint table and output tables are Microsoft Excel® 

workbooks for ease of use and intermediate GIS layers are saved for viewing. The BMP Checker 

algorithm was validated on 11 sites located in Virginia Beach, a coastal Virginia City. The 

algorithm was considered valid for all 11 sites when results were considered in the context of 

actual site conditions. The algorithm was applied citywide, on 100 x 100 ft (30.5 x 30.5 m) 

sections at a time, to investigate relative proportions of BMP use in the Coastal Plain. Wet ponds 

that intercept groundwater and constructed wetlands were the most applicable BMPs, suitable for 

74% of the tested land area in Virginia Beach. Sheet flow to conservation area (11%) was the 

least applicable BMP because of limited conserved area in the City. Infiltration practices (24%) 
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were the next least applicable. RRM-approved design modifications meant to improve BMP 

usage in the Coastal Plain provide the most benefit to bioretention units, but the performance of 

units with such modifications is unverified. BMP applicability in the City of Virginia Beach is 

consistent with local experience and expectations based on coastal physiography. It is 

recommended that future work with the BMP Checker tool or algorithm conduct a citywide 

analysis on a city in the Piedmont region to provide a comparison of Coastal BMP application to 

Piedmont BMP application. 

3.2 Introduction 

Urban development and the resulting increase in impervious surfaces has resulted in large 

increases in runoff volume and rates, while baseflows have been reduced due to reduced 

infiltration and recharge (Fletcher et al., 2013; Yang et al., 2011). These alterations cause a wide 

variety of downgradient impacts (Kaushal and Belt, 2012). Impacts have included streambank 

erosion and downcutting (Nelson and Booth, 2002), increased sediment, nutrients, and heavy 

metals loadings (Hatt et al., 2004), and a decline in aquatic biota (Alberti et al., 2007). Because 

of a growing realization that contemporary stormwater management practices may be unable to 

address impacts from urbanization, managing runoff volume has become a key policy 

recommendation (National Research Council, 2009). In the Mid-Atlantic states, a key 

downstream water quality concern has been the eutrophication of the U.S. Chesapeake Bay 

estuary, which led to the institution of a Total Maximum Daily Load (TMDL) by the U.S. 

Environmental Protection Agency (2010). The TMDL is being implemented in the stormwater 

management sector primarily through modifications of National Pollutant Discharge Elimination 

System (NPDES) Municipal Separate Storm Sewer System (MS4) permits as they come in for 

renewal. 
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In Virginia, the Virginia Department of Environmental Quality (VDEQ) responded to the 

need to protect downstream water quality and manage runoff volume with significant 

modifications to the Virginia Stormwater Management Program (VSMP) in 2014. The Runoff 

Reduction Method (RRM) (Hirschman et al., 2008b) was adopted as a compliance tool for 

evaluation of runoff volume and downstream phosphorus loads. The RRM necessitates use of 

urban stormwater best management practices (BMPs) to meet regulatory standards. To date, 15 

state approved BMPs exist, ranging from infiltrative practices like bioretention to storage-

treatment practices like retention ponds (referred in the Virginia specifications as “wet ponds”). 

The RRM assumes BMPs are constructed in conformance with state specifications (Virginia 

Department of Environmental Quality, 2013a). While the state specifications and the RRM were 

directly applicable to the Piedmont region of Virginia, they are applied statewide (Virginia 

Department of Environmental Quality, 2013b). In addition to the Piedmont, Virginia’s 

physiography includes coastal areas and karst areas within the Valley and Ridge, and each may 

pose significant issues for implementation of infiltration-based BMPs. Coastal Virginia is 

characterized by flat terrain, shallow water tables, and low permeable soils that may limit the 

application of BMPs as recommended (Hampton Roads Planning District Commission, 2013b; 

Virginia Department of Environmental Quality, 2013b), particularly for infiltration-based BMPs 

that receive the most performance credit. However, the design guidelines include modifications 

to improve BMP applicability in coastal areas, such as reducing the seasonal high water table 

(SHWT) separation or BMP depth. These modifications may reduce the credit given to BMPs in 

some instances. For example, wet ponds are allowed to intercept groundwater, but do so at a 5% 

reduction in phosphorous removal credit (Virginia Department of Environmental Quality, 

2013a). 
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BMP siting is a complex process influenced by objective physical measures, such as 

depth to SHWT or slope of the contributing drainage area (CDA), and by subjective, less 

concrete measures such as safety. Generally, objective physical measures should be met for 

appropriate BMP siting before non-physical objective or subjective measures are considered for 

final BMP selection. It can be challenging to locate and select BMPs for use on a given site. 

Iteratively checking suitability of the location’s physical parameters against the BMP 

specifications can be time consuming. Non-physical constraints, such as required maintenance 

efforts and costs, are not easy to evaluate, yet are of considerable value to designers. A siting, 

selection, or decision support tool would be helpful to stormwater management professionals 

during the BMP planning and design process (Jia et al., 2013). As such, many tools have been 

developed in an attempt to make the selection process easier. 

Young et al. (2009a; 2009b; 2010) developed the Virginia Tech BMP Decision Support 

Software (VT BMP DSS), a BMP selection tool based on the Analytic Hierarchy Process (AHP). 

AHP is a mathematical decision-making algorithm that utilizes complex matrix manipulation to 

rank a set of outcomes according to the priorities of the input constraints. The VT BMP DSS 

uses both physical constraints and performance-based criteria as decision parameters. The user is 

free to choose as many or as few decision parameters as he or she thinks is appropriate. The user 

also has the option to rank decision parameters by relative importance, adding or removing 

weight to or from any individual criteria. VT BMP DSS outputs a list of BMPs in ranked order 

according to their suitability with the decision criteria and weights. The tool was developed to be 

used statewide across Virginia. Unfortunately, this statewide use hinders the tool’s effectiveness 

in the Coastal Plain. Physical constraints are optional and the user is unable to specify coastal 

BMP adaptations, such as a relaxed depth to water table constraint.  
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The Stormwater BMP Prioritization and Analysis Tool (SPBAT) (Geosyntec, 2012) was 

designed for use within Orange County, California, and combines spatial information with 

matrix operations for BMP selection. SPBAT identifies priority catchments that benefit most 

from BMP implementation and uses a matrix-based algorithm to rank potential BMPs. The user 

manually checks that ranked BMPs are not physically constrained and removes them from 

consideration if they are not feasible, placing the burden of appropriate BMP siting on the user. 

The System for Urban Stormwater Treatment and Integration (SUSTAIN) BMP Siting 

Tool (Tetra Tech, 2013) is a spatial tool that focuses on physical constraints to recommend BMP 

placement. It is an early-stage planning and siting tool that does not take cost, maintenance, or 

other subjective, performance-based measures into account. Case study applications of 

SUSTAIN include Kansas City, U.S. (Lee et al., 2012), Gwangju, South Korea (Baek et al., 

2014), and Beijing, China (Jia et al., 2015). The siting constraints are customizable, but not fully 

compatible with the RRM constraints and specifications. BMP compatibility is determined on a 

cell-by-cell basis within ArcGIS. Computational limitations constrain the resolution of spatial 

inputs, which may negatively impact use in large coastal areas because high resolution is 

necessary to overcome limitations in flat terrain (U.S. Army Corps of Engineers, 2003). Without 

significant preconditioning, some native ArcGIS tools manage flat terrain very poorly (Amatya 

et al., 2013).  

Other BMP decision support, siting, or selection tools are available (Tetra Tech, 2010; 

Viavattene et al., 2008; WERF, 2009) but are not suitable for early-stage BMP siting and 

planning. Available tools fail to adequately account for coastal siting conditions and place the 

burden of appropriate siting on the user. Local experience with implementation of the RRM in a 

coastal Virginia city has indicated that implementation of RRM and the impact of the state 
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specifications has significantly restricted the ability to site particular BMPs on any given site 

(Johnson, 2016). Thus, there is a need to develop a tool that reduces the complexity of BMP 

siting in the Coastal Plain that considers spatial variability, coastal conditions, and coastal design 

modifications. Such a tool would save time, reduce uncertainty of water quality and runoff 

reduction credits, and reduce the overall complexity of BMP selection in coastal Virginia. 

The objective of this paper is to develop an easy-to-use BMP siting and planning tool that 

works well with coastal physiography and the RRM compliance framework and apply the tool to 

the study area, the City of Virginia Beach. By applying the tool citywide, the feasible extent of 

each BMP will then be assessed, saving time in the initial planning stages of a development. By 

identifying feasible regions for each BMP, resources would not be wasted attempting to site ill-

suited BMPs in those areas.  

3.2.1 Study Area 

BMP Checker was developed using data from the City of Virginia Beach, a coastal city 

adjacent to the Atlantic Ocean and Chesapeake Bay in southeastern Virginia, that encompasses 

312 mi2 (808 km2) of coastal lowlands and wetlands. Topographic relief of Virginia Beach is 

relatively low and flat, with an average altitude of 12 ft (3.7 m) above sea level. A majority of 

the land has less than 3% slope and is presumed to have a SHWT less than 1.0 ft (30 cm) below 

the surface (Hampton Roads Planning District Commission, 2013b). From investigations of 

spatial data obtained from the United States Department of Agriculture Natural Resources 

Conservation Service Web Soil Survey (USDA NRCS WSS), no soils in Virginia Beach are 

classified as having a D-type HSG outright, but over 70% of Virginia Beach soils have a dual-

type HSG. Dual-type HSGs have an A, B, or C classification when the soil is drained and a D 
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classification when the soil is undrained, where undrained is defined as having the water table 

within 2.0 ft (61 cm) of the land surface (U.S. Department of Agriculture, 2009). Accounting for 

the predicted SHWT of less than 1.0 ft (30 cm), Virginia Beach soils fall into the D classification 

a majority of the time. The flat terrain, shallow water tables, and poor soil permeability of 

Virginia Beach provide the necessary inputs to develop a BMP siting tool that functions well in 

coastal conditions.  

3.3 Methods 

Physical features of the landscape are the primary concern when initially siting BMPs. 

The most readily accessible source of information concerning land features is in the form of 

Geographic Information System (GIS) layers and associated data or metadata. A siting tool is 

best suited to read and manipulate GIS information to quickly determine the physical 

characteristics of a given site. BMP siting is dependent upon comparison of those physical 

characteristics to the physical design constraints of each BMP. If the physical features of that 

location are within applicable BMP design constraints, that BMP is deemed suitable for use in 

that location. This basic idea formed the framework for development of BMP Checker, 

visualized in Figure 3-1. In addition to basic BMP siting, the tool was developed to incorporate 

pollutant load calculations according to the RRM (Battiata et al., 2010).  
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Figure 3-1. The guiding methodology for tool development, wherein the program reads GIS 

information, computes average characteristics of a catchment, compares those characteristics to a 

BMP design criteria table, and outputs feasible BMPs for the catchment in order from most 

efficient to least efficient. 

 

Other principles were important in guiding development toward a suitable end product. 

For overall usability and accessibility by users unfamiliar with GIS, GIS inputs were made to 

require little preconditioning or alteration by the user. The input “database” containing BMP 

design constraints was designed as a Microsoft Excel® workbook (.xslx), allowing the table to 

be readily viewed and altered by the user. This feature improves tool lifespan; updated BMP 

standards will not render the existing program useless. Similarly, output tables were coded as a 

Microsoft Excel® workbook for easy access, utilization, and sharing by the user. Brief 

information on expected relative costs and maintenance of each BMP type, a list of rejected 

BMPs with reasons for rejection, and a summary of the locations’ physical characteristics were 

included as outputs for the convenience of the user. The program was made to run independently 

of GIS software, eliminating processing overhead and improving processing speed. The program 

was developed with 32-bit Python 2.7 and utilizes the functions available in ArcGIS 10.3 (Esri, 

2016). BMP Checker was designed to be a standalone program that runs outside of the ArcGIS 

interface, but must be used on a computer with a licensed and functioning copy of ArcGIS 10.3 

installed. 
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The BMP Checker program requires a minimum of four GIS inputs and a single 

Microsoft Excel® workbook. The spatial inputs required to run the tool include two raster files 

and two polygon shapefiles. Up to two additional shapefiles are needed when calculating the 

pretreatment loading and estimated load removed by the BMPs in each area. The two raster 

inputs include a digital elevation model (DEM) and a SHWT depth grid, while the two shapefile 

inputs include a drainage area (DA) boundary and soil data, inclusive of HSG. To calculate RRM 

loadings and credits, an impervious cover shapefile is needed while an undisturbed cover 

shapefile is optional. The DEM determines output projection and resolution (cell size) of raster 

calculations.  

The BMP constraint table used to compare the physical characteristics of a site and 

determine suitable BMPs was developed in the form of a Microsoft Excel® workbook. A default 

version of this table was built using information obtained from the 2011 edition of the Virginia 

Stormwater Management Handbook BMP Standards & Specifications for post-construction, non-

proprietary BMPs (VADEQ, 2011). Appendix A explains how certain default values were 

determined. Of the 15 post-construction, non-proprietary BMPs, default constraints were not 

found for rainwater harvesting or green roofs because those BMPs are dependent on the presence 

and types of buildings rather than land features. In addition, soil restoration was not included as a 

standalone BMP, but was included with other BMPs to enhance their performance. The 

remaining 12 BMPs were separated into design levels according to the RRM BMP specifications 

(VADEQ, 2013b).  

The BMP constraint table includes measures for maintenance preferences and relative 

annual cost. Neither maintenance preference nor cost are used within the program to site BMPs; 

these measures were provided for the convenience of the user when viewing output tables. 



 

82 

 

Maintenance preference was provided by the Virginia Beach Department of Public Works 

Operations Management. Costs were estimated using a procedure detailed in Appendix B. Costs 

do not represent the absolute costs expected in Virginia Beach. A significant portion of BMP 

cost depends on site-specific factors (Sample et al., 2003), thus cost information was provided 

only to gauge BMP costs relative to one another. Both the maintenance preference and cost can 

be altered by the user.  

3.3.1  Program Structure and Function  

First, the user determines whether they are interested in calculating RRM areas and 

loadings for total phosphorus (TP) and total nitrogen (TN), then the user specifies file paths for 

the GIS raster and shapefile inputs, names the project, and identifies a file path for the project 

outputs. After that, the user’s involvement is over and the remainder of the program proceeds 

automatically until BMP Checker completes successfully or encounters an error. An example of 

a successful run as it appears in the program’s user interface is given in Figure 3-2.  

The logic of the main program is summarized in Figure 3-3. First, soil data is checked for 

the presence of dual-group soils. The water table depth raster is used to convert dual-group to 

single-group soils based on SHWT proximity to the surface (U.S. Department of Agriculture, 

2009). If RRM loading is desired, the areas for each DA, soil, and land use combination are used 

to calculate the untreated pollutant load from each DA and the total site area. If the total area of a 

single HSG covers less than 500 ft² (46.5 m²) in a single DA, that HSG is not considered in 

further calculations. The slope, median slope, and median water table depth in each DA is found 

and combined with the DA and HSG information to create a single table that summarizes 

physical features of each identified DA.   
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Figure 3-2. An example of the BMP Checker user interface after a successful run with optional 

inputs. 
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Figure 3-3. An overview of the logic and workflow used in BMP Checker. The "BMP Criteria 

Loop" process is detailed in Figure 3-4. 
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The features of each DA are then compared to BMP features in the constraint table, 

which are further described in Figure 3-4. This process occurs in a nested loop: the program 

checks each BMP listed in the constraint table for each DA. Note that cost and maintenance 

preference are not used to determine BMP suitability. Users have the option of utilizing 

impervious and forest cover amounts as a constraint. Optionally, BMPs requiring the presence of 

undisturbed area are removed if the undisturbed area in the DA is less than 500 ft² (46.5 m²), and 

BMPs are removed if the impervious cover in the DA is less than that needed by the BMP. Next, 

the soil types in the DA are compared to the recommended BMP soil types. Median slopes are 

compared, and then the water table constraint is evaluated.  

The goal of the water table constraint is for the BMP invert elevation to be separated 

from the SHWT by a specified distance, usually a default of 2.0 ft (61 cm). If the BMP is 

allowed to intersect the water table, then this step is skipped and the program moves on to the 

DA size constraint. If the BMP is required to be separated, the program sums the minimum BMP 

depth and the default water table separation distance. Unlike the previous constraints, if the DA’s 

median SHWT depth is less than the combined BMP depth and default minimum water table 

separation, that BMP does not automatically fail the criteria check. The RRM allows for some 

coastal design modifications related to minimum BMP depths and water table separation 

distance. If the BMP has RRM-approved coastal modifications, the modified values are 

combined and compared to the SHWT location again. If the median SHWT depth is still higher 

than the combined depth for the modified conditions, or if there are no coastal modifications for 

the BMP, then the BMP fails and is removed from consideration. If the adjusted depths or 

separation cause the SHWT depth to fall below the combined BMP values, then the BMP is 

preserved and marked as allowable if special modifications are implemented.  
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Figure 3-4. The "BMP Criteria Loop" process. This logic runs for every entry given in the BMP 

constraint table for each DA. 
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Finally, the DA size is compared to the minimum CDA size for each remaining BMP. If 

the DA size is smaller than necessary for the BMP, that BMP is removed. Maximum DA size is 

not used to eliminate BMPs, but is accounted for by including the minimum number of 

equivalent-sized BMPs needed to treat each whole DA. For example, a 10 ac (4 ha) site is 

suitable for grass channels, which have a maximum CDA size of 5 ac (2 ha). It would require a 

minimum of 2 grass channel BMPs to treat runoff from the entire 10 ac (4 ha) site.  

If RRM loading is of interest, the program calculates TP and TN removal quantity by 

each BMP and ranks the BMPs by TP removal. Otherwise, the BMPs are ranked by general TP 

removal efficiency percentage. In both cases, an output table of suitable BMPs is generated, 

along with several secondary tables. Intermediate GIS layers are saved and are viewable in 

ArcGIS 10.3, but the output tables summarize physical characteristics of each DA as well.  

3.3.2 Validation 

Eleven sites located throughout the developed portion of Virginia Beach, VA, were used 

to validate BMP Checker. The name, size, purpose, and BMP types of all eleven sites are 

displayed in Table 3-1. Results were considered validated if the existing BMPs on the sites were 

included in BMP Checker output. All other BMPs selected for the various sites were manually 

verified to ensure they could work in their respective areas based on site conditions, but had no 

bearing on whether the results were considered validated.  
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Table 3-1. The 11 sites in Virginia Beach used for validation of the BMP Checker algorithm and default inputs. 
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Bow Creek Rec Center and 

Golf Course 
Large Multipurpose   ●           ●  

College Park Elementary Small Schools ● ● ●  ● ●  ● ●       

Harpers Rd. School Bus 

Facility 
Medium Commercial/industrial     ●    ●       

Independence Rd. Medium Linear project              ● ● 

Joint Use Library Medium Schools ● ●           ●   

Kellam High School Large Schools ● ●    ● ● ● ●     ●  

Little Neck Fire Station Small Commercial/industrial ●       ●       ● 

Lynnhaven Mall Ponds Large Commercial/industrial              ●  

Nimmo Rd. Large Linear project               ● 

Seatack Recreation Center Small Multipurpose          ●      

Williams Farm Medium Multipurpose ● ●            ●  
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Drainage area boundary and land cover information was digitized manually for each of 

the 11 sites. The DA boundaries were digitized based on georeferenced site plans, or best 

professional judgement when drainage plans were unavailable. Land cover information was 

created based on April 2013 aerial imagery. The 5.0 ft (1.5 m) resolution DEM was derived from 

Lidar data taken in November 2012.  

Soil information was obtained from the United States Department of Agriculture Natural 

Resources Conservation Service Web Soil Survey (USDA NRCS WSS) (Soil Survey Staff et al., 

2015) and modified to include HSG based on information contained in the Soil Survey 

Geographic Database (SSURGO). Both Udorthent and Urban soil types are not associated with a 

HSG in SSURGO. Urban complex soils were assigned the HSG for the non-Urban soil portion. 

If the soil was Udorthent, fully Urban, or water, the soil was assigned a “---“ designation. The   

“---“ designation is converted to a D-type soil in the BMP Checker algorithm.  

Groundwater data from construction documents was not available for all eleven sites. In 

lieu of specific groundwater measurements, the validation runs used a citywide SHWT depth 

grid derived from water surface elevations found in the DEM and adjusted to the seasonal high 

by a factor calculated from U.S. Geological Survey groundwater monitoring data. Sample et al. 

(2016) detail the creation and validity of the grid. All spatial data was projected in NAD1983 

HARN (US Feet) Virginia State Plane South. 

The program was run using the default BMP constraint table, given in Table 3-2 and the 

column headings are decoded in Table 3-3. Land cover constraints, including impervious 

percentage, were not included in the analysis. The land cover information generated for the 

validation runs was used to determine RRM TP and TN loadings.
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Table 3-2. The default BMP constraint table used to validate BMP Checker's algorithm. The column headings are decoded in Table 3-3. Impervious percent was not used in the validation runs. 

CODE BMP RR PR TPR NR TNR SOIL 
MAX 

SLOPE 

MIN 

CDA 

MAX 

CDA 

IC 

PCT 

WT 

SEP 

WT 

RELAX 

COAST 

SEP 

MIN 

DEPTH 

DEPTH 

RELAX 

COAST 

MIN 

DEPTH 

MAINT 

REL 

YEAR 

COST 

SDAB Simple 

Disconnection A&B 

50 0 50 0 50 A,B 5 0.138 1000 0 2.0 0 2.0 0.00 0 0.00 Unavailable $---- 

SDCD Simple 

Disconnection C&D 

25 0 25 0 25 C,D 5 0.138 1000 0 2.0 0 2.0 0.00 0 0.00 Unavailable $---- 

SDSA Simple 

Disconnection C&D 

with Soil 

Amendments 

50 0 50 0 50 C,D 5 0.138 1000 0 2.0 0 2.0 0.00 0 0.00 Unavailable $---- 

CAAB Sheet Flow 

Conservation Area 

A&B 

75 0 75 0 75 A,B 6 0.000 3.000 0 2.0 0 2.0 0.18 0 0.18 Allowed $3,100 

CACD Sheet Flow 

Conservation Area 

C&D 

50 0 50 0 50 C,D 6 0.000 3.000 0 2.0 0 2.0 0.18 0 0.18 Allowed $3,100 

VFA Sheet Flow Veg 

Filter A 

50 0 50 0 50 A 8 0.000 3.000 0 2.0 0 2.0 0.35 0 0.35 Allowed $2,200 

VFSA Sheet Flow Veg 

Filter B,C&D with 

Soil Amendments 

50 0 50 0 50 B,C,D 8 0.000 3.000 0 2.0 0 2.0 0.35 0 0.00 Allowed $4,100 

GCAB Grass Channel A&B 20 15 32 20 36 A,B 5 0.000 5.000 0 2.0 1 1.0 1.50 0 1.50 Allowed $2,000 

GCCD Grass Channel C&D 10 15 24 20 28 C,D 5 0.000 5.000 0 2.0 1 1.0 1.50 0 1.50 Allowed $2,000 

GCSA Grass Channel C&D 

with Soil 

Amendments 

20 15 32 20 36 C,D 5 0.000 5.000 0 2.0 1 1.0 1.00 0 1.00 Allowed $2,200 

PP1 Permeable 

Pavement- Level 1 

45 25 59 25 59 A,B,C,D 5 0.000 1000 75 2.0 0 2.0 2.25 0 2.25 Allowed $22,000 

PP2 Permeable 

Pavement- Level 2 

75 25 81 25 81 A,B 5 0.000 1000 95 2.0 0 2.0 1.58 0 1.58 Allowed $23,000 

MI1 Infiltration- Level 1 50 25 63 15 57 A,B 15 0.006 2.000 95 2.0 0 2.0 1.75 0 1.75 Intensive, not 

preferred 

$4,500 

MI2 Infiltration- Level 2 90 25 93 15 92 A 15 0.006 2.000 95 2.0 0 2.0 1.75 0 1.75 Intensive, not 

preferred 

$4,900 

BRE1 Bioretention Basin- 

Level 1 

40 25 55 40 64 A,B,C,D 5 0.000 2.500 0 2.0 1 1.0 3.75 1 3.25 Intensive, not 

preferred 

$4,300 

BRE2 Bioretention Basin- 

Level 2 

80 50 90 60 90 A,B,C,D 5 0.000 2.500 0 2.0 1 1.0 5.00 1 4.00 Intensive, not 

preferred 

$5,200 

DS1 Dry Swale- Level 1 40 20 52 25 55 A,B,C,D 4 0.000 5.000 0 2.0 1 1.0 2.75 0 2.75 Allowed $3,400 

DS2 Dry Swale- Level 2 60 40 76 35 74 A,B,C,D 2 0.000 5.000 0 2.0 1 1.0 4.50 0 4.50 Allowed $3,600 

WS1 Wet Swale- Level 1 0 20 20 25 25 C,D 2 0.000 5.000 0 0.0 0 0.0 0.00 0 0.00 Allowed $2,000 

WS2 Wet Swale- Level 2 0 40 40 35 35 C,D 2 0.000 5.000 0 0.0 0 0.0 0.00 0 0.00 Allowed $2,300 
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CODE BMP RR PR TPR NR TNR SOIL 
MAX 

SLOPE 

MIN 

CDA 

MAX 

CDA 

IC 

PCT 

WT 

SEP 

WT 

RELAX 

COAST 

SEP 

MIN 

DEPTH 

DEPTH 

RELAX 

COAST 

MIN 

DEPTH 

MAINT 

REL 

YEAR 

COST 

F1 Filter- Level 1 0 60 60 30 30 A,B,C,D 15 0.000 5.000 75 2.0 1 1.0 2.50 1 2.00 Intensive, not 

preferred 

$4,400 

F2 Filter- Level 2 0 65 65 45 45 A,B,C,D 15 0.000 5.000 95 2.0 1 1.0 2.50 1 2.00 Intensive, not 

preferred 

$5,000 

CW1 Constructed 

Wetland- Level 1 

0 50 50 25 25 C,D 25 0.000 1000 0 0.0 0 0.0 0.00 0 0.00 Intensive, not 

preferred 

$2,200 

CW2 Constructed 

Wetland- Level 2 

0 75 75 55 55 C,D 25 0.000 1000 0 0.0 0 0.0 0.00 0 0.00 Intensive, not 

preferred 

$2,800 

WP1 Wet Pond- Level 1 0 50 50 30 30 C,D 25 10.000 1000 0 2.0 0 2.0 6.00 0 6.00 Allowed $2,200 

WP2 Wet Pond- Level 2 0 75 75 40 40 C,D 25 10.000 1000 0 2.0 0 2.0 6.00 0 6.00 Allowed $2,700 

WPGW1 Wet Pond with GW- 

Level 1 

0 45 45 20 20 C,D 25 10.000 1000 0 0.0 0 2.0 6.00 0 6.00 Allowed $2,200 

WPGW2 Wet Pond with GW- 

Level 2 

0 65 65 30 30 C,D 25 10.000 1000 0 0.0 0 2.0 6.00 0 6.00 Allowed $2,700 

EDP1 ED Pond- Level 1 0 15 15 10 10 A,B,C,D 25 0.000 10.000 0 2.0 0 2.0 2.00 0 2.00 Allowed $3,700 

EDP2 ED Pond- Level 2 15 15 31 10 24 A,B,C,D 25 10.000 1000 0 2.0 0 2.0 2.00 0 2.00 Allowed $4,200 
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Table 3-3. Column headings decoded for the BMP constraint table given in Table 3-2. 

CODE 
Unique string ID that the program uses to identify different BMPs; may 

be altered as long as each is unique. 

BMP The full BMP name and design level according to the 2011 Virginia 

Stormwater Management Handbook (VSWMH). 

RR Runoff reduction. The percent of annual runoff removed from the storm 

sewer system. The default value is from the 2011 VSWMH. 

PR 

Phosphorous removal. The percent of phosphorous event mean 

concentration (EMC) reduced on an annual basis. The default value is 

from the 2011 VSWMH. 

TPR 

Total phosphorous removal. The percentage of annual EMC and mass 

load phosphorous removal. The default value is from the 2011 

VSWMH. 

NR 
Nitrogen removal. The percent of Nitrogen EMC reduced on an annual 

basis. The default value is from the 2011 VSWMH. 

TNR 
Total nitrogen removal. The percentage of annual EMC and mass load 

nitrogen removal. The default value is from the 2011 VSWMH. 

SOIL Hydrologic soil groups (HSG).  

MAX SLOPE 

Maximum slope (%) of the contributing drainage area or longitudinal 

slope for linear practices. Each BMP has its own internal slopes that are 

separate from this slope value. Consult the BMP design specifications 

for internal slope guidance.  

MIN CDA Minimum contributing drainage area (CDA) in acres.  

MAX CDA Maximum contributing drainage area (CDA) in acres.  

IC PCT 
The minimum amount of impervious cover in the drainage area, as a 

percent (%), needed for proper BMP function. 

WT SEP 
Water table separation (ft). Separation between the BMP invert and the 

high water table elevation. 

WT RELAX 
Water table relaxation. A Boolean value indicating whether the 2011 

VSWMH allows for a relaxed water table separation constraint.  

COAST SEP 

Coastal water table separation (ft). The relaxed separation between the 

BMP invert and the high water table elevation in a coastal setting, as 

allowed by the VSWMH. 

MIN DEPTH Minimum BMP depth (ft).  

DEPTH RELAX 
BMP depth relaxation. A Boolean value indicating whether the 2011 

VSWMH allows for a relaxed BMP depth constraint.  
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COAST MIN 

DEPTH 

Coastal minimum BMP depth (ft). The relaxed minimum BMP depth in 

a coastal setting, as allowed by the VSWMH. 

MAINT 

Public Works Operations preference. The City of Virginia Beach Public 

Works Operations designated preference for maintenance. "Allowed" 

includes maintenance that is manageable and the BMP is able to be used 

in a Right-of-Way (ROW). Intensive inspection and maintenance is not 

preferred. 

REL YEAR 

COST 

Relative average annual cost (USD) over 20 years per acre of 

impervious area treated (King & Hagan, 2011; Weiss, Gulliver, & 

Erickson, 2007). These data were developed for Maryland and require 

additional adjustment for use in Virginia. 2011 dollar values have been 

converted to 2015 dollar values and alterations have been made for 

different design levels, but the values are otherwise unadjusted. These 

numbers are provided only for comparison to one another. Costs are not 

used to locate or rank BMPs. 

 

3.3.3 Citywide Application 

The BMP Checker algorithm was used to investigate BMP implementation patterns in the 

City of Virginia Beach with respect to coastal conditions. Computational limitations prevented 

the use of property parcels as DA boundary input for the analysis. To compensate, a vector net of 

100 x 100 ft (30.5 x 30.5 m) cells was generated to cover the city area. Cells were removed from 

the net if they did not have a centroid located within the city boundary. Similarly, if a cell 

centroid was located within a body of water, that cell was removed from analysis. A visual 

representation of the final study area is given in Figure 3-5. The final net is composed of 680,160 

individual cells that are treated as drainage areas in the algorithm. The DEM, soil shapefile, and 

SHWT depth data were the same as those used in the validation runs. Land cover information 

was not generated or utilized. 
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Figure 3-5. Total land area included in the citywide application of the BMP Checker algorithm. 

Each square cell is 10,000 ft2 (929 m2) and there are a total of 680,160 cells in the tested land 

area. 
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Computational limitations prevented the citywide analysis from using the complete 

algorithm tested in the validation procedure. Because each cell in the vector net did not represent 

a true drainage area and all cells were the same size, the CDA size was discarded as a BMP 

checking constraint. Each cell therefore represented a siting location rather than a drainage area. 

The HSGs, median slope, and median SHWT depth was found for every cell. If a cell contained 

less than 500 ft2 (46.5 m2) of a single type of HSG, that HSG was not used for BMP constraint 

comparison purposes in that cell. Additional alterations to the BMP Checker algorithm included 

a revised BMP constraint table and a revised output format that reduced processing and post-

processing time. Neither change had an impact on the program results.  

The modified BMP constraint table is given in Table 3-4. CDA size was removed from 

consideration. BMPs with design levels that did not differ in slope, BMP depth, water table 

separation, or HSG requirements were consolidated into a single entry. BMPs that make use of 

soil amendments for additional credit were not considered because soil amendments only affect 

credited performance, not siting requirements.  

Because land cover constraints were not considered, additional manual post-processing 

was needed to approximate the true applicability of the sheet flow to conservation area (SFCA) 

BMP in Virginia Beach. SFCA is only usable in cells that contain undisturbed, vegetated area. 

Undisturbed, vegetated areas were defined using soil type, land use, and vegetation location.
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Table 3-4. The modified default BMP constraint table used in the citywide analysis. 

CODE BMP SOIL 
MAX 

SLOPE 

WT 

SEP 

WT 

RELAX 

COAST 

SEP 

MIN 

DEPTH 

DEPTH 

RELAX 

COAST 

MIN 

DEPTH 

SDAB Simple Disconnection A&B A,B 5 2.0 0 2.0 0.00 0 0.00 

SDCD Simple Disconnection C&D C,D 5 2.0 0 2.0 0.00 0 0.00 

CAAB Sheet Flow Conservation Area A&B A,B 6 2.0 0 2.0 0.18 0 0.18 

CACD Sheet Flow Conservation Area C&D C,D 6 2.0 0 2.0 0.18 0 0.18 

VFA Sheet Flow Veg Filter A A 8 2.0 0 2.0 0.35 0 0.35 

VFSA Sheet Flow Veg Filter B,C,D B,C,D 8 2.0 0 2.0 0.35 0 0.35 

GCAB Grass Channel A&B A,B 5 2.0 1 1.0 1.50 0 1.50 

GCCD Grass Channel C&D C,D 5 2.0 1 1.0 1.50 0 1.50 

PP1 Permeable Pavement- Level 1 A,B,C,D 5 2.0 0 2.0 2.25 0 2.25 

PP2 Permeable Pavement- Level 2 A,B 5 2.0 0 2.0 1.58 0 1.58 

MI1 Infiltration- Level 1 A,B 15 2.0 0 2.0 1.75 0 1.75 

MI2 Infiltration- Level 2 A 15 2.0 0 2.0 1.75 0 1.75 

BRE1 Bioretention Basin- Level 1 A,B,C,D 5 2.0 1 1.0 3.75 1 3.25 

BRE2 Bioretention Basin- Level 2 A,B,C,D 5 2.0 1 1.0 5.00 1 4.00 

DS1 Dry Swale- Level 1 A,B,C,D 4 2.0 1 1.0 2.75 0 2.75 

DS2 Dry Swale- Level 2 A,B,C,D 2 2.0 1 1.0 4.50 0 4.50 

WS Wet Swale C,D 2 0.0 0 0.0 0.00 0 0.00 

F Filter A,B,C,D 15 2.0 1 1.0 2.50 1 2.00 

CW Constructed Wetland C,D 25 0.0 0 0.0 0.00 0 0.00 

WP Wet Pond C,D 25 2.0 0 2.0 6.00 0 6.00 

WPGW Wet Pond with GW C,D 25 0.0 0 2.0 6.00 0 6.00 

EDP ED Pond A,B,C,D 25 2.0 0 2.0 2.00 0 2.00 
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Vegetation and parcel data were obtained from the City of Virginia Beach Open GIS Data 

website (City of Virginia Beach, 2016). Parcels with land use types shown in Table 3-5 were 

considered the most likely to be undisturbed. Areas with Udorthent, Urban, or Urban-complex 

soils were considered disturbed area. The vegetation layer was clipped to areas of both 

appropriate land use and soil type. SFCA cells in the vector net containing more than 500 ft2 

(46.5 m2) of vegetation after clipping were preserved.  

Table 3-5. List of land use types given in the Virginia Beach parcel shapefile that were most 

likely to have undisturbed soil. “Military base” was included because much of the vegetated 

portion of the military bases are undisturbed. 

Parcel Land Use 

Forest 

Marsh 

Military Base 

Park 

Public/Semi-Public 

Undeveloped 

Water 

 

3.4 Results and Discussion 

Output samples for the BMP Checker program are provided in Appendix C. 

3.4.1 Validation Results 

Results from the validation runs are given in Table 3-6. Of the 28 BMPs tested, 5 were 

not included in the BMP Checker results. This appears to indicate failure of the program to work 

as desired and expected, but the BMP Checker results make sense when they are considered in 

the context of actual site conditions.  
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Table 3-6. Validation results for the eleven Virginia Beach sites. No BMPs outright failed validation when accounting for actual site 

conditions and specific input data. Soil restoration, vegetated roofs, and rainwater harvesting were excluded from analysis. Columns 

are greyed out because those BMPs were not testable by BMP Checker. 
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Bow Creek Rec Center and Golf Course Large Multipurpose   ✓           ✓  

College Park Elementary Small Schools ✓ ✓ ✓  ● ●  ✓ ✓       

Harpers Rd. School Bus Facility Medium Commercial/industrial     ●    ○       

Independence Rd. Medium Linear project              ✓ ✓ 

Joint Use Library Medium Schools ✓ ✓           ✓   

New Kellam High School Large Schools ✓ ✓    ● ∆ ∆ ∆     ✓  

Little Neck Fire Station Small Commercial/industrial ✓       ✓       ✓ 

Lynnhaven Mall Ponds Large Commercial/industrial              ✓  

Nimmo Rd. Large Linear project               ○ 

Seatack Recreation Center Small Multipurpose          ✓      

Williams Farm Medium Multipurpose ✓ ✓            ✓  

✓ - BMP built on site and approved by BMP Checker 

X - BMP built on site and not approved by BMP Checker 

○ - BMP built on site and not approved by BMP Checker, but site condition suggests BMP is failing 

∆ - BMP built on site and approved by BMP Checker using site-specific inputs 
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At one of the linear sites, Nimmo Parkway, there is an extended detention (ED) pond that 

is meant to accept runoff from the street, sidewalks, and medians. BMP Checker did not list ED 

ponds as an acceptable practice in the drainage area because the SHWT proximity was too near 

the minimum ED pond invert. Though the actual pond was designed to be a dry ED pond, it is 

seldom empty and usually filled with water. The pond can be seen in Figure 3-6; the photograph 

was taken April 3, 2016, more than 24 hours after a small 0.55 in (1.4 cm) storm event. The 

presence of algae indicates prolonged inundation. In essence, BMP Checker failed ED ponds 

because they would fill with water from the water table, and the actual BMP is regularly filled 

with water. Because of this, the BMP Checker result was considered valid.  

A school bus facility on Harpers Road was designed to have multiple bioretention cells. 

BMP Checker failed to approve the bioretention cells due to the SHWT proximity. Similar to the 

ED pond at Nimmo parkway, several of the bioretention cells at Harpers Road appear to be more 

pond than bioretention due to persistent water levels in most of the cells. Figure 3-7 shows a 

photograph of the inundation of one bioretention cell at the site. The photograph was taken in 

October 2014, outside of the seasonal high window. Because the actual BMPs are regularly 

inundated, the BMP Checker result was considered valid.  
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Figure 3-6. The extended detention pond at Nimmo Parkway. Photograph was taken April 3, 

2016, more than 24 hours after the last storm event. Algae in the pond is evidence of prolonged 

inundation. 

 

Figure 3-7. An October 2014 photograph of one bioretention unit located at the Harper's Bus 

Garage site. Prolific algae on the water surface indicates inundation has persisted for some time. 
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New Kellam High School was constructed with several BMP types, including infiltration 

basins, permeable pavement, bioretention, and wet ponds. Of those four, only wet ponds were 

included in the BMP Checker results. Infiltration was chosen in B-type soils in the drainage area, 

but not in the C-type soil where the BMPs were actually constructed. Permeable pavement and 

bioretention failed due to SHWT proximity.  

The construction documentation indicated that the New Kellam infiltration units were 

built to a depth of at least 3 ft (0.9 m) below the surface. At that depth, the soil was sandy and 

had a hydraulic conductivity sufficiently high for infiltration. Though the geotechnical report 

was unavailable, the construction document mentioned that the water table was 6 - 7 ft (1.8 - 2.1 

m) below the land surface at the time of testing and the groundwater elevation used in design 

was 5.5 ft (1.7 m). Replacing the groundwater data in the simulation with a constant 5.5 ft (1.7 

m) depth allowed BMP Checker to select both permeable pavement and bioretention for the New 

Kellam High School site. In all three cases of initial validation failure, refining the input data 

allowed BMP Checker to select those BMPs. Though the default input data could use some 

refinement, the underlying logic of the program was found to be sound and the results provided 

were deemed valid.  

Overall, the underlying logic of BMP Checker appears valid and sound and the provided 

soil and SHWT depth information appears valid on 10 of the 11 tested sites. Like all models, 

BMP Checker is limited by the quality and accuracy of its input data. BMP Checker includes 

pre-built soil and SHWT depth information, but that data should only be used when more 

accurate or specific information is unavailable.      
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3.4.2 Citywide Application 

After the BMP siting analysis was completed, the spreadsheet output was joined with the 

vector net in GIS in order to show the results graphically. The results for all BMP types are 

viewable in Appendix D. Tabular results, as a percentage of tested land area, are given in Table 

3-7.  

As expected, the most widely applicable BMP in Virginia Beach are wet ponds that 

intercept the water table and constructed wetlands because both BMPs lack a groundwater 

proximity constraint and have a high maximum CDA slope of 25%. Both BMPs are applicable 

on 73.65% of the city land area. Though wet ponds that intercept groundwater are highly 

applicable, they receive less credit than wet ponds that do not intercept the water table. 

Conversely, the least applicable BMP is sheet flow to conservation area due to the limited 

amount of conservation area in the city. Otherwise, the least applicable BMP type is infiltration 

at 24%. A- and B-type soils occupy a minority of the area in Virginia Beach, and a water table 

depth requirement of 3.75 ft (1.14 m) below land surface is difficult to accommodate in the 

coastal landscape. 

 

 

 

THIS SPACE INTENTIONALLY LEFT BLANK.  



 

103 

 

Table 3-7. Tabular results of the city-wide analysis, given as a percentage of tested land area, 

rounded to the nearest whole percent. The proportion of unique cells for each BMP level (level 

total) and all levels (unique cells by BMP type) is also reported.  Given totals are inclusive of 

coastal modifications. 

BMP Level Mods 
City-wide 

Applicability 

City-wide 

Applicability 

(level total) 

City-wide 

Applicability 

(by BMP type) 

Simple 

Disconnection 

AB   28% 28% 
56% 

CD   34% 34% 

Sheet Flow to 

Conservation 

Area 

AB   6% 6% 
11% 

CD   6% 6% 

Sheet Flow to 

Vegetated Filter 

A   9% 9% 
57% 

BCD   52% 52% 

Grass Channels 

AB 
Standard 22% 

26% 

52% 
Coastal Mods 4% 

CD 
Standard 25% 

31% 
Coastal Mods 6% 

Permeable 

Pavement 

1   36% 36% 
39% 

2   21% 21% 

Infiltration 
1   24% 24% 

24% 
2   8% 8% 

Bioretention 

1 
Standard 24% 

36% 

36% 
Coastal Mods 12% 

2 
Standard 16% 

30% 
Coastal Mods 13% 

Dry Swale 

1 
Standard 30% 

38% 

38% 
Coastal Mods 8% 

2 
Standard 7% 

9% 
Coastal Mods 3% 

Wet Swales Both   25% 25% 25% 

Filters Both 
Standard 39% 

54% 54% 
Coastal Mods 15% 

Constructed 

Wetland 
Both   74% 74% 74% 

Wet Pond Both 
Standard 7% 

74% 74% 
W/Groundwater 74% 

Extended 

Detention Pond 
Both   45% 45% 45% 
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At 25%, wet swales follow infiltration as the next least applicable BMP. This is a 

somewhat surprising result, considering there is no water table depth constraint for wet swales. 

The lower-than-expected result is likely due to the CDA slope requirement of 2.0%. The slope 

calculation is very sensitive to manmade changes in elevation, like at the edge of curbs or 

ditches. Smaller drainage areas effectively give more weight to the high slopes of these 

manmade features when calculating the median, resulting in a higher median slope than would 

be expected based on the overall grade of the land. The same issue likely affected the results for 

level 2 dry swales, which have a 9% applicability and the same CDA slope requirement. 

Level 2 infiltration, the most effective BMP for total phosphorous removal (TPR), is 

applicable on 8% of the tested land area in Virginia Beach. Level 2 bioretention is the next most 

effective BMP for TPR and is applicable on 30% of the land area when coastal modifications are 

included, and 16% when they are not. After level 2 permeable pavement with a 21% 

applicability, level 2 dry swales are the next most effective practice and are usable on just 9% of 

the land area when coastal modifications are included. Without coastal modifications, 

applicability is just 7%. It would appear that the most effective runoff reduction BMPs from a 

crediting and performance standpoint are not widely applicable in Virginia Beach. As previously 

stated, this is consistent with local experience. 

Though the approved modifications permit BMP use on more area in the Coastal Plain, 

the actual performance of BMPs with these modifications is unverified with the exception of wet 

ponds that intercept groundwater. BMP types were ranked according to their total land 

applicability when coastal modifications were and were not included in analysis.  The rankings 

and Level 1 TPR efficiency are found in  
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Table 3-8 and Table 3-9 for analysis with and without coastal modifications, respectively.  

Coastal modifications improve the usability of wet ponds the most, followed by filters and 

bioretention units.  Dry swales and grass channels show modest improvement in applicability 

when coastal modifications are used.  With the coastal modifications, just one of the top five 

most usable BMP types receives a 25% or less TPR credit.  Without coastal modifications, three 

of the five most applicable BMP types receive a TPR credit of 25% or less.  Coastal 

modifications appear to make effective BMPs more applicable, but the true performance of 

modified BMPs remains unknown regardless of the credit assigned to them.   

 

 

Table 3-8. Ranking of BMPs by land applicability when coastal modifications were included in 

analysis.  Credited TPR (Virginia Department of Environmental Quality, 2013a) was included 

for comparison. 

Approved Coastal Modifications 

Rank BMP Type 
Land 

Applicability 
TPR  

1 Constructed Wetland 74% 50% 

2 Wet Pond 74% 45% 

3 Sheet Flow to Vegetated Filter 57% 50% 

4 Simple Disconnection 56% 25% 

5 Filters 54% 60% 

6 Grass Channels 52% 24% 

7 Extended Detention Pond 45% 15% 

8 Permeable Pavement 39% 59% 

9 Dry Swale 38% 52% 

10 Bioretention 36% 55% 

11 Wet Swales 25% 20% 

12 Infiltration 24% 63% 

13 Sheet Flow to Conservation Area 11% 50% 
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Table 3-9. Ranking of BMPs by land applicability when coastal modifications were excluded 

from analysis.  Credited TPR (Virginia Department of Environmental Quality, 2013a) was 

included for comparison. 

No Coastal Modifications 

Rank BMP Type 
Land 

Applicability 
TPR 

1 Constructed Wetland 74% 50% 

2 Sheet Flow to Vegetated Filter 57% 50% 

3 Simple Disconnection 56% 25% 

4 Extended Detention Pond 45% 15% 

5 Grass Channels 43% 24% 

6 Permeable Pavement 39% 59% 

7 Filters 39% 60% 

8 Dry Swale 30% 52% 

9 Wet Swales 25% 20% 

10 Infiltration 24% 63% 

11 Bioretention 24% 55% 

12 Sheet Flow to Conservation Area 11% 50% 

13 Wet Pond 7% 50% 

 

Applicability percentages from this analysis are based on minimum BMP requirements 

and available planning-level data. Results are meant to provide perspective on BMP usage in a 

coastal area and provide a basic guideline for where BMPs may or may not be investigated for 

design purposes. True applicability of BMPs depends on site-specific factors that cannot be 

quantified in this analysis. For example, the existence of structures, roadways, or protected areas 

will significantly reduce viable BMP locations as a percentage of total land area. Ultimately, the 

city-wide analysis identifies general areas of BMP applicability. Without a non-coastal location 

to compare BMP applicability, these percentages are best viewed relative to one another.  
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3.5 Conclusion 

In summary, the BMP Checker tool presented in this paper can identify which BMPs are 

likely suitable for a location based upon constraint criteria. The tool works well with coastal 

physiography and the RRM compliance framework but is not limited to use in Virginia or coastal 

areas. The tool efficiently summarizes physical characteristics of individual drainage areas and 

matches those characteristics with compatible BMP types according to the RRM and state BMP 

specifications. The tool’s algorithm was validated using 11 sites in the study area and was 

employed to characterize the extent of BMP applicability in the coastal study area. BMP Checker 

is thought to significantly reduce the time spent summarizing physical characteristics of drainage 

areas, including finding the area of different land cover types and hydrologic soil groups (HSGs) 

for use with the RRM compliance spreadsheet. BMP Checker also identified BMPs that are 

predicted to function well based on the spatial inputs, potentially saving time in the initial 

planning stages of a development. When possible, site-specific data should be used as tool input. 

The default BMP constraints did not account for some design interventions. For example, BMPs 

with a permanent pool are not suggested for A- and B-type soils, but a wet BMP may be usable 

on A- and B-type soils through the use of an impermeable liner. Swales of both kinds can be 

used in areas of steeper slope if check dams are installed, but the default constraint table is set to 

ignore steeper areas. The user may need to alter the constraint table in order for BMP Checker to 

consider more advanced designs. 

Use of BMP Checker’s algorithm showed that application of runoff reduction BMPs in 

the City of Virginia Beach is limited by coastal physiography, including low soil permeability, 

flat terrain, and SHWT depth. Of these, SHWT depth is the most limiting constraint in Virginia 

Beach with regards to BMP siting. As expected, wet ponds and constructed wetlands are the 
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most widely applicable BMPs in Virginia Beach because they are allowed to intercept the water 

table, albeit with a reduction in removal credit. BMPs that receive the most credit in the RRM 

framework are usable at a drastically reduced frequency, comparatively, due to scarcity of A- 

and B-type soils and water table proximity. Flat terrain appears to be the least limiting standalone 

constraint. It is recommended to conduct a citywide analysis on a city of similar size located 

within the Piedmont region, using the current version of the BMP Checker tool or algorithm, in 

order to have a comparison measure of BMP applicability in the Coastal Plain.  Improving 

functionality of the tool and algorithm includes the addition of physical constraints, such as 

setbacks, and the ability for the user to specify where in the drainage area the BMP(s) will reside.  
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4.0 Conclusion 

The SHWT grid results show that the water table conditions in Coastal Virginia may not 

be as dire as initial SSURGO-based investigations originally suggested (Hampton Roads 

Planning District Commission, 2013b). However, further investigation of the water table as it 

relates to appropriate BMP siting required additional work. The results of the BMP Checker 

algorithm as applied to the City of Virginia Beach, using the SHWT grid as an input, show that 

the most effective infiltration-based BMPs are usable on a greatly reduced percentage of land 

area than treatment-based BMPs. When approved coastal modifications, such as a relaxed depth 

to water table (Virginia Department of Environmental Quality, 2013a), are not utilized, the TPR 

efficiency of the 5 most applicable BMP types is greatly reduced. These results support the idea 

that meeting regulatory goals on heavily constrained coastal sites will be challenging. Future 

work is needed to determine whether relative BMP applicability in the Coastal Plain is 

significantly different from other regions of Virginia, particularly the Piedmont region. The BMP 

Checker algorithm can be used in future work to generate BMP land applicability percentages in 

other regions, provided reliable water table information is available.   
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Appendix A. BMP Checker Default Constraint Table 

The BMP constraint table was built using information obtained from the 2011 edition of the 

Virginia Stormwater Management Handbook BMP Standards and specifications for post-

construction, non-proprietary BMPs (Virginia Department of Environmental Quality, 2011). 

Some constraints were not explicitly listed in the BMP standards and specifications. Such 

constraints were inferred from other portions of the text, or were determined in a way that 

functions well with the program but do not make sense as standalone values. Such cases are 

explained below for each BMP. 

Simple Disconnection: 

 Minimum contributing drainage area (CDA) size: Simple disconnection is not 

recommended for lots less than 6000 ft2 or 0.138 ac (557.4 m2 or 0.056 ha).  

 Maximum CDA size: Arbitrarily set to 1000ac (404.7 ha) because simple disconnection 

can be used on any size drainage area, provided each disconnection serves less than 1000 

ft2 (92.9 m2) of impervious surface.  

Sheet Flow to Conservation Area: 

 Minimum BMP depth: Determined using minimum slope and associated minimum BMP 

width. Sheet flow with a slope of 0.5% and practice width of 35 ft (10.7 m) yields a 0.18 

ft (5.5 cm) depth. 
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Sheet Flow to Vegetated Filter: 

 Minimum BMP depth: Determined using minimum slope and associated minimum BMP 

width. Sheet flow with a slope of 1% and practice width of 35 ft (10.7 m) yields a 0.35 ft 

(10.7 cm) depth. 

Grass Channels: 

 Maximum CDA slope: Set to 5% to allow pretreatment of stormwater by sheet flow.  

 Minimum BMP depth: The 10-year flow depth should be approximately 1.0 ft (30.5 cm) 

and have 6 in (15.2 cm) of freeboard.  

Permeable Pavement: 

 Maximum CDA slope: Set to 5% because steeper slopes would increase the potential for 

sediment deposition and clogging, even from impervious areas.  

 Maximum CDA size: Arbitrarily set to 1000 ac (404.7 ha) because the CDA is 

technically unlimited for both levels, provided the practice occupies at least half of the 

CDA for level 1 and all of the space for level 2. 

 Minimum impervious percentage: Ideally, permeable pavement will have as little run-on 

as possible from nearly 100% impervious areas. The level 1 minimum impervious 

percentage was set to 75% because even though the CDA should be as close to 100% 

impervious as possible, 75% impervious is a starting point for planning. The level 2 

impervious percentage was set to 95%, rather than 100%, to allow for slight errors in the 

inputs.  

 Minimum BMP depth: The value accounts for 3 in (7.6 cm) of pavement, 2 in (5.1 cm) of 

bedding stone, 1 ft (30.5 cm) of reservoir stone, an 8 in (20.3 cm) underdrain layer, and a 
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2 in (5.1 cm) filter layer for a level 1 practice. The minimum depth for level 2 was 

calculated the same, excluding the 8 in (20.3 cm) underdrain layer because an underdrain 

is not required for level 2.  

Infiltration: 

 Minimum CDA size: Set to the minimum size of treated area for a micro-infiltration unit.  

 Minimum impervious percentage: Set to 95%, rather than 100%, to allow for slight errors 

in the inputs.  

 Minimum BMP depth: Determined for an infiltration unit using 6 in (15.2 cm) of sand in 

the trench bottom, 1 ft (30.5 cm) of reservoir stone, and 3 in (7.6 cm) of stone for the 

surface cover.  

Bioretention: 

 Maximum CDA size: Typical drainage area size is less than 2.5 ac (1.0 ha). Bioretention 

can have a CDA of up to 5 ac (2.0 ha), provided that no more than half of that DA is 

impervious. The more conservative value of 2.5 ac (1.0 ha) was used for the maximum 

CDA.  

 Minimum BMP depth: Determined from a 6 in ponding depth (15.2 cm), 3 in mulch layer 

(7.6 cm), a 2 ft soil media layer (61.0 cm), and a 1 ft stone layer (30.5 cm) containing the 

underdrain for level 1. Level 2 minimum depth was found for a 6 in ponding depth (15.2 

cm), a 3 in mulch layer (7.6 cm), a 3 ft soil media layer (91.4 cm), and a 1 ft underdrain 

layer (30.5 cm) with a 3 in pea gravel layer (7.6 cm) separating it from the soil media.  
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Dry Swale: 

 Minimum BMP depth: Determined using 6 in of surface ponding (15.2 cm), 1.5 ft of soil 

media (45.7 cm), and a 9 in gravel bed (22.9 cm) holding the underdrain for level 1. 

Level 2 minimum depth was found for 6 in of surface ponding (15.2 cm), 2 ft of soil 

media (61.0 cm), a 1 ft underdrain layer (30.5 cm) with a 3 in pea gravel layer (7.6 cm) 

separating it from the soil media, and an additional 9 in for a stone sump (22.9 cm).  

Wet Swale: 

 Minimum BMP depth: The practice is allowed to intercept the water table, thus BMP 

depth is not an important decision criterion for the current version of the program and 

was set to zero.  

Filters: 

 Maximum CDA slope: Set to the highest slope suggested for steep terrain, provided that 

the design is terraced to dissipate erosive energy.  

 Minimum impervious percentage: The level 1 minimum impervious percentage was set 

to 75% because even though the CDA should be as close to 100% impervious as possible, 

75% impervious is a starting point for planning. The impervious percentage for a level 2 

filter is 95%, rather than 100%, to allow for slight errors in the inputs. 

Constructed Wetlands: 

 Maximum CDA slope: Set to the steepest side slopes for the practice, 4H:1V or 25%.  

 Maximum CDA size: Size is affected by the capacity to maintain a permanent water 

level. Because wetlands can theoretically be of any maximum size provided the water 
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level is maintained between 0 and 1 ft (30.5 cm), the maximum CDA in the tool is 

arbitrarily set to 1000 ac (404.7 ha).  

 Minimum BMP depth: The practice is allowed to intercept the water table, thus BMP 

depth is not an important decision criterion for the current version of the program and 

was set to zero.  

Wet Ponds: 

 Maximum CDA slope: Set to the steepest side slopes for the practice, 4H:1V or 25%.  

 Minimum BMP depth: Wet ponds are broken into versions that do and do not include 

groundwater. The minimum depth for the version without groundwater was set at 6.0 ft 

(1.8 m), the minimum hydraulic head typically needed for a wet pond to function. The 

version with groundwater is allowed to intercept the water table, thus BMP depth is not 

an important decision criterion for the current version of the program and was set to zero. 

Extended Detention Ponds: 

 Maximum CDA slope: Set to the steepest side slopes for the practice, 4H:1V or 25%.  

 Minimum BMP depth: The minimum depth was set at 2.0 ft (61 cm) because of common 

practice in coastal Virginia.  

  



 

119 

 

Appendix B. Determination of Relative Annual BMP Cost 

Cost information was based on work by King and Hagan (2011), which determined 

approximate costs of stormwater treatment practices per acre of impervious area treated. Because 

the work by King and Hagan (2011) was created specifically for the state of Maryland and a 

significant portion of the costs depend on site-specific factors (Sample et al., 2003), the cost 

information is meant only to gauge the cost of different BMPs relative to one another. 

 King and Hagan (2011) estimated the costs of BMPs based on construction costs, pre-

construction costs, land costs, maintenance costs, and implementation costs. Pre-construction 

costs are a set percentage of the construction costs for each BMP. The sum of the land costs, the 

pre-construction costs, and the construction costs are the initial BMP costs. Maintenance costs 

include annual routine maintenance and intermittent maintenance, and are also a set percentage 

of construction costs. Implementation costs include cost of inspection and monitoring, and the 

cost of enforcing construction and maintenance standards. Total initial costs plus the total 

maintenance and implementation costs were annualized over 20 years to give the average annual 

county implementation cost per impervious acre treated.  

The RRM gives two design levels for most BMPs. The second design level usually 

handles a larger treatment volume and includes other enhanced features, such as more pre-

treatment measures. Weiss et al. (2007) found that there is some “economy of scale” to BMPs. 

When BMP size increased, BMP unit cost per unit of water quality volume decreased for all 

BMPs except bioretention. Bioretention facilities are not recommended for DAs larger than 2.5 

ac (1.0 ha), thus multiple units must be deployed for larger areas, which reduced the potential for 

economies of scale. To better account for the economy of scale when estimating the cost of level 
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2 BMPs, the total present cost (TPC) equations found by Weiss et al. (2007) were incorporated 

into the cost estimates. The TPC equation general form can be seen in Equation 1, 

 𝑇𝑃𝐶 =  𝛽0(𝑊𝑄𝑉)𝛽1 (1) 

where TPC is in 2005 U.S. dollars and represents the total cost over 20 years of operation, WQV 

is the water quality volume in cubic meters, and β0 and β1 are constants. The TPC costs include 

the unit construction costs, the operation and maintenance costs as a percentage of construction 

cost, and inflation and interest rates; land costs were not included. The general equation is a 

function of water quality volume. Weiss et al. (2007) calculated the constants and their 

associated 67% confidence intervals for six BMP types. 

Virginia BMP types were matched to the BMP types used in the studies by King and 

Hagan (2011) and Weiss et al. (2007). Simple disconnection was not investigated by either set of 

authors, so cost information for simple disconnection was not evaluated. The remaining BMP 

match-ups can be seen in Table B-1.  

The monetary values by both sets of authors were first transformed into 2015 U.S. 

dollars. The construction costs determined by King and Hagan (2011) were transformed using 

the Engineering News-Record (2015) Construction Cost Index (ENR’s CCI) for June. 

Construction costs were raised 1.09%. The Center for Watershed Protection (CWP) estimated 

that the cost of land in Virginia was 70% that of the cost of land in Maryland, lowering the land 

costs associated with each BMP to $70,000 U.S. dollars per acre (Center for Watershed 

Protection, 2013). The $70,000 figure was transformed into 2015 U.S. dollars using ENR’s 

Consumer Price Index (CPI). Both the land costs and the county implementation costs were 

increased by 1.05%.   
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Table B-1. The Virginia BMPs and the BMPs investigated by King and Hagan (2011) and Weiss 

et al. (2007) are not the same. The BMPs were matched for similarity in order to conduct the 

evaluation. 

Virginia BMP King and Hagan (2011) BMP Weiss et al. (2007) BMP 

Sheet Flow Cons. Area Urban Forest Buffers - 

Sheet Flow Veg. Filter Urban Grass Buffers - 

Wet Pond Wet Ponds and Wetlands (New) Wet Basins 

Wetlands Wet Ponds and Wetlands (New) Constructed Wetlands 

Ext. Det. Pond Dry Ext. Det. Ponds (New) Dry Basins 

Infiltration 

Infiltration Practices w/ Sand, Veg. 

(New) Infiltration Trenches 

Filter Filtering Practices (Sand, above ground) Sand Filters 

Bioretention Bioretention (New - Suburban) Bioretention Filters 

Grass Channel Vegetated Open Channels - 

Dry Swale Bioswale (New) Bioretention Filters 

Wet Swale Vegetated Open Channels Constructed Wetlands 

Permeable Pavement 

Permeable Pavement w/ Sand, Veg. 

(New) 
Infiltration Trenches 

 

The value of β0 in the TPC equation was increased by a factor of 1.35 using the inflation 

rate found in ENR’s CCI. β1 was not adjusted. Because operation, maintenance and inflation are 

incorporated into β0, adjusting for construction cost inflation also adjusts the other factors.  

King and Hagan provided a spreadsheet for calculating BMP costs. The spreadsheet was 

updated with the 2015 U.S. dollar amounts, including Virginia land value. Virginia BMPs were 

added to the spreadsheet, and associated cost formulas were duplicated from existing Maryland 

BMPs, matched in Table B-1. The formulas yield cost per impervious ac treated for level 1 

Virginia BMPs, in both total present cost and average annual cost over 20 years.  
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Level 2 BMP costs were found by using the TPC equation (Weiss et al., 2007) in the 

King and Hagan (2011) spreadsheet formulas. The total present costs for the level 1 Virginia 

BMPs were used to solve the TPC equation for WQV. The WQV was multiplied by the 

minimum size increase between the level 1 and level 2 version of each BMP, a value between 

1.1 and 1.5 (Virginia Department of Environmental Quality, 2013a). Total present costs of the 

level 2 BMPs were found by using the TPC equation with the increased WQV; these calculations 

are tabulated in Table B-2. The total present costs for the level 2 BMPs were then input into the 

King and Hagan (2011) spreadsheet to be annualized. Unfortunately, total present costs for level 

2 BMPs only explicitly account for the change in size between levels. Other factors, like 

enhanced vegetation or diverse microtopography, are not quantified and may represent a 

significant additional expense.  

Table B-2. Transformation of Level 1 TPC based on work by King and Hagan (2011) to Level 2 

TPC via the Weiss et al. (2007) equations based on water quality volume.  

VA BMP 
2005 

β0 

2015 

β0 
β1 

Level 1 TPC 

(2015 USD) 

Level 1 

WQV 

(m³) 

Tv Size 

Increase 

Level 2 

WQV 

(m³) 

Level 2 TPC 

(2015 USD) 

Extended 

Detention Pond 
1281 1727 0.634 $73,200 368 1.25 460 $84,300 

Wet Pond 4398 5928 0.512 $44,500 51.2 1.50 76.8 $54,800 

Sand Filter 

(above ground) 
6153 8294 0.594 $88,500 53.7 1.25 67.2 $101,000 

Bioretention 1542 2078 0.776 $86,900 123 1.25 153 $103,300 

Constructed 

Wetlands 
1515 2042 0.565 $44,500 233 1.50 350 $56,000 

Infiltration (w/ 

sand) 
2237 3015 0.817 $90,400 64.2 1.10 70.6 $97,700 

Dry Swale 1542 2078 0.776 $67,700 89.0 1.10 97.9 $72,900 

Wet Swale  1515 2042 0.565 $41,100 202 1.25 253 $46,600 

Permeable 

Pavement 
2237 3015 0.817 $434,000 438 1.10 482 $469,200 
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The RRM does not classify sheet flow and grass channels based on level or on higher 

treatment volumes (Virginia Department of Environmental Quality, 2013a). Instead, hydrologic 

soil group (HSG) determines the performance credit for each BMP. The addition of compost 

amendments can alter a soil’s HSG, and therefore alter the credited performance. For sheet flow 

and grass channels, the cost of incorporating compost amendments was estimated and added to 

the initial construction costs. According to the Virginia Cooperative Extension (2013), compost 

costs between $15 and $30 per cubic yard and incorporating compost 2 in (5.1 cm) deep per acre 

is $7000 in 2013 USD. Adjusting for inflation from 2013 to 2015 using ENR’s CCI, each acre of 

composted area is expected to add an additional $13,572 to the construction costs, which 

includes compost cost at an average price of $23.40 per cubic yard.  

One impervious acre is treated by 3.7 ac (1.50 ha) of urban grass buffer (King and Hagan, 

2011), but no acreage was given for grass channels. The compostable acreage for a grass channel 

was estimated using a linear catchment. A two lane road, 24 ft (7.32 m) wide and 1,815 ft (0.55 

km) long, is one impervious acre. Only the bottom of the grass channel need be composted; the 

bottom width is between 4 and 8 ft (1.22 and 2.44 m) (Virginia Department of Environmental 

Quality, 2013a). Assuming a 6 ft (1.83 m) bottom and that the channel runs the length of the 

road, the compostable acreage is 0.25 ac (0.10 ha) per impervious acre. The cost, per impervious 

ac, to amend the soil is an additional $50,217 and $3,393 for sheet flow to vegetated filters and 

grass channels, respectively. 

The results of the cost transformation are summarized in Table B-3. The costs are 

estimated based on impervious acre treated. Again, the costs should be used for relative cost 

comparison between other BMPs in the table and should not be used to estimate the actual cost 

of a construction project. Level 2 BMP cost estimates neglect the additional expense of 
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performance-enhancing design features unrelated to BMP capacity and all associated additional 

maintenance.  

Table B-3. Total present and annualized costs per impervious acre treated, in 2015 U.S. dollars, 

for RRM BMPs. The costs should be considered relative to one another. Actual cost of BMPs 

vary by site and design. TPC for level 2 BMPs only explicitly accounts for the change in size 

between levels. Other design features are not quantified and may represent significant additional 

expense.  

Virginia BMP 
Total Present Cost 

(2015 USD) 

20-Year Annualized Cost 

(2015 USD) 

Sheet Flow Cons. Area $62,600 $3,200 

Sheet Flow Veg Filter $45,000 $2,300 

Sheet Flow Veg Filter w/ CA $94,500 $4,800 

Wet Pond Level 1 $44,500 $2,300 

Wet Pond Level 2 $54,800 $2,800 

Wetlands Level 1 $44,500 $2,300 

Wetlands Level 2 $56,000 $2,800 

ED Pond Level 1 $73,200 $3,700 

ED Pond Level 2 $84,300 $4,300 

Infiltration Level 1 $90,400 $4,600 

Infiltration Level 2 $97,700 $4,900 

Filter Level 1 $88,500 $4,500 

Filter Level 2 $101,000 $5,100 

Bioretention Level 1 $86,900 $4,400 

Bioretention Level 2 $103,300 $5,200 

Grass Channel $41,100 $2,100 

Grass Channel w/ CA $44,500 $2,300 

Dry Swale Level 1 $67,700 $3,400 

Dry Swale Level 2 $72,900 $3,700 

Wet Swale Level 1 $41,100 $2,100 

Wet Swale Level 2 $46,600 $2,400 

Permeable Pavement Level 1 $434,000 $21,700 

Permeable Pavement Level 2 $469,200 $23,500 
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Appendix C. Output Samples from the BMP Checker Program 

In addition to the main output table (Table C-1), up to four secondary output tables are 

generated depending on whether RRM loading was calculated. Additional tabular outputs 

include a listing of BMPs that failed at least one criteria check and why the BMP failed (Table 

C-2), a summary of the physical attributes by DA for the total site (Table C-3), RRM soil and 

land cover areas for the total site including estimated untreated load (Table C-4), and soil and 

land cover areas by each DA (Table C-5). Table C-1 through Table C-5 provide an example of 

the tabular output from BMP Checker for a single DA catchment (“Main”) with a single land use 

type (impervious) and two HSGs (C and D). Table C-4 and Table C-5 are only included if the 

users specify preference for RRM loading calculations. The latter two tables are meant to be used 

to provide input to the VRRM Compliance Worksheet (Virginia Department of Environmental 

Quality, 2012).  

Spatial outputs are also generated during the course of the tool and provide a visual 

summary of site characteristics. Each spatial calculation is saved, but four of the most helpful 

spatial outputs were considered most useful and were stored apart from the rest: fully-distributed 

slope, effective HSG, median slope, and median SHWT depth. Examples of these outputs are 

provided in Figure C-1. Note that these spatial outputs are unrelated to the tabular outputs 

provided in the sample output tables.  
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Table C-1. Potential BMPs. A sample of the main output from BMP Checker with the RRM loading calculated. 

Code DA HSG BMP Coastal Mod 
TPR 

(lb/yr) 

TNR 

(lb/yr) 

Maintenance 

Preference 

Est. 

Annual 

Cost 

Min. 

Equivalent 

Units 

CW2 Main C,D Constructed Wetland- Level 2 --- 9.57 50.22 Intensive, not preferred $2,800 1 

F2 Main C,D Filter- Level 2 Separation and Depth 8.30 41.09 Intensive, not preferred $5,100 2 

F1 Main C,D Filter- Level 1 Separation and Depth 7.66 27.39 Intensive, not preferred $4,500 2 

PP1 Main C,D Permeable Pavement- Level 1 --- 7.50 53.64 Allowed $21,700 1 

BRE1 Main C,D Bioretention Basin- Level 1 Separation and Depth 7.02 58.43 Intensive, not preferred $4,400 3 

DS1 Main C,D Dry Swale- Level 1 WT Separation 6.64 50.22 Allowed $3,400 2 

CACD Main C,D Sheet Flow Conservation Area C&D --- 6.38 45.65 Allowed $3,200 2 

SDSA Main C,D Simple Disconnection C&D with Soil Amendments --- 6.38 45.65 Unavailable $---- --- 

VFSA Main C,D Sheet Flow Veg Filter B,C&D with Soil 

Amendments 

--- 6.38 45.65 Allowed $4,800 2 

CW1 Main C,D Constructed Wetland- Level 1 --- 6.38 22.83 Intensive, not preferred $2,300 1 

GCSA Main C,D Grass Channel C&D with Soil Amendments --- 4.08 32.87 Allowed $2,300 2 

SDCD Main C,D Simple Disconnection C&D --- 3.19 22.83 Unavailable $---- --- 

GCCD Main C,D Grass Channel C&D --- 3.00 25.56 Allowed $2,100 2 
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Table C-2. Incompatible BMPs. A sample of secondary output from BMP Checker. This table 

lists reasons why each BMP was removed from consideration. 

Code DA HSG Reasons for Incompatibility 

BRE2 Main C WT proximity 

CAAB Main C Soil type mismatch 

SDAB Main C Soil type mismatch 

VFA Main C Soil type mismatch 

WP1 Main C WT proximity, CDA too small 

BRE2 Main D WT proximity 

CAAB Main D Soil type mismatch 

DS2 Main D Slope too steep, WT proximity 

EDP1 Main D WT proximity 

EDP2 Main D WT proximity, CDA too small 

 

 

Table C-3. DA Attributes. A sample of secondary output from BMP Checker. This table 

summarizes the physical characteristics of each DA and gives RRM total pollutant load, if 

desired. These results are for a single drainage area. 

DA HSG Median 

Slope (%) 

Median WT 

Depth (ft BLS) 

Area 

(ac) 

TP Load 

(lb/yr) 

TN Load 

(lb/yr) Main C,D 3.89 3.86 5.871 12.78 91.40 

 

 

Table C-4. RRM Site Summary. A sample of secondary output from BMP Checker if RRM 

loading is desired. The area values in the table are meant for the Total Site inputs in the VRRM 

Compliance Worksheet (Virginia Department of Environmental Quality, 2012), with Post-

Development Tv and loadings included for comparison. 

HSG Land Cover Area (ac)  Metric Value 

C Impervious 5.212  Post-Development Tv (ac-ft) 0.47 

D Impervious 0.651  Post-Development Tv (cubic ft) 20,336 

    Post-Development TP Load (lb/yr) 12.78 

    Post-Development TN Load (lb/yr) 91.40 
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Table C-5. RRM DA Summary. A sample of secondary output from BMP Checker if RRM 

loading is desired. The area values are meant for the individual D.A. inputs in the VRRM 

Compliance Worksheet (Virginia Department of Environmental Quality, 2012). 

DA HSG Land Cover 
Area 

(ac) 

Main C Impervious 5.244 

Main D Impervious 0.653 

  

 

 

 

Figure C-1. The four most useful spatial outputs from BMP Checker. From the top left, working 

clockwise: slope (%), HSG after dual-group soils have been resolved into single-group based on 

SHWT, median slope by DA, and median SHWT depth by DA. 
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Appendix D. Maps of Physically Feasible BMPs across Virginia Beach  
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Figure D-1. Suitable locations for simple disconnection based on a 10,000 sq. ft area. 
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Figure D-2. Suitable locations for sheet flow to conservation area based on a 10,000 sq. ft area. 
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Figure D-3. Suitable locations for sheet flow to vegetated filter based on a 10,000 sq. ft area. 
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Figure D-4. Suitable locations for grass channels based on a 10,000 sq. ft area. 
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Figure D-5. Suitable locations for permeable pavement 1 based on a 10,000 sq. ft area. 
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Figure D-6. Suitable locations for permeable pavement 2 based on a 10,000 sq. ft area. 
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Figure D-7. Suitable locations for infiltration 1 based on a 10,000 sq. ft area. 
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Figure D-8. Suitable locations for infiltration 2 based on a 10,000 sq. ft area. 
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Figure D-9. Suitable locations for bioretention 1 based on a 10,000 sq. ft area. 
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Figure D-10. Suitable locations for bioretention 2 based on a 10,000 sq. ft area. 
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Figure D-11. Suitable locations for dry swale 1 based on a 10,000 sq. ft area. 
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Figure D-12. Suitable locations for dry swale 2 based on a 10,000 sq. ft area. 
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Figure D-13. Suitable locations for wet swales based on a 10,000 sq. ft area. 
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Figure D-14. Suitable locations for filtering practices based on a 10,000 sq. ft area. 
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Figure D-15. Suitable locations for constructed wetlands based on a 10,000 sq. ft area. 
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Figure D-16. Suitable locations for wet ponds based on a 10,000 sq. ft area. 
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Figure D-17. Suitable locations for extended detention ponds based on a 10,000 sq. ft area 
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