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PERFORMANCE ANALYSIS OF THE ASHBY STORMWATER RETENTION POND IN
THE CITY OF FAIRFAX, VIRGINIA

Daniel Nathan Schwartz

ABSTRACT

Ashby Pond irthe City of Fairfax Virginia was retrofitted to treat runoff from 54.7 hectares of
urban land of mixed use. The pond discharges into Accotink Creek, a highly urbanized tributary
of the Potomac River and Chesapeake Bay that is listed on the State of Virginigli308{d

multiple impairments. The entire mufttate Chesapeake Bay Watershed is subject to Total
Maximum Daily Load (TMDL) restrictions on sediment, phosphorus and nitrogen. Virginia and
local municipalities assign pollutant reduction credits to raiemionds that meet certain design
requirements. However, to actually meet existing and future water quality goals set by TMDLs,
it must be proven that such ponds truly provide the water quality benefits for which they have
been credited. The inflow anditlow water quality of Ashby Pond was examined over 7 months
from fall 2012 to spring 2013. During that period, the pond provided statistically significant
reductions of phosphorus, nitrogen and suspended sediment, but not organic carbon or oxygen
demandAshby Pond had nesignificant exporbf sodium, chloride and calciurithe pond
underperformed when compared to state reduction cfediphosphorus load and concentration,
but met and exceeded the credits for nitrogen load and concentration, respethie pond was

undersized compared to state design standards, and some underperformance should be expected.
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1. INTRODUCTION

Ashby Pond is a stormwater management por€ityof Fairfax Virginia. It has &4.7hectae
watershed of mixed urban and suburban land use. The Virginia Tech Biological Systems
Engineering Department (BSE), the Occoquan Watershed Monitoring Laboi@iiyi() of

the Virginia Tech Department of Civil and Environmental Engineering (C&ttlthe City of

Fairfax, using grant funds from the National Fish and Wildlife Foundation (NFWF), conducted

an extensive retrofit of the ponBlased upon a design develogsdBSE,the pond was dredged,

the bottom regraded, and a new concrete outflow structure was. liioklstruction work was
performed by the City of FairfaxGrant funds were also used to install all water quality and
guantity monitoring equipment, and tmpide funding for graduate student research
assistantships. The retrofitted Ashby Pond was host to two studies: a performance analysis of
floating treatment wetland$TWs) established in the pond, and this performance analysis of
stormwater treatment priwled by the pond itself. The overall project andRER&V sub-study

were directed by Professor David Sample of the BSE Department; the pond performance sub
study was directed by Professor Thomas Grizzard of the CEE Department. Together, Professors
Sampleand Grizzard were responsible for the application, financial management, and reporting
requirements of the grant, as well as project management of the pond retrofit and data collection.
A BSE PhD student, C.Y. Wang, performed BI8VN experiments and analgsand an MS

student in Environmental Sciences and Engined&®EN) Dan Schwartz, performed data

analysis of the stormwater treatment provided by Ashby Pond. Design, installation, operation,
and maintenance of the site instrumentation and water qdatiycollection were provided by

faculty and staff of the OWML



2. LITERATURE REVIEW
2.1 INTRODUCTION TO URBAN STORMWATER POLLUTION AND MANAGEMENT
The hydrologic cyclén natural landscapes is dominated by the infiltration of rainfall by,soils
and thereturn of wateto the atmosphere by transpiratioom plants and evaporation from land
and plant surfaces. €lvolume of precipitatiomemainingafter these reductions is available to
flow over the land surface as runoff. This runoff can pick up, ientradissolve losematerials
on the land surfadeboth manmade and naturdlandflush them into the nearest receiving
waters: streams, lakes, rivers, baysi eventually the oceans. In tietural environment, the
total amount of runoff is smalhs isits total pollutant load.n urbanizing landscapgestormwater
volumes increase markedly and the developed land swatés@s a source pbtentially
harmful materials to mobilizé_eopold, 1968)For this reason, and the increase in urbanization
worldwide, stormwateiis a particularly pressing issue in the controhofpointsource

pollution.

The termnonpointsource pdution signifies the diffuse riare of this form of pollutiod it
originatesfrom multiple sources amareas at onéein contrast to poinsource pollution whose
source is centralized and easy to identify, such as the wastewater outfall of an industrial site
(NVPDCand ES) 1992) The seminal environmental lawthe United States addressing water
pollutiond knowncommonly as the Clean Water Act (CWBA}Yargetedboth point andhonpoint
source pollution However, it was many years after the 1972 passage of thele¥re the
federal and state governments begamjglementthe nonpointsource pollution regulations
authorized by the laiNovotnyandOlem,1994. Language in the CWAhat require states to

regularly monitor and report the condition offsige waters within their jurisdictiof§/ SEPA,



2009)has raised awamess in both theegulatoy and the publisectors othe magnitude of the

negative effects caused by diffuse stormwater.

APut simply, the vast majority of our nat.i
being restored unless the nonpoint sourcesctffg those waters are effectively
remediated. Moreover, unless nonpoint sources are more effectively addressed, we will

continue to see the number (UBSBPARODP ai red wat

While once lightly regarded, stormwatemow rightly seen as one of the most important causes

of water quality dgradation and its effective control & majorhurdle that mst be overcome to

achieve thailltimate goalot he CWA, restoration of the fchemi
i nt e oflUBwaters(33 U.S.C. 125&t seq, 2002) In thesections that followthe causes,

sources, constituents and effects of stormwaiébe discussed, as well asetregulations

designed to control it. Later sections veitldress thdesign and effectivess of the stormwater

wet pond or retention pond in reducing the harmful effects of stormwater pollution.

2.2 HYDROLOGIC EFFECTS OF URBANIZATION

During theurbanization process, large areas of permeableae@ilrendered impervious by
capping of roads, footpaths, rooftops and parking(letdlis, 1975) This results in a large
decrease in infiltration, groundwater recharge, soil moisture and base flowsperpbgional
increase in the volume stirfacerunoff . (Boothet al, 2002; DietzandClausen, 2008; Fletcher
et al, 2013; Hollis, 1975; Hornest al, 1994; Jacobson, 2011; Leopold, 1968; Schueler, 1994,
USEPA, 1992a; Wanet al, 2001; Yanget al, 2011 The altered hydrology causes widespread

impacts on receiving bodies, includingstream erosion (Allmendingetal., 2007; Nelsomand



Booth, 2002), reductions in the populations of sensitive aquatic species and increases in the
populations of tolenat species (Albertetal., 2007), increased inputs of nutrients and toxins
(Careyetal., 2013; Walslet al, 2005), and increases in water temperature (Neladi®almer,

2007).

Evidence of the correlation between the amount of impervious ssifeaavatershed and the
volume of runoff created abousd\fter urbanization, average peak flows can be 2 to 4 times
greater than prdevelopment conditions (Chin, 2006). Total runoff volumes have shown a
positive linear correlation with increasing watexdhmperviousness (USEPA, 1983; Novotny
andOlem, 1994; Schueler, 1994), but for small watersheds with little ability to attenuate runoff
spikes, the increase may be logarithiieetz andClausen, 2008 Results reported from the
Nationwide Urban Runoff Progra(MURP)Y an EPAfunded study that was one of the first to
provide indepth characterizations of stormwater quality, quantity and treadnpeasated the
runoff coefficientthe ratio of runoff deptko rainfall depth for each of the nationally distributed
study sitegUSEPA, 1983)While thestormto-storm runoff coefficientérom each site ere
lognormally distributed, the mediaite coefficierts showed a strong linear correlation with the
percentwatershedmperviousnes§USEPA, 1983)This relationship is shown in Figure 2.2.1.
Novotny and Olem (1994) found thabove 20%vatershedmperviousnessach 10% increase

in the amount of imperviomgssresults in a 0.1 increase in the runoff coefficient.

An explanatiorof the differences in correlation could be that the Dietz and Clausen study
focusedon a particularly small drainage area. Smaller waterstesg®nd more quickly to

storm eventswhereasarger watershedsave a greaterapacity to prolong and dampen runoff



spikes(CharacklisandWiesner, 199y It would follow, then, thatirbanization may cause

especially large changes in the hydrology of smaller, headwater sifeatsandClausen,

2008)
Figure 2.2-1 Watershed Imperviousness andedian Runoff Coefficients
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Imperviousness mayne most visible cause of stormwatelumeincreass, but the effect of soil
changes and grading should not be underestimated. In undeveloped landscapes, the topography
is varied and manymall depresionsare preserthat can trap and hold water. These

depressions are graded out to create the smoother, free draining surface that characterizes the
urbanized landscapand the stormwater retention they provided is (Bistlis, 1975) In all but

the area®f most intense urban land use, significant pervious surface remains, suchsas lawn
medians and playing field¥et the regraded soils found in these pervious surfaces are not

natural; they have been compacted and are in marginal to poor conditibrating less rainfall

and creating more surface runoff thartheir former statéHancockandChambers2010. In



fact, the fundamental hydrologic effect of urbanization has been stated to be the loss of water
storage in the soil column, caused by both the increase in impervioasesuals well as the
compaction of remaining sdiBoothet al, 2002. In addition, changes in vegetative cover can

also cause increases in runoff. The combination of soil compaction and the conversion of mature
forest to suburban vegetation, mainly lawns, was shown to be far more significant in determining
the resulting peak discharges of stormwater from developitad areas than the small increases

in impervious surface@oothet al, 2002.

All fresh water is part of the wer cycle, and its total volume is finite adividedamongsbonly

a few compartmentsurface water, groundwater, atmospheric water and ice. Volume increases
in onecompartment museduce the volume of water held in othem the caseof urbanization
stormwater angtorage in soils angroundwatemayhave an antagonistic relationship: increases
in runoff are matched by proportional decreases in groundwater storage and soil moisture
(Horneret al, 1994 Jacobson, 2011;eopold 1968 USEPA 19923; Wanget al,, 2001). Since
groundwagr is the primary source for the maintenance of dry weather flostseams and

rivers, a reduction in groundwateray manifest as a similar reduction in base figvorneret

al., 1994. In a study of USnid-Atlantic Piedmonstreamsbase flowtypically declined to 30%

of its predevelopment average whtre upstream watershed surpas3@d5% imperviasness,
and less than 10% aeferage when 65% imperviousnesssweachedKlein 1979) However,

other studies found inconsistent correlations between urbanization and base flowg\e)sh
2005), and a few even observed increabkely due to pipe leakage and irrigation (Jacobson,

2011; Schueler, 2009).



Perhaps even more dramatic than the decline in base flow is the effielstnizatioron the

peak flows of receiving waters. Peak flows are not just affected by the incvetsee of

runoff, but by therelocity of the runoff as well. Runoffelocityis increased by the manade
surfaces over which it flows in urbanized environmiestteet flow and concentrated flow over
smooth, impervious paving and uniform grass rather tth@moretortuous flow patk provided

by the forested floofFletcheret al, 2013; Jacobson, 2011)n addition, marmade conveyances
(e.g.,storm drains, pipegoncreteculverts)efficiently remove most runoff from streets and
lawns(Horneret al, 1994)and convey it to receiving waters\vetlocitiesmuch greater than

could be achievenh natural channel@Hollis, 1975).This results in aeduced time of
concentratiord thetime it takes for runoff from the most distant part of a vwsited to reach the
common outled andthus allows more runoff to flow into the channel in a condensed span of
time (Horneret al, 1994) A small developed watershed may now havee bf concentration

of only a few minutes, whereas in its natural state there could have been a lag of hours, days or
even weeks before all tlstorm flowreached the receiving chaniiBbothetal., 2002).Thenet
effect of increas®in runoff volume andlecreasgin time of concentratiors flood flows that are
larger,flashierand more frequeni the receiving catchment than they were before urbanization

(Chin, 2006).

Flashy stormwater flow has the effect of increasing both the size otfeowditheirate of
recurrencéBoothet al, 2002; Wanget al, 2001) In one of the early comprehensaealyses
of the effect of urbanization on hydrolodyeopold (1968¥ound that streams construct their
channels so as to pass the bankfull flood volume, andldiaat at or above this levélegin to

cause changes in channel morphology. Others have concluded thaingfl floods caralso



be responsible for morpholmgl changegSchueler, 1994Nelson and Booth (2002) found that
stream channel morphology directly correlated with the peak flow rate ofytbar2ecurrence

interval storm. In undeveloped watershedsKjull flows have a man recurrence interval of 1.5

to 2 yeargLeopold 1968 Schueler1987. Urbanization greatly increases the frequency of

bankfull events, and the increase has a near linear relationship with the level of imperviousness
in the contributing watershg&chueler, 1987 Bankfull flows have a mean recurrence interval

of 1.5 to2 years in undeveloped watershéidsopold 1968 Schueler1987. Urbanization

greatly increases the frequency of bankfull events, and the increase has a near linear relationship
with the level of imperviousness in the contributing watergBetiueler, 1987) Leopold(1968)

found that a watershed that is only 20% impearsmould double its bankfull frequency.

For larger flood events, as the recurrence interval and flood size grows larger, the effect of
urbanization on increased flooding frequency grows less pronodiHodls, 1975; Yanget al,
2011) However, the flow vimme of these storms, if not necessarily their recurrarieevals

can be greatly increas¢Boothand Jacksgrl997) with peak flow rates for a 100 year storm

potentially doubled in a watershed that is 30% or more imperyidoifis, 1975)

The net effect of urbanization asten a flow regime that is much more variable, with higher
peak flows and reduced base flows (Rafal, 2006). This isvell illustrated in a study bBryan
(1972)that examined the water quality and flow characteristics of a stream draining a heavily
urbanized section of Durham, NC. The base flow of the stream ave¥ddetls, compared to

the highest recordestorm flowof 700ft*/s. Thefactor of7,0000ver tre rangeamply illustrates



the flashiness aftorm flowas well as theeductionof inter-storm base floveontributions to

urban streams.

Increased erosion, both on land and within receiving channels, is an unfortunate side effect of the
flashy nature of lban stormwater flowsThe US Department of Agricultufdatural Resources
Conservation Service (USDNRCS) Universal Soil Loss Equati¢dSLE), Equation (1),
presents droadlyaccepted way to estimate annual erosive losses dfamilland surfaces
(Homeret al, 1994)

E=RKLSCP 1)
The E variable represents annual erosion loss in tons per acre per year. All other variable are
unitless: R is the rainfall erosion index, K is the soil dritly factor, L and S are combined to
create the slope length and steepness factor, C is the land cover factor and P is the erosion
control factor As maybe seen fronkEquation (1) the above factors have a linear relationship
with total erosive lossedn Horneret alb £1994) analysi®f the equationthe C and P factors
are the variablesiost affected by urbanizatiormhevalue of theC factoris determined byhe
type of vegetative cover applied to the land while the P factor relates to the compacki
smoothness of the soilhe C factor is crucially important during the active construction phase
of urbanization, when land is being graded and soil is denuded. Bare soil has a C factor of 1; the
value forlawnsestablisheeither byseed or sod i8.01, meaning that an active, denuded
construction site will suffer 100 times the amount of erosion it would if it were grassed, all other
factors being equgHorneret al.,1994). This isa dramatic increase, and other researchers have
remarked upon thieigh concentrations of eroded sediment attributable to construction sites

(Bryan1972 GCandWWE, 2012; NelsonandBooth, 2002;Sonzognkt al, 1980. However,



it Is atemporary increase, assuming that the site is stabilizedcaftgsletion of constructiqrso
mostof the effect ourbanization on the C value will be short term. The P value, however,
reflects the poroty of the soil, andaishas been demonstrated, compaction and reduced fyorosi
can bepermanent posirbanization characteristics of s@oothet al, 2002 Hancockand
Chambers2010. According to Horneet al.(1994), sil that has been machine compacted and
smoothed has a P value of 1.3, whereas rough soil that habbsened to deeper than 12
inches receives a value of 0.8. The compacted and smoothed condition is typical of post
construction soil, and the difference in P values shows that a soil such as this will suffer 40%
more erosive losses as a regHibrneret al, 1994. While theincrease is not as dramatic as the

changes in preand postconstruction C valuet is generallypermanent.

In response to @iwe construction, urban stream bexdten fill with eroded sediment (Chin,

2006). Howeer, after installation of impervious surfaces and stormwater conveyances is
complete, this accumulated sediment is flushed out and stream beds and banks begin to scour to
create the wider and deeper channel needed to accommodate the larger flow vollrates arf

the urban watershed (Chin, 2006; Want@l.,2001). The onset of irstream erosiomaybe

observed \Wen there is as little as 10% imperviousness in the contributing waté&stiecler,

1994) Abraded materials froithe stream banks and bed and from the soils within the

watershed become a pollutant in themse({¥=sonandBooth, 2002) contributing to water

guality problems downstream

1C



2.3 THERMAL EFFECTS OF URBANIZATION

The thermal regime within receiving watenayalso change significantly asresult of

urbaniation As forest and fields are removed, impervious paving and raati&p their place.

To a much greater degree, these materials absorb-@maitra significant amount of heat
(Schueler, 1994). Runoff traversing these surfaces can become he#t¢daelsenandPalmer,
2007) asmaythe surrounding aiGalli, 1990. The loss of forest canopy also exposes surface
water and soil to the direct irradiance of the @dewlettandFortson 1982 NelsonandPalmer,
2007. Even when the riparian canopy is untouched by development directly, flashy urbanized
streams expose themselves to increasing sunkigen they erode and widen their banks,

causing the felling of nedrank trees and a widening gap in the canopy immediately above

(Wangetal., 2001).

A high correlation between stream temperatures and watershed imperviousness has been noted
(NelsonandPalmer, 2007) In Maryland Piedmont headwater streams, the relationship between
the mean late spring to summer water temperature ar@ishad imperviousnesss been
represented by Equation (@Galli, 1990:

°F=60.4+0.14% Watershed Imperviousness) (2)
The stream with the least amount of watershed imperviousness (1%) was on average 8.6°F
cooler than the stream with the highest imperviousness (60%) throughout the duration of the

study(Galli, 1990Q.

In an examination by Hewlett and Forston (1982) of thermal changes caused by the loss or

riparian shadingwo southeast piedmbwatersheds of almost identical temperature
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characteristics wergtudiedafter one of the watersheds wasarcut for a lumber harvest. In the
clearcut watershed, a narrow patchy riparian buffer of trees was left b&iiadiaily maximum

water temperatres in the stream draining tbiearedand rose in nearly all months compared to

the forested watershed, but the winter daily minimum water temperatures also decreased,
suggestinghat a healthy forest overstory buffers stream temperatures in bothogisecThe

total amplitude of temperature changes in the clearcut watershed, lacking this riparian buffer,
increased by 21°F compared to the forested watershed. In Maryland, stream temperatures were
observed to rise between 3&id 3.7°F after flowing b$50 © 300 feet of partiallypr

completely open riparian bufféGalli, 1990Q.

Different conclusionfiave beenirawn as to the exact mechanisms ofmarag. A surprising

result from the Maryland study was that base flow water temperatures in the monitored streams
were actually higher thastorm flowtemperatures, leading toetltonclusiorthat ambient air
temperatures we a more important determinant of stream temperature than the inflow of heated
stormwateGalli, 1990. The author attributed this finding to the fact tthating most storms,
conditions wee cloud and ambient air temperaturesrevgienerally cooler than during base

flow conditions Contradicting thisother studies have found predictable stream temperature
increases when rainstorms struck during warm summer months (NeldBalmer, 2007)

Hewlett and Brston(1982)concludedhat the heatingbserved irthe clearcut watershed was

dueto changes in the temperature of the groundwater, although increased air temperature likely
played a secondary role. Klgih979 investigated the role @froundwater as well, but found

that groundwater inflows in the migétlantic generally ranged from only 10° to 11°C. This

thermallystable input serveds a buffer against dohighand low temperatures and kegpteam
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areas near the groundwater inflow in the general range of 7.8° to 20°C year round. Of course,
urbanization, because of its abilityreduce groundwater recharge, cordducethis buffer and

thus the abilityof a streanto stay within this rangé&lein, 1979.

2.4 URBAN STORMWATER QUAITY

2.4A StormwaterPollutant Sources and Types

Generahonpointsource runoff is the leading cause of water pollution impairment nationwide
(USEPA 20113). While agricultures the greatest sourcé immpairment USEPA 20113, on a
perunit-areabasis, urbafands are a more concentrated sotdSEPA 19923. Additionally,
because of the growth of cities, the contribution of urban sources todofabintsource

pollution is expected to increasggnificantly(NRC, 2009. Urban stormwater is currently
thought to be th&™ most important source of impairmentl¥s streams and rivers and the"

most importat source of impairment for estuari@éSEPA Attains Database. Accessed January,

2013 http://www.epa.gov/waters/j/

The Nationwide Urban Runoff Program (NURP)
characteri zi(Btgcker198a n runof f 0o

Total suspendesolids TSS

Biochemical oxygen demand (BOD)

Chemical oxygen demand (COD)

Total Phosphorus (TP)

Soluble phosphorus (SP)

Total Kjeldahl nitrogen (KN)
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Oxidized nitrogen (OXN): nitrite (NO,) andnitrate (NQ’) combined

Copper (Cu)

Lead (Pb)

Zinc (Zn)
Other pollutants commonly found in elevated concentrations in wtbamwateinclude
byproducts of automotive use and wgaartorandBoyd, 1972 Shaheenl975 USEPA 199Q
USEPA, 1992aGC andWWE, 2012); bacteria such adecal coliforns and streptococci
(Shaheen1975 Hvitved-Jacobsenl990; and dissolved sal{$lawkinsandJudd,1972 Klein,

1979 USEPA, 1992n

Tracemetak are thought to bgollutans of particularconcern because they are commonly found
in urban runoff ananay be toxic to aquatic lifUSEPA 1983 Strecker 1999. Cu, PbandZn
are naturally weathered, at slow rates and in small quantities, from exposed soils and mineral
depositgStrecler, 1999. Although direct emissions from automobiles is estimated to account
for only 5% of the total accumulation of roadway detritus, this fraction is of particular
importance because of the high percentages of toxics it contains, including(Rletddsen
1975 NovotnyandOlem,1994). The heavy metals found in roadway sediments, and their
automotive sources, are as follows:
-Zinc: Used in tires and as a stabilizing agent in motofSaftorandBoyd, 1972
Shaheenl975

-Cadmium(Cd): Used in tireUSEPA, 1992p
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-Copper, Nicke[Ni), and Chromiun{Cr): Found in metal platings, bushings, bearings
and other moving parts in the engine. Cu especially found in brake li{@hgbeen
1975

-Lead: Almost all lead used in leaded gasoline, but doonad in automotive batteries,

andlead oxide found in tire€Shaheen1975 USEPA 1990.

While roadways are responsilfte a large amount of stormwater metal loadjrihsre are other
sources. Zims commonly used for roof flashing, gutters and downspouts, and has the benefit of
greatly buffering the acidity that is common in urban rair(fdvotnyandOlem, 1994).

However, acidicainfall also cases a significant amount of Zm solubilize, causing the
concentrationsf dissolvedZn in roof runoffto be enriched several hundred times winepH

of rainfall is less than 4NovotnyandOlem, 1994). Rainfall in the Washington, DC metropolitan

areahas been reported tdtenhave a lower pHGrizzard 2013)

Pb, Cd, Cu and Zn are not the only metals present in urban runoff, but they are commonly used

to characterize pollutant metal loads because they are nearly ubiquitous and represent the general
range of transport mechanisii@recker, 1998)It should be noted that Rhost likely poses a

much less serious threat of water pollutiothe US due to the ban teaded gasoline. In a

postban study of first flush highway runoff from the Wagjton, DC area, Plvas found to

almost always be below deteon limits despite the fact that first flush runoff should

theoretically contain the highest percentages of pollu@dsman 1996) A study from the late

1990s that sought to upddte originaINURP characterizations of stormwatguality also

foundthatPb concentrationsad dramatically decreased (Smulétral, 1999. A mid 1990s
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study in the Washington, DC suburbs found that the extractable lead median concentration was
about 4% of the NURP medid8chehl, 1995) These reductions can likely be attributed to the

phasing out of leaetl gasoline starting in the mi®70s(Schehl, 1995)

Nutrients primarily nitrogen anghhosphorus (N and P), also haveariety ofsources in the
urban environment which could lead to runoff enrichm€&oimmon sources are listed in Table
2.4-1.

Table 2.41. Sources of Nutrients in Stormwater

Organic N and P

Inorganic N and P

Vegetative
-Grass Clippings
-Leaves
-Poller?
-Seed$

Fertilizers*

Soil Erosion” 4

Fuel Combustioh*

Flame Retardents*

Corrosion Inhibitorg*

Sewage Wastes

- Combined Sewér
Overflows

-Peté

-Wildlife®

-Septic Tank
Leachatd

-Cross Connection
of Sanitary and
Storm Sewefs

Plasticizers *

Landfill Leachaté

Soil Erosiori

Sources
'NovotnyandOlem, 1994
2SartorandBoyd, 1972
}GC andWWE, 2012
“USEPA, 1992a
Symbols

*=N source only

**=P source only

Bacterid including fecal coliforns, E. coli,enterococci, and streptocoteiaybe found in
elevated levels in urban rundfiSEPA 1983 Williamson 1985 Schuele, 1987 Hvitved
Jacobsenl990. While manystormwateistudies focused their bacterial analysis on fecal
coliforms, the EPA now recommentigt E. coli or enterococci be used as indicators of water
quality because of the better correlation with gastroenteritis in swin{8esPA 2012).
Bacterial analysis of stormwater can be hard to correlate directly to receiving water quality

because many indicator bacteria die out quickly in the natural water enviro{Baeotrand
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Boyd, 1972. Despite this uncertaintgiormwatets clearly a source of elevated bacterial

concentrabns(Strucket al, 2008 Winer, 2000.

Suspended sediments in stormwaaybe divided into two general categories: eroded soill
sediments and all other sources. Erosion of bare soil is by far the largest contributor to the
sediment load of stormwatéBartorandBoyd, 1972) and its major sources include construction
sites, denuded landscape areas and eroding stream lsi{@tineendingeretal., 2007; GCand
WWE, 2012; NelsomndBooth, 2002) Road sanding is a potential source of sands during the
winter monthdGC andWWE, 2012) but the greatest source of particulates from the
transportation sector is the road surfaself (SartorandBoyd, 1972) the breakdown of which

can be responsible for up to 15%tloe total watershed sediment load (NelsodBooth, 2002)

A final major source of suspended sediments is atmospheric deposition: both wet fall and dry fall
(GCandWWE, 2012) The common sources of windblown urban dust are unpaved roads and
railroads uncovered stockpiles, constructions sites, landfills, paved roads and industrial

emissiongNovotnyandOlem, 1994)

Oxygen demand, both ihemical(BOD) and chemical (COD), correlates directly to the
amount of oxidizable organic matter that is present in storm\@&itierckey 1999. Therefore,
mosturban soucesof organic materialén runoff are also responsible foontributing to thénigh
oxygen demanaf stormwater Vegetative detritus is thought to be a leading so{Baetorand

Boyd, 1972.
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Salt is a potential stormwater pollutant of particular concern during winter m@u#hsrand
Boyd, 1972 USEPA, 1992a In areas ofhe United Statewhich receive significant snowfall

an average of 20800 pounds of salt is applied per lane mile, and nearly all will eventually be
mobilized byrunoff (HawkinsandJudd, 1972) A related concern is &t by causing accelerated
corrosion of metal vehicle parts, salt can also increase the levels of automotiveamretadff

(Novotny and Olem, 1994)

Other toxic materials of concecan be found in urban stormwataromatic hydrocarbons from
gasoline, coal and charcoal burning; PCBs from electrical equipment and insulation; and the

pesticides chlordane, dieldrin, lindane and aliphatic fumg&iBEPA, 1990)

2.4B Stormwater Pollutant Concentrations and Loads

Early studies of urban pollutants;ior tothe Nationwide Urban Runoff Program (NURP)
attempted to characterize the constituents and accumulatsgeaheoadway debris. Tisudy
by Sartor and Boy@1972)described the total pounds of roadway pollutants per mile of street
curb in the Washington, DC aremd providedaseline estimates of the total pollution
accumulation on paved streets. The study did not attempt to sepdratdual sources, sthe
reported loadingare a combination of material from automotive sources as well as material
deposited on streets from the surrounding drainage area and wateksttedy byShaheen
(1975) waglesigned to isolate and measumspfaras possible, theontributions attributable
only to automobile traffic. Té approach allowedlaading rate measurementterms ofpounds
of pollutant accumulation per axle mile driven. Trafidated deposition was considered to

include direct emission of material®ifn vehicles (exhaust, body wear and tear, collision debris,
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etc) as well as sediments and dust tracked onto roadways by cars and trucks. Materials
deposited by air or water from surrounding areas were removed from consideration to the extent
practicableThesetwo studies provide interesting examinations of street loadings, but they

cannot be directly compared because of the diffeneasuremerdapproaches Selected

findingsfrom bothstudies arshown in Table 22 below.

Sartor and Boyd (1972) al$ound that vinile many pollutants of concern weepresent in

roadway debristhe bulk of the debrisonsiseédof inert geological materiauch agjuartz and
feldspar The prime source dghis material wagound to be theaadsurfaceitself, and the
variability in debrismassfrom one location to another wese tothe type of paving material and
themaintenance condition. Asphalt streets contributed 80% greater mass loadings than their
concrete counterparts, and streets of either type in fair to pootemance condition contributed
about 2.5 times the amount of ntééof a well maintained street

Table 2.42. Pollutants Contributed by Roadways

Shaheen, 1975 Sartor and Boyd, 1972
Pollutant ; )
Ibs/axle-mile Ibs/curb mile
Dry Weight 2.30E03 1,400
BOD 5.43E06 135
COD 1.28E04 95
Phosphate 1.44E06 1.1
TKN 3.72E07 2.2
NO, 2.26E08 -
NO; 1.89E07 9.4E02
Tot. Cu 2.84E07 0.2
Tot. Pb 2.79E05 0.57
Tot. Zn 3.50E06 0.65
Tot. Cr 1.85E07 0.11
Tot. Ni 4.40E07 0.05
Fecal Coliform
(orgs/curbmile) - 5.60E+09
Tot. coliform
(orgs/curb mile) -- 9.9E+10
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Street debris is not a direct indicator of water quality problems, maybe reasonably

assumed that greater mass loadings on streets will translate to greater pollutant loads in runoff.

A first-order decay equati@nEquation (39 modeling therelationshipbetween total roadway

debris and the mass of debris mobilized by run@f$ developedly Sartor and Boyd (1972)
Ne=No(1-¢*") 3)

N is the mass of roadway debris of a given particulate size that is molpiézenhit of street

surface areéy/ft?), Ny is the total initial mass of such debris per unit are&’fgand k is a

constant dependent on street surface condiftori®. min.). The last two variables refer to

characteristics of the storm, with r representing rainfall intensity (in/hr) and t representing

rainfall duration (min.)Understandablyas rainfall intensiésand duratiosincrease, the amount

of roadwaydebris mobilized also increaseWhat is surprising is that the roadway constian

dependent on the paving type and maintenance condition of the roadway, but is independent of

the particle sizef theroadway debrigSartorandBoyd, 1972) This means that large particles

are just as likely to be mobilized as small particles duringtaims, and therefore all roadway

debris can be considered a potential stormwater pollutant. By this reasoning, the total

accumulative mass of material on streets has a direct connection to stormwater quality.

Comparisons of roadway runajtiality to rawand treated sewge effluent can also clarify the
importanceof roadwaysas asource of water quality pollutants. Teidiesof Shaheen (1975)
and Sartor and Boyd (1972pmpare pollutant loading rates frosirees andsewage effluent
but in very differat ways.Shaheen calculade¢he per capitgpollutantloading from vehicless if
it were added to waterways at a fairly constant rate, much like sewage effluenDitselfirse,

in reality, runoff loads fromstreets contribute their pollutants to wateys/an intermittent pulses
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(Shaheen, 1975Pata from theSartor and Boy@1972) study were presented as pulse loadings.
Thestreet runoffoads wee what wereassumed to be mobilized duritige first hour of a short
duration, high intensity storm over a theoretical city of 100,000 inhabitants and 400 miles of
curbh The raw and secondary effluent loads were estimates of typical hourly dischatges for
same city.Thisapproach resulted in a positigskewof the ratio and nde streetunoff appear as

a much more potent source of contaminants, because thesaméherin effect, comparing the
highest pulse loads from stormwater to the average faslastewater. It must be remembered
that during inteistorm periods, the stormwater emission rate will be zero, while sewage flows in
a large city are continuous, so in the ldegn aggregate, the contributions from sewage will
greatly converge with, ot overtake, stormwater.

Data from both studies is shown in Table-3.4

Table 2.43. Pollutant Loading Rates of Roadways Compared to Sewage Effluent

Shaheen, 1975 (g/capitaay) Sartor and Boyd, 1972 (Ibs/hr)
Pollutant Traffic Secondary Ratio: Raw Secondary | Street Ratio: Ratio:
Deposition | Effluent Traffic/ Effluent Effluent Runoff Street/ Street/
Secondary Raw Secondary
Effluent Effluent Effluent
TSS 26.3 9.08 2.9 1,300 100.1 560,000 431 5596
BOD 0.06 5.3 0.01 1,100 58.4 5,600 5.1 96
COD 1.41 7.57 0.2 1,200 83.4 13,000 10.8 156
Phosphate 0.016 2.64 0.01 50 29.2 440 8.8 15
TKN 0.004 1.14 0.0 210 12.5 880 4.2 70
Tot. Cu 0.011 0.011 1.0 0.17 0.13 80 471 639
Tot. Pb 0.31 0.011 28.2 0.13 0.13 230 1769 1839
Tot. Zn 0.039 0.03 13 0.84 0.33 260 310 779
Tot. Cr 0.002 0.004 0.5 0.17 0.04 44 259 1055
Tot. Ni 0.005 0.004 13 0.04 0.04 20 476 480
Tot. - -- -- 4.60E+15| 4.6E+10 | 4.0E+13| 8.7E03 870
coliform
(orgs/hr)

The pulse loading of stormwater is an important consideration ginemtifying its relative

importance as a pollutant source. Because its emission rate is most frequently zero, stormwater
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may do little to change the ambient quality of receiving waters over the longogrdyring

runoff pulsesshortterm shock loadinghaydo lasting damage to aquatic bi¢ghaheen, 1975)

As an illustrationcompared to stream base flow, gterm flowconcentrations of total trace
metals, dissolved metals and polycyclic aromatic hydrocarbons (PAH) were found to be seven
times, two times and twenty times as h{ghunkiltonet al, 1997. On a peistorm loading

basis, the bulk mass ofany types o€ontaminants flusheahio receiving waters durirgtorm

flow pulses can exceed weeks or even months of background contaminant loading from dry

weather flowgCharacklisandWiesner 1997).

Given thecaveats above about pulse versus continuous loading, it is still instrudibed tat the
ratios in Table 2.48. In the percapita basisinalysis by Shaheen (197Sjreet debrigvas found
to bea more potent source of TSS and all nsstakcept chromiumConversely,TKN and
phosphateoncentrations were found to be much greater in the effluanhe pulse loading
analysis bySartor and Boy@1972) as would be expected, stormwakeasa much more
concentrated source of all pollutants when compareddorslary effluent, and traiiraw
sewage only in the number of total coliforms. Bhermwater:wastewater ratios footh raw
and secondary wastewatgeereparticularly high for TSS and all metals, suggesting that
stormwater pulses are an important sewtthese pollutantsThe ratios were lowest for

phosphate and TKN, similar to the pattern found&Shgaheerf1975)

Many researchers have quantitatively analyzedctirecentrations of harmful constituents of
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urban runoff from the 1980s to the presdmble 2.44 presents a summary of the findings of
severaktudies that have characterizsmhcentrations, while Table 25dsummarizes conclusions

about examined pollutant mass lo@dpressed on a unit area basis over time

From Table 24-4, an interestig patterremergesmedian concentratigraregenerally lower
thanmean concentrati@n This is probablypecausenost water quality datareright skewed,
meaningthat a €w highconcentrationsesulting from large, runoffich stormsmay increase the
avaage valuegUSEPA 1983. Although nean valuesire afected in this waymedias are not
similarly biasedHelselandHirsch, 2009. As a result, median values reported in the literature
will almost always be less than means, even from similar datasstselandHirsch 2002.

Table 2.44. Pollutant Meanand Median Concentrations of Stormwater

Median Concentration Mean Concentrations
Pollutant NURP* | Smuller? | Williamson® | Bryan® | Camponell® | Dorman® | Hvitved-
Jacobsen
TSS (mg/L) 100 54.5 52 2,730 - 578 30-100
BOD (mg/L) 9 115 6 145 - =
COD (mg/L) 65 44.7 39 179 - - 4060
TP (mg/L) 0.33 0.259 0.104 0.58 -- 0.92 0.5
SP (mg/L) 0.12 0.103 0.026 - - 0.43
TKN (mg/L) 15 1.47 1.02 - - 12.77 2
OX-N (mg/L) 0.68 0.533 - - - 411
NO; (mg/L) 1.55 -- -- -
Tot . Cu 34 111 23 -- 11.3-70.2 114 5-40
Tot . Pb 144 50.7 95 320 -- 295 50- 150
Tot . Zn 160 129 190 -- 142-389 1,312 300- 500
fecal coliform -- - 4.2x103 30x103 -- -
(orgs/100mL)
fecal strep - - 20x103 -- -- -
(orgs/100mL)
E. coli(orgs/100mL) - - - - - - 103- 1003
Tot. coliform - - 15x103 -- - -
(orgs/100mL)
Turbidity (NTUY - - 21 - - -
1:(USEPA, 1983, 4: (Bryan, 1972 7: (Hvitved-Jacobsen 1990
2: (Smullenet al, 1999. 5: (Camponelli et al, 2010 Notes:
3: (Williamson, 1985 6: (Dorman et al, 1996 *NTU=Nephelometric Turbidity Unit
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Table 2.45. Pollutant Loading Rates of Stormwater

Pollutant | Marsalek* Novotny” Bryan®
(kg/ha-yr) Dense Re$. Igngaal\lgeei? CommS | Ind.¢
TSS 240 942 707 549 834 17821
BOD 30.5 82 25 90 34 94
COD 1166
TP 1.53 2 0.9 15 2.2 3.8
TN 7.2 7.8 7.1 11.2 8.4
Tot. Cu 0.2 0.2 0.08 0.6
Tot. Pb 0.54 0.6 1 2.5 2.1
Tot. Zn -- 0.9 0.6 0.4 4.3
a=Dense Residential Land use 1: (Marsalek, 1979

b=Low to Medium Density Residential Land use

c=Commercial Land use
d=Industrial Land use

3: (Bryan, 1972

2: (Novotnyand Olem, 1994

As with the previous studies of roadway pollutants, it was remarked that stormwater often

exceeded the pollutant concentrations of secondary treatment e(Bugan, 1972; USEPA,

1983) In the case of BODstormwater was shown to match secondary effluentrigadn an

annual basis, and stormwai®S and COD loadirsgvereactually larger than would be

expected from the discharge of raw domestic sewage from a residential catchment of the same

size(Bryan, 1972)although thewuthor noted thahe stormwater pollutantoncentrationsf his

study were atypically high. In concurrenegh Shaheer§1975) stormwater was found to be a

relatively insignificant source of phosphates when compared to sewage gfnert 1972)
Because of the potential toxicity to aquairganisms, metal concentrations in stormwater are a

particular concern. As shown in Tables-2.4nd 2.45, Zn, Cu and Pb are common constituents

of urban runoff, with the concentration of lead declining as a result of the ban on leaded gasoline

(Schehl, 895). Zn is present in the highest concentrations, generally at an average concentration

about

chronic and acute exposure levels @il and 13ug/L, respectivly (Camponelliet al,, 2010.
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Table 2.44 shows that reported Qevels from all included studiesgolated the chronic exposure
criteria, and all but Smullegt al (1999) exceeded the acute exposiresults from NURP also
showed that stormwater Cu concentrations nationwide, while variable, were frequently high

enough to cause the impairment of aquatic IOBGEPA, 1983)

Since oncentrations vary with time, it is beneficial to know if certain segments of the runoff
hydrograph carrjevelsof Cu, Zn, Pb or other toxics that are above acute or chiionits. The
term Afirst flusho is used to describe the
storm hydrograph, as runoff mobilizes sediments and other debris that have been accumulating
on urban surfaces since the last stoviessmarmandHammer, 1998)First flush effects have

been reported in the literatutayt not all pollutants may be affected (Batroeegl., 2010).
Wheneverpollutants are enriched in the first flush, the magnitude appeargiepkbadent on the
size of the watershed being studied. Larger watersheds receive runoff from multiple locations,
each with a unique travel tim¥gnget al, 201). As a result, there is staggering in the timing

of flows delivered to downstream areas] &inst flush effects from any one portion of the
watershed may be attenuated in the mix with flows from other &CéasacklisandWiesner,

1997 USEPA, 1993 This staggering effect is not likely to be seen in smaller watersheds, and it
is more likely that elevated first flush concentrations can be obs@U&#HPA, 1993Characklis
andWiesner, 199Y. Shaheeif1975)calalated the percentage of total pollutant load contained

in the first flush, and found it accounted for more than half dd&HN and fecal coliforms, and
more than one third of phosphate, TKN, BOD and fecal strep. Whepple(1978 found a first
flush correlaibn with Pb as well as phosphat®atroneyetal. (2010) found elevated TSS,

nitrate, dissolved copper and dissolved cadmium in the first flush of a parking lot, but found no
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first flush effect for important pollutants like TN and Tihe presence of thrst flush effect in
smaller watershedsr some pollutantsuggests that the earliest runoff flows during storm
events may be the most damaging to receiving water biology, but even in those studies which
documented this effect, pollutant concentratiomstionued to remain elevated in later parts of the
storm and every flow peak subsequent to the first one also correlated with a spike in pollutant

concentratior{Williamson, 1985)

FromTable 2.45, some differences in stormwater loading rates were observed due to the
surrounding land use. Industrial land seems to create grediteapbloadgNovotnyandOlem,
1994 SartorandBoyd, 1972 USEPA, 1983 This is likely attributable to maintenance and
aesthetic issuésfor example, commercial and residential areas are more likely to have well
maintined paved roads that are swept more frequently (SartiBoyd, 1972). However, the
land use itself may contribute in that industrial vehicles are more likely to be dirty and have
significant falloff of dust and debris during operati@artorandBoyd, 1972) Also, there is
likely to be more atmospheric deposition, both wet and drydeélr industrial areas and other
high-density urban land usésovotnyandOlem, 1994) On a monthly basis, these areas can
experience anywhere fromto 30 tons of atmospheric deposition per square kilonflgtarotny
andOlem, 1994) Additionally, because of the high amount of impervious surficésnse
urban zones, the atmospheric fallout that lands is more likely to make its way to stream and

rivers during storm even{&)SEPA, 1992a)

Another stormwater pollutant byproduct of urban land use is salt. In snowy areas of the US, salt

use on roadways, 98% of which is sodium chloride (N@TdvotnyandOlem, 1994)can result
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in saltladen runoff that has concentrations as high as 11,000 ppm, with smaller concentration
spikes continuing as late as the middle of thi®efong summerHawkinsandJudd, 1972) In
some cases, roadway runoff was found to have the same salt content as sea water: 20g/L

(NovotnyandOlem, 1994)

Natural landscape features also create significant pollutant loads in stormwater. In the fall
months, organic detritdsparticularly falling leaved dominate stormwater nutrient loadings
(NovotnyandOlem, 1994) Each mature tree in a watershed can contributés80bs. of

organic matter and 0.023.15 Ibs. of phosphorus to the watersfiddvotnyandOlem, 1994)

The soil type is also an important consideration, with clayey soils able to contribute significantly

more nutrient loads to runoff than sandsity soils (Sonzogniet al, 1980.

2.4C Stormwater Pollutant Variability

A goal of many urban runoff studies has been to find a link between land use and the
concentration of pollutants stormwater. If a link can be found, those areas that are prone to the
most intense pollution can be made the focus of remediation efforts. The NURP report divided
study sites up according to four general land use types, and isolated the median pollutant
concentrations found in the runoff from each (USEPA, 1983). The summarized results are

reproduced in Table 2-@ below.

While there are some clear differences in pollutant median concentrations between land uses, just
as there were in the mass loadinggdeom Table 2.4, differences were not found to be

statistically significanexcept for open/nenrban landUSEPA, 1983) In fact, the defining
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Table 2.46: NURP Land Use Effects orMedian Stormwater Pollutant Concentrations

I Land use
Pollutant Residential | Mixed | Commercial | Open/Nonurban
BOD 10 7.8 9.3 -
COD | mgiL 73 65 57 40
TSS 101 67 69 70
Total Pb 144 114 104 30
Total Cu 33 27 29
Total Zn 135 154 226 195
TKN eg/ 1900 1288 1179 965
OX-N 736 558 572 543
Total P 383 263 201 121
Soluble P 143 56 80 26

All data from USEPA, 1983.

characteristic of urban runoff seetosbe its variabilityStormwater pollutant concentrations are
quite variable (Streckeat al, 2001)Pollutant concentrations have been reported to vary:

- Within a storm event

- From storm event to storm event

- From site to site within an urban area

- From site to site within the same land use

- From site to site in different land uses

- From one urban area to another

(Sonzogniet al, 1980 USEPA, 1983USEPA, 1992n
Given the wide variability in stormwater concentrations, it can be concluded that urban land use
alone is of limited predtive value when it comes to estimating stormwater quality, and that any
differences are likely eclipsed by stotmstorm variatioUSEPA, 1983) The only significant
difference found in the NURP studies were in the open/nonurban land category, which did have

consistently better runoff quality than all urban land tyjSEPA, 1983)

Storm size also did not correlate significantly with runoff pollutant concentrations. Larger

storms did not exhibit high@oncentrations than smaller stor(@nzogniet al. 198Q USEPA,

28



1983, and many constituents showed a slight reduction in concentratgioran runoff volume

increased.

Bacterial contamination also exhibited a lack of correlation with land use, but did show
significant variability attributable to the seasdpuring warmer months, coliform concentrations
in urban areas increased significar{®haheen, 197%SEPA, 1983 but this increase seemed
to have no correlation to any urban activity, and was likely due tet@csources which do not

pose human health riskgSEPA, 1983)

All'in all, the differences in stormater pollutant concentrations from site to site must be
attributable to sitespecific factors rather than any trait general enough to apply to a whole
category of land use, such as commercial, residential or industrial land. These site specific
factorsmight include the following: landform including topography, geology and soils; land use

intensity; and materials usage within the land (@& zognket al,, 1980.

Land use intensity refers how heavily the land is used for a specific purpose, with an interstate
highway being a more intensive transportation use than a suburban cul de sac. It is not enough to
classify land as industrial or residential, one must also quantify how muchyaisti@gsociated

with those land uses to begin to estimate the effect of the use on stormwater pollutant
concentrationgSonzogniet al,, 1980. To illustrate materials usage, a golf course and a

playground may both qualify as open land, but the golf course will likely receive much higher
levels of fertilizer and pesticide application, and will be at higher risk of shedding stormwater

enriched withthose materials. However, of all three site specific factors mentioned, landform is
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probably the most important determinant of pollutant concentration, and is often more of a
dominant factor than land ug¢g@onzogniet al, 198Q. Of all the factors that fall within the
characterization of landform, the most important is likely soil texture, or the percentage of sand,
silt and clay of the native soi{Sonzogniet al, 198Q. All soils that are not protected from
stormwater erosion provide a nearly infinite pool of sediment and oxygen demanding materials
(NovotnyandOlem, 1994. Clayey soils in particular are a more potent source of runoff
pollutants than sandy soils because they percolate water slowly, create more surfacarsunoff
easier to entrain, and have larger surface areas to which other pollutants (@obaagjniet

al., 1980. As an illustration, clayey soils, even under the same land use as sandyikoils,

cause the leaching of 6.5 times more phosph@aszogniet al, 1980.

2.4D Stormwater Pollutant Loadings vs. Concentrations

While stormwater pollutardoncentrationsnay not show any arked differences from land use

to land use, their does appear to be a very clear and important correlation between land use and
pollutantloadings. The reason is that, while different land uses may not affect concentrations in
any predictable way, theyodaffect stormwater volumgareyetal., 2013;Leopold 1968;

Schueler, 1987; Schueler 1994; USEPA, 1988adings, and loadings are the product of both
concentrations and volume. Therefore, the more runoff there is from a site, the more pollutant

loadings there will b€CharacklisandWiesner, 199Y.

As was shown eatrlier, runoff volume is strongly related to the amount of imperviousness in the
watershedJacobson, 201 1and therefore pollutant loadings will have a diretation to
imperviousness as welbonzogni eal., 198Q Schueler, 1994 Imperviousness alone, however,

may be an inadequate predictor. Compacted, dense urban soil will be less permeable than

30



natural soil(Hancocket al, 2010) and will also cause increased runoff volume and thus
increased loadingsSonzogni gal., 1980.

Runoff studies have confirmed the relationship between increased runoff volume and increased
pollutant loas. A study of BOD and P loads from low density siffglaily housing and high
density multifamily housing found that the high density housing had 4.4 times the daily BOD
loading and 6.6 times the P loading of sireglefamily community (as kg/kfday),despite the
multi-family development being newly constructed and well maintajéddppleet al, 1979.

In Houston, the metals strontium and barium, which were found in lower concentrations in
stormwater than in base flows, nevertheless had-gont storm loadings that were the equal of
weeks of base flow loading simply because of the increased valuraeoff (Characklisand

Wiesner, 199y

Using pollutant loading rather than pollutant concentration as the means of comparison, some
authors found that land use could be usedgenaral predictor of runoff quality. Marasalek
(1978), for example, divided urban land uses into four groups based upon their pollution
potential:

1) Group 1: Low pollution loadsLow and medium density residential (<125 people/ha)

and low intensity indstrial (warehouses and wholesale).

2) Group 2: Intermediate Pollution Loadsligh density residential (>125 people/ha) and

commercial land use.

3) Group llI: Highest Pollutant Loadsviedium and High Intensity industrial.

4) Group VI: Lowest PollutiofPotential- Parks and playgrounds, undeveloped open

space.
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As may be seen, the groupings were not based upon traditional categorizations of land use
(industrial versus residential, for example), but rather upon the density and intensity of land use,

whichmay have a more direct correlation with imperviousness (Sonebghj 1980).

Whether to examine pollutant concentrations or loadings as the runoff characteristic of concern
may depend on the type of receiving body. In lotic streams or rivers, cattergmay be of

more importance because pollutants will pass through the system fairly quickly, but if the
receiving bodys lentic and allows pollutants to accumulate, such as a lake or an estuary, loading

may be the more applicable meas{Hartigan, 1989)

2.4E Physical and Chemical Characteristics of Stormwater Pollutants

Physical and chemical characteristics of stormwater pollutants may be just as important as th
concentration or loading rate because they determine, to a large extent, the availability of the
pollutant to aquatic biota. Pollutants that are readily available can cause rapid, intense,-but short
term oxygen depletion and acute toxicity; pollutahtg ire more resistant to biological uptake
may linger in the system and cause long term harm such as eutrophication, bioaccumulation of
toxins, and chronic oxygen depress(/SEPA, 1983)

One of the most important characteristics of stormwater pollutants is the fractionation between
the dissolved and particulate forms. Strong, direct correlations hewadygorted between the
majority of stormwater pollutants and suspended sediment concent(@rgan, 1972

Williamson, 1985. A result has been that TSS concentrations have often been treated as proxy

measures of total stormwater pollutant lofstsecker, 1999)While there certainly is a
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statistically significant connection, TSS concentrations alone are not enough to accurately predict
the amounts of particulate pollutaii®&recker, 1999)

The distrbution of pollutants between the dissolved and particulate phases has been examined by
many researchers. Metals were found to be nearly evenly divided between the dissolved and
particulate fractions in base flow, but during storm flow, total metal corateris were seven

times higher with the particulate phase accounting for 90% of thg@tatkiltonet al, 1997)

Zinc was found to be primarily in the dissolved phase during base flow, but during storm flow it
showed large increases in the macotloidal size fraction of suspended sol{@haracklisand

Wiesner, 199Y. Iron was also strongly correlated with the mamotoids, in both storm flow

and base flowCharacklisandWiesne, 1997%. Total bacterial counts increased significantly in
stormwater when the turbidity was over 100 NTU, suggesting a correlation with suspended
sedimentgStrucket al, 200§. However, while this correlation could have been attributable to
bacterial attachment on sediment sur§adecould also have been due to the reduction in UV

light penetration afforded by the more turbid wgt&trucket al., 2009.

Despite the findings above, many studies have found that a significant portion of stormwater
pollutants are contained within the dissolved phase. A summary from relevant reports in the

literature is shown iTable2.4-7 below.

The toxicity of any pollutat is a function of its aqueous forfhanizaki Shimokawa et al. 1992)

For metals, the dissolved phase is important because the free dissolved ion is the most toxic form
(Novotny and Olem 1994and for nutrients, the dissolved forms are the most readily available

for biological uptakgStrecker 1999)However, it is not sufficient to quantify the percentages of

a pollutant in the dissolved versusfparate phase, because within each phase thasea
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Table 2.47: Dissolved and Particulate Fractions of Stormwater Pollutants

bollutant Tanizaki® NURP?* Camponelli® Crunkilton **
Particulate| Dissolved| Particulate| Dissolved| Particulate| Dissolved| Particulate| Dissolved

TOC 25% 75% -- -- -- --

Cu - -- 50% 50% 56% 44%

Zn 39% 61% 50% 50% 69% 31%

Pb - -- 90% 10% - --

TP -- -- 60% 40% -- --
TKN - -- 50% 50% - --

Fe 85% 15% -- - - --
PAH - -- -- - - -- 50% 50%
-Notes: 1: (Tanizaki et al, 1992

*NURP fractions not directly measured, but approximations 2: (USEPA, 1983)and (USEPA, 1986)
calculated from limited settling column dataset. 3: (Camponelliet al, 2010)

**Approximate values 4: (Crunkilto n et al,, 1997)

variety of substrates and ligands that can bind the pollutants and attenuate their availability
and/or toxicity.

Within the dissolved phase, many metals bind to dissolved ligands such as sulfides, humic and
fulvic acids, chloride ions and hydroxyl ioffdovotnyandOlem, 1994) Zinc in particular was
found to strongly associate with dissolved organic carbon (HOR3gracklisandWiesner,

1997) and this organically bound form, not the free dissolved ion, was the dominant dissolved
form of zinc in urban strean{$anizakiet al, 1992) Much of the DOC binding the zinc

consisted of humic and fulvic aci@Banizakiet al, 1992) Copper can also bind to DOC in
significant amount§Camponelliet al., 2010) Sulfides act as a powerful binding ligand for
metals, but its effect is largely dependent on the pH and redox potential of théNeatatny
andOlem, 1994) Anaerobic or anoxic conditions must be present for sulfides to play an
appreciable role, and these conditions are more often met in the gereovsediments than in

the water column itse(fNovotnyandOlem, 1994) Acidic conditions have the general effect of
making most cations more solapas the increased concentration &fidhs compete with the

positively charged metal ions for binding spaces on particulate su(eas/andWeil, 199).
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The general imptance of ligands is that all have the effect of reducing the free metal ion
concentration of metals, and thus they also reduce the toxicity of the(MetaitnyandOlem,

1994)

Other dissolved ions, even if not acting as ligands, can affect the toxicity of aqueous metals.
Aqueous ions will compete with dissolved Cu, Zn and Pb for uptake by aquatic biota, so the
toxicity of mdals is tempered by theaturalhardness of the watébtrecker, 1999) This fact is
recognized in Virginia water quality criteria: the values for metals vary as a function of hardness,
with the acute and chronic concentrations beigbdr in harder waters than soft watéva.

Admin. Code9VAC25-260-140).

In agueous systems, if a pollutant is not in its free ionic or dissolved }gaumd form, it must

be attached to a particle (NovotagdOlem, 1994). In the particulate phase, as in the aqueous
phase, there are many different materials with which tHetpals are associated. In the most
obvious fashion, the pollutant is a particulate itself. This is true of most forms of organic
nitrogen and phosphorus, which are contained within the bodies of living plants, animals and
microbes as well as decayingganic detritu§GC andWWE, 2012 ; NovotnyandOlem,

1994). Precipitates are additional forms of particulate pollutants. At high pH ranges, the
solubility of many metal hydroxides becomes low enough that significant metal reduction in the
water column can be achied through the formation and settling of solid precipitéies/otny
andOlem, 1994. Small amounts of metal may form a precipitate wiitlides under anaerobic
conditions(NovotnyandOlem, 1994. Some phosphorus may precipitatih calciumat very

high pH and with iron and aluminum at pHs of 6 to 8.5 (Casey, 1997; Droste, 1997)
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Many pdlutants in sediment are not particulates themselves, but rather are bound to the surfaces
of sediments through various means. Iron (Fe) and manganese (Mn) oxides, organic matter and
clay are all materials that can adsorb pollutants to sediment suifzaraponelliet al, 2010
HoganandWalbridge, 2007NovotnyandOlem, 1994. Carbonates can also bind metals
(Camponelliet al, 201Q. In the sediments of a stormwater pond4286 of particulate zinc

was found adsorbed to Fe anah lixides, and 1:25% was bound to carbonaigamponelliet

al. 2010) The Fe oxide concentration of stormwater pond sedimegslso found to correlate
positively with reductions in stormwater P concentrati¢gtesganandWalbridge, 200Y.

Clays, due to internal substitutions of high valence aluminum and silicon atoms within their
crystl lattices by lower valence cations, carry a net negative charge and can attract and bind
positive ions from solutio(BradyandWeil, 1999. Organic matteand the weathereebiges of

clay particles hava variety of pHdependent charged functional groupstogir surfacewhich

can adsorlboth cationsand aniongBradyandWeil, 1999. Anion adsorption capacity increases

with pH while cation adsorption dominates in more acid conditions (BxadWeil, 1999). The
adsorptive bonds of oxides, clay and organic matter are for the most part reversible, and ions can

be released back into stibn under the right conditions (Brady and Weil, 1999)

The balance between the dissolved and adsorbed phases is highly dependent on the natural
solubility of the pollutant and the surrounding environmental conditions. Under reducing
conditions, Fe antfin oxides carbe reduceddissolve and their bound pollutants can be
released into the water column or the sediment interstitial \{@&t@ueér, 1987 NVPDC and

ESI, 1992. The pH of water is an important consideration as well. Phosphorus bonds with Fe

and aluminum (Al) oxides and organic matter under acidic conditions and with calcium under
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basic conditions, but at near neutral pH it is much more soluble and will leach into the interstitial

waters(NovotnyandOlem, 1994.

Nitrogen behaves quite differently from phosphorus. Whereas phosphorus binds strongly to
sediments and is washed into receiving waters attached to eroded soil p@bel@syand

Olem, 1994, nitrogen generally has a much higher dissolved concentration, mostly due to the
high solubility of nitrate, which is alost always found in dissolved forfHoganandWalbridge,

2007 Williamson, 198%. While nitrate is rarely bound to sediment surfaces, biological activity
within the sediments can stigly affect itsform in aquaticsystems Under anoxic conditions in
bottom sediments, denitrifying bacteria can convert nitrate into gaseous forms that volatilize out
of the systen{BradyandWeil, 1999 GCandWWE, 2012a) Ammonium can bind to clay

particles, volatilize into the atmosphexrg gas at higher pH valyesd in the top layer of

sediment, which is generally oxygenated, undergo bacterial nitrification into fii@tetny

andOlem, 1994.

Reduction of nitrate through denitrification has proven to be one steMags to remove nitrate
from stormwatefWiner, 2000) Those stormwater treatment practices that are able to create the
anoxic conditions needed for denitrificatébrvet ponds and treatment wetlaédgenerally have
much better nitrate removal rates than stormwater facilities whose segliramain oxidized,

such as dry ponds and infiltration facilitigSC andWWE, 2012alLanders, 2006Winer, 2000.

In fact, facilities maintaining oxidizing conditions often increase the amount of nitrate because
they are able to create the conditions needed to convarbaimm to nitrate, but then cannot

reduce nitrate into its gaseous for(Wéiner, 2000)
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Norionic organic chemicads such as polychlorinated biphenyls (PCBs), polycyclic aromatic
hydrocarbons (PAHS), other hydrocarbons, pesticides and heridiangg also adsorb onto
organic matter in sediemts, but at a level controlled by their octamaiter partition coefficient
(Kow) and the organic carbon content of the sediméNts/otnyandOlem, 1994. The Kow can
be normalized to create theyK which is the partition coefficient for a hypothetical sediment
that consists entirely of organic carbon, and one can then describe the totidsialid
partitioning of this branch of pollutants using Equation(¥gvotnyandOlem, 1994.

@ =Koc *(%0OC)/100 4)
@ is the unitless soliiquid partition coefficient of the pollutant and %OC is the organic carbon
percentage of the sedimeAs is evident, higher &: and higher organic carbon in the sediment
will increase the amount of sediment bound pollutant. Some organic pollutants that occur in
much higher concentrations in the sediment as compared to the water include PAHSs,

organochlorine pesticides (DDT, DDHdan, chlordane) and PCEdlovotnyandOlem, 1994.

These pollutants aswell as the heavy metadsich as Pb, Cu and drare resistant to

degradation and can therefore accumulate in sediments over many years, continually increasing
their bound concentrations. This can result in sediment pollutant loads that are several orders of
magnitude greater than the water column, even in systems that have relatively clean

stormwater input§Horneret al, 1994. The sediment load itself cannot be seen as a direct
measure of toxicityWilliamson, 198%, because many of the bound sediments are net bio
available; rathethe pore water concentration is taken as the best measure of sediment toxicity
(DiToro, 1992, NovotnyandOlem, 1994. Even with reduced bioavailability, long term

accumulation of pollutants in sediments can be toxic to the benthic organisms at the base of
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many aquatic food chains, raigithe risk of bioaccumulation at higher trophic le\(elerneret

al., 1999.

Often the same traits that causea@e pollutants to be sedimebbund can lead them to
accumulate within living tissue (NovotandOlem, 1994). In a manner similar to calculating the
Koc, Novotny and Olem (1994) describe how a partition coefficient for bioaccumulation
tendency may be computed by normalizing thgy/Ky the fatty lipid content of an organism.

The partition coefficienthus created symbolizes the equilibrium condition of the pollutant in
living tissue and the ambient water. For nearly all aquatic organisms in all trophictlesels,
lipid normalized bioaccumulation factor equals Kgy up until logKkow=5. Beyond 5, rost

relationships are still positively correlated, but not necessarily l{nfd¢avotnyandOlem, 1994.

Measurements of sediment toxicity aifficult, particularly given the great variety of binding

sites and bioavailability of particulate pollutants. DiToro (1991) devised a measurement called
the sediment toxic unit, or STU, which compares the concentration of a pollutant in interstitial
water to the known lethal concentration in the bulk water column. When the concentration in the
pore water equals the pollutant concentration that causes 50% mortality in test subjects in the
bulk water (the LG, concentration), the STU is given a value ofPlore water concentrations

above the LG will have a value greater than 1, and concentrations below will have an STU less

than 1.

MacDonaldet al (2000) created two sediment toxicity measures known as the threshold effect

concentration, or TEC, and tpeobable effect concentration, or PEC. The TEC represents the
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pollutant concentration in sediment below which negative impacts on aquatic organisms are
thought to be rare, and the PEC is the concentration above which negative impacts are common.
Both TECs and PECs represent calculated consensus concentrations by the authors, created by
reviewing the existing literature, converting all measurements to the mg pollutant/kg sediment
scale, and deriving the geometric means for each pollutant. The TECs@8ddtEeveral

common stormwater pollutants are included in Table82.4

Table 2.48. Sediment Threshold (TEC) and Probable (PEC) Effect Concentrations

Pollutant PEC TEC
Cu 149 31.6
Zn 459 121
Pb 128 35.8
Ni 48.6 22.7
Cd 4.98 0.99
Cr 111 434

All data from MacDonald et al, 2000.
All units in mg pollutant’kg sediment.

Camponelliet al. (2010) examined sediment cores from the bottom of Maryland stormwater
ponds. The cores were analyzed for the total concentration of Cu and Zn, asmvples from

the topmost layer of sediments. All cores had Cu and Zn concentrations above the TEC values
in Table 2.48, and the surface layer of sediments had Zn concentrations that mostly exceeded
PEC values. Cu was mostly between the PEC and TEC mivatiens. However, most of the Cu
(92-98%) was found to be in fairly recalcitrant, unavailable form. Zn was mostly recalcitrant too,
but one quarter to one half was determined to be bound to Fe and Mn oxides. The authors were
concerned that the oxideourd Zn could reenter the water column if the bottom sediments were

subjected to anoxic conditions.
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In a similar Maryland study by Caseyal (2005), stormwater pond sediment cores were
examined for their concentrations of Cu, Zn, Ni, Pb, Cd and Cr. It was found that all examined
metals but Cd were present in concentrations in excess of TECs in at least one of the studied
ponds, and Ni was psent above PEC levels in one third of the study sites. Despite the elevated
concentrations in the sediments, the overlying water column had dissolved metal levels below
the EPArecommended water quality criteria for both acute and chronic exposure, fexcept

few instances of elevated Cu.

It is clear that sediments that settle to the bottom of stormwater ponds and other waterways can
carry with them a significant load of associated pollutants. Because of this, the settling behavior
of suspended sedimes is of interest. Settling particulates convey their pollutant mass to the
bottom and out of the water column, where a portion of pollutants will be stored in unavailable
forms or biologically transformed into less harmful forms. Those that do n@& sstihin in the

water column, or are flushed downstream through the watershed. Several investigations have
used settling column studies to estimate the time in which portions of stormwater TSS will settle
out of suspension. The EPA NURP study (1983)asdbsequent study by the Federal

Highway Administration (Dormaet al, 1996) divided stormwater sediments into five
subcategories based on the amount of settling, and assigned an average settligdove it

as shown in Table 2-@.

The results otheanalyses are similar, and differentieatexist may be explained by the fact

that Dormaret al (1996) examined the first flush of highway runoff, whazim be enriched with

larger particles and could have caused the increase in thieriraf sediments with the highest
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Table 2.49. Average Settling Velocities of StormwateParticulates

Average Settling | Percentage of TSS Masg
Velocity (ft/hr) NURP' | Dorman et &l
0.03 20 18
0.3 20 17
15 20 17
7 20 19
65 20 28

1: (USEPA 1983)
2: (Dorman, Hartigan et al. 1996)

settling velocities. It should be noted that the reported data were based on averages. The settling
velocities for individually monored storms, like most characteristics of stormwater, were highly
variable, and the percentiles from storm to storm could vary by about one order of magnitude

(USEPA, 1983)

Settling column tests were also performed to calculate the pollutant removal associated with TSS
falling out of suspension. The results of such tests not only give estimates af¢bsang time

for significant sediment removal via settling to occur, but also provide an estimate of the
percentage of pollutants that are associated with partic(iddéesianet al, 1996) The results

from two such studies are shown in Table P04

Some clear time patterns can be seen in the literature. Most TSS settlingidandap

completed within the first 6 to 16 houM/hippleet al, 1978) Pb seemed to be the most

particulate bound of the pollutants, and its settling rates and overall removal tracked closely with
TSS(USEPA, 1983WhippleandHunter, 198). While most settling of hydrocarbonscaBOD

occurred in the first 16 hours, settling was very slow in the initial hours of the tests, possibly due
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Table 2.410. Stormwater Pollutant Removal Via Sediment Settling

% Removal From Water Column
Pollutant Dorman et af Whipple et af
6 hours | 48 hours 32 hous
TSS 70-78 87-92 70
TP 3339 43-46 30-60*
Suspended P| 5868 77-81
TKN 19-24 24-31
Tot. Cu 43 5558 30-50
Tot. Pb 60-65 72-82 60-85
Tot. Zn 34-35 40-42 17-36
Tot. Ni -- -- 3050
Hydrocarbons - - 65
BODs - - 2050
1: (Dorman et al, 199§ * Measure of phosphate P, not TP

2: (Whipple and Hunter, 1981)

to the need for smaller particles to flocculate together before settling could(Sowuiienet al,
1999. Most Cu, Zn and Ni was removed within the first 8 hours followed by slower removal
rates, and total removal of these metals was much less thHavihiipleandHunter, 198). The
most variability from test to test was found with BOD and phosplt#tegpleandHunter,

1981).

In the study by Dorman et al. (1996), maximum removals by sedimentation were calculated for
important stormwater pollutants, and represent the theoretical removal of pollutants that would
occur if 100% of TSS could be removed by settling. The valuesegsesent an estimate of the
total mass of pollutants that are in particulate form. With 100% TSS renadyeait 87% of Pb,

61% of Cu, 47% of Zn, 49% of P, and 30% of TKN would also be removed (D@thadn

1996). This again shows the high correlatietween Pb and particulates. TKN numbers are
likely lower due to the fact that nitrate is almost always present in solublgfmwotnyand

Olem, 1994 Williamson, 198%.
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Obviously, given the above data, particle size may be expected to have an important effect on
settling rates and removal efficiencies. Larger particles will fall from suspension quickly and

more completely, while smaller particles will do so slowly or not at all aat Mithin the normal

time spans typical of stormwater treatment processes. This is important because certain
pollutants seem to preferentially bind with certain ipletsizes (Williamson, 1985from the

stormwater analysis of Characklis and Wiesn807), it was found that Zn seems to

preferentially bond to macrocolloidal (0.42 0 e m) particles of organic
concentration of one corresponds with a spike in concentration of the other. Iron also seems to

be highly bonded to the mawolloids, but to particles other than organic carbon.

I n road dust, the smallest particulate fracti
and Zn, followed by the second smallest part.i
these tw fractions represent only 3% of the mass of the bulk(@astnponelliet al, 2010.

The analysis of street debris by Sartor and Boyd (1972) concluded that organic matter was also
found in higher concentrations in the smaller particle size ranges, likely due to the fact that

organic material such as leaves, grasses, etbecground down into finer and finer pieces

before being washed away by stormwater. An EPA analysis (1986) assumed that Pb would be
associated with all five particle settling velocities listedable 2.49, but that Cu, Zn, TKN,

BOD and COD would be asgated with the four slower velocities, correlating to the smaller

particles. On a weight basis, 30% of Zn, 32% of Ni, 21% of TOC, and 25% of Cr were

associated in urban streams with particles having molecular weights less thdreS@&mall

particles &e likely to be free ions, ion pairs and complexes of small moleculafTanezakiet

al., 1993.
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Many studies found a correlation between smaller particles and higher concentrations of
stormwater pollutants. This is likely due to the fact #mgller particles have much greater
surface area, which allows for more pollutants to $Gdimponelliet al., 2010 SartorandBoyd,
1972. In the case of metal enrichment of road dust, the smaller particles may also directly
represent the size fraction of metal wear debris from automdiseaponelliet al, 2010) This

is a problematic finding if the goal is to remove pollutants via settling. Smaller particles are
more difficult to settle because tbfeir slow settling velocities, and some may pass through
conventional stormwater ponds without appreciable settling (Schueler, 1987). The size
distribution of particles greatly affects the temporal and spatial distribution of stormwater
pollutants(CharacklisandWiesner, 1997)As an illustration, at highway stormwater outfalls
draining runoff with heightened concentrations of Pb and PAHSs, the stream sediments directly
below the discharge pipe were enriched with Pb, whereas PAH sedinm@iiment occurred 60
yards downstreartShaheen, 1975)This was likely due to the fact that Pb was associated with
larger particles but PAHs we mainly bound to smaller organic sediments with slower settling

velocities (Shaheen, 1975)

Of course, the higher settling velocity of largargxles does not mean that the pollutants

attached to these particles are permanently removed from the system. As discussed earlier, there
are many ways by which pollutants can be liberated from sediments. Additionally, many
stormwater sediments are aally looselybound aggregations of small mineral and organic

particles that flocculate while suspendgdlis et al, 1983. These flocculated aggregates may

settle, but the floc particles may be broken apart and their constituenlegaguspended at a

later time(Ellis et al, 1983. Turbulent flow through waterways that hold accumulated
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sediments is a common way in which settled pollutants can be resuspended, and their pollutants

brought back into the water colan(Schueler, 1987; Strucit al, 2008)

The varying chemical and physical aspects of pollutants must be considered when analyzing the
negative impacts of stormwater as well as the best means of reducing the threat. A stormwater
treatment faility must account for the great variability in stormwater pollutant types, sources,
concentrations and behavidrboth in stormwater and in the receiving water ibdg well as

the variability in the sizes and frequencies of storms. An effective stoemfaatlity must,

therefore, have the flexibility to treat pollutants by a variety of means if the goal is to reduce the

whole array of potential impairments to receiving bodies.

2.5 EFFECTS OF URBAN STORMWATER ON RECHNG BODIES
A succinct introductiono this section comes from the Environmental Protection Agency:

i N epnint source pollution is the leading source of water quality impairment in

the Uni t(SEPAS2081pe s O
Of all the water bodies in the US that have been flagged for not achieving mandatory standards
of water quality, fully 76% (33,820 unique water bodies) had a nonpoint pollutant source as the
primary causative factqt)SEPA, 2011p Of caurse, urban areas are not the sole source of
nonpoint source runoff. Agriculture is, in fact, the leading source of nonpoint pol{W&iEaPA,
20113, but urban areas are an important contributor, andithportance is rising because the
extent of urban land is rapidly increasing as the United States population shifts from rural areas
to suburbs and cities. Urban areas have increased about 20% every decade since WWII

(USEPA, 1992h) Urban areas are also a proportionally more potent sotipz#latants than
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agriculture. In the 1990s, urban areas accounted for 2.5% of the land area in the United States,
but were thought responsible for 18% of impaired river miles, 24% of impaired lake acres, and
were the leading cause of impairmenestuales (USEPA, 1992a) Pollution wise, urban areas

punch above their weight.

In the National Water Quality Inventorgport tothe US @ngressthe selreported assessments
of the water resources of the US states found that urban runoff wailgeeling cause of
stream andiver impairment (56,126 impaired stream miles) #rdL0" leading cause dfay

and estuary impairment (2,28guare miles impaireSEPA Attains Database. Accessed
January, 201ttp://www.epa.gov/waters/i/ The leading sources of impairment, and the

length or area of waterway impaired by each, are summarized in Figute 2.5

Figure 2.51. Causes of Water Body Impairment in the US
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Of course, estimates of the damage cdudseurban stormwater are probably understated,
because the values in the figure only represent the impaired patithe water bodies assessed

in one reporting cycle, which is a fraction of the totater bodiesn any state. In addition,

many of theother listed sources of impairment have a relationship to urbanization, if not directly
to stormwater. For instance, hydromodificationynicipalsewa@ discharges arhbitat
alterationare listed as the"4 6" and 9" leading causes of stream and river impairnfefEPA
Attains Database. Accessed January, 20@p://www.epa.gov/waters/ir/and all can be

partially attributable to urbanization.

It is difficult, if not impossible, to pinpoird single reason for the decline of urbanized

waterways, because it is the cumulative impact of many factors such as sedimentation, low base
flow, high storm flow, scouring, pollutant discharge and thermal extremes that cause water
bodies to decline in he@l{USEPA, 1992a) With the caveat in mind that the individual effects

of urbanization will never be as important as the cumulative whole, one can still examine the

damage done by these individual factors in affected receiving waters.

Increased sediment loads in stormwater, whether through erosion within the watershed or
scourirg of stream banks and beds, is a common symptom of urbanigation 2006; Nelson
andBooth, 2002. Much of the material eroded consists of inert geologic mineral like quartz,
feldspar, etc(SartorandBoyd, 1972, and the damage done is often more physical than
chemical. Such damages include (all from SaataiBoyd, 1972):

1 burial of bottom plants, animals and habitats,

 dteration of bottom habitats,
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1 reduction of photosynthesis through increased turbidity,
1 alteration of predateprey relationships due to loss of light,
1 transport of biological and chemical pollutaritattuse sediment as substrate,
1 and abrasion of fine biological structures and clogging of gills, feeding and reproductive
structures
A change in bottom sediments caused by urban erosion often creates a stream bed that consists of
constantly shifting findands or other small sediments, a much less suitable environment for

benthic organisms that dwell or reproduce in stream bot{kies, 1979.

An increase in the amplitude of thermal change is also a common effect of urbanization
(HewlettandFortson, 198p Aquatic organisms thatre particularly sensitive to thermal stress
include coldwaterloving organisms likethb ent hi ¢ i nvertebrate AEPTO
(Ephemeroptera, Pelcoptera, and Tricoptestoneflies, mayflies and caddisfligQurtis, 2012)

as well as brook, brown and rbmw trout(Galli, 199). Sculpins are moderately sensitive to
heightenedtseam temperaturd$alli, 199). Temperature changes do not have toe€aus
organism death in order to changgecies diversity in streams. Thermal variation both hotter and
colder than the ideal range for sensitive benthic species was found to cause reduced adult size
and fecunditywhich alonecould cause a species to be efiated from a stream due to reduced
ability to competéSweeneyandVannote, 1978 Reduction in competitive ability was seen at
temperature changes as low a8°€ (SweeneyandVannote, 1978 This may be compared to

the observation by Galli (1990) that the average summer temperature difference between an

undeveloped stream and a highly developed stream in the Washington, DC suburbskyas 8.6°
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the observation by NelsandPalmer (2007) that the average surge in stream urban

temperatures during summer storms was@.7

The change in flow dynamics is also an important factor in the stress placed on urbanized
streams.Since urbanization @atly increases the frequencybainkfull floods, the stressem
stream biotdbecome more frequent and the recovery periods significantly sidkean, 1979)
Additionally, for benthic organisms, the increased frequency ofthogvs transhtes to less
stream bottom topography and more uniformly coaesemateriglboth of which provide less
variety of habitat (Chin, 2006; Cianfragi al, 2006). Flashier storm flonaoalsoincreasehe
number of bottordwelling organisms that are physically flushed from the stream sy&ieimn,

1979)

The corollary to high storm flommay belower base flows during antecedent dry periods
(Horneret al, 1994 Leopold, 1968 Stream suitability for fish habitat is thought to become
severely degraded when base flows drop below 10% of theurpemized average, arfair to
degrading conditions are maintained when base flow conditions are at 30% of average between
April and SeptembgiKlein, 1979) These conditions will often be attained when the

contributing watershed reaches 65% imperviousness ad8%0mperviousness, respectively

(Klein, 1979)

While many of the negative effects of urbanization on water quality are physical in nature

(temperatures, flow volumes, etc.), pollutants are of course an important impairment as well. The

most common cause of watearality impairment in the United States is bacterial pollution
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(Strucket al, 2008. In theCommonwealthof Virginia since 1995, 661 water bodies have been
listed as officially impaired due to bacterial pollutid#SEPA Attains Database. Accessed

January, 201http//www.epa.gov/waters/iy/ In the Washington, DC suburbs of Fairfax City

and County, 150 miles of streamway are impaired by excess bacteria (Fairfax County GIS
Accessed April, 201http://www.fairfaxcounty.gov/mapps/ Bacteria may originate from many
sources in the urban environment, as is evidenced by the accumulation of bacteria in street debris

(SartorandBoyd, 1972 Shahen, 197% and in runoff(Hvitved-Jacobsen, 1990

The NURP (USEPA, 1983) studies abshwater from multiple sites around the US concluded
that copper should be viewed as the most important runoff toxicant for aquatic life because

i itis common,

1 itis found more often at dangerous concentrations,

1 where other metals are present at dangdemets, copper is at even more dangerous

levels,

1 copper is a dangerous to a broader range of species than other metals,

1 methods to control copper will likely control other metals as well.

In addition to the foregoing, copper and zinc have a synergistic effect on toxicity; when both

are present together, they both become more toxic than if they were in the some

concentration alonéSartorandBoyd, 1972)

The results from NURP suggest tisapperevels as low as 0.02 ppm can start to cause negative

health effects in freshwaterganismsput becausef the intermittent nature stormwatey it

contributesCu (and all other pollutants) in variable pulses rather than in continuous doses
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(USEPA, 1983)This raises the question of how one measures the long term effects of a variable
system. The NURP study includad estimation of the metal concentrations thatileé cause
toxicitiesfor typical exposure durationsf intermittent stormwater flowg hreshold value
concentrations were estimated to cause mortality of the most sensitive members of the most
sensitive species; significant mortality concentrations were based on mortéhéyrabst

sensitive individual of the 5percentile species sensitivitySEPA, 1983)Additionally, the

water quality parameters for acute toxicity within Virginia regulations are based on an organism
exposure time of one ho(wa. Admin. Code9VAC25-260-140), a reasnable facsimile of an
intermittent stormwater pulse. The chronic exposure levels are based on an exposure time of
four days( Va. Admin. Code9VAC25-260-140). Table 2.51 lists thethreshold toxic levels
publishal in NURP and the Virginia Code

Table 2.51: Toxic Pollutant Concentrations for Freshwater Organisms

Water Concentra\t/_i.(.)n i
Pollutant Hardness NURP! SteltLgdlglr?jsl
(mgll CaCo3) Threshold Sig. Mortality Acute Chronic
50 20.0 50-90 -- --
100 35.0 90-150 13.0 9.0
cu 200 80.0 120-350 -- --
300 115.0 265500 -- --
50 380.0 870-3,200 -- --
100 680.0 1,5564,500 120.0 120.0
al 200 1200.0 2,7508,000 -- --
300 1700.0 3,85011,000 -- --
50 150.0 350-3,200 -- --
100 360.0 820-7,500 120.0 14.0
Pb 200 850.0 1,95017,850 -- --
300 1400.0 3,10029,000 -- --
cr* 100 8,650 8650 570.0 74.0
50 3.00 7-160 -- --
Cd 100 6.60 15-350 3.9 1.1
300 20.00 451,070 -- --
Ni 100 -- -- 180.0 20.0

1: (USEPA, 1983) 2: (Va. Admin. Code, 9VAC25-260-140)
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The concentrations in Table 2158an be compared to the stormwater concentrations of metal
pollutants in Table 2-4 see if the median and means exceed toxic thresididsesults ofthe

comparison are shown in Table 25

Table 2.5-2. Comparison of Stormwater Pollutant Concentrations to Toxicity Standards
Median Concentration Mean Concentrations

Toxicity
Standard | NURP! | Smuller? | Williamson® | Bryan* | Camponell® | Dorman®

Va,
Chronié
Va.
Acute®
NURP-
Thresh.
NURP-
Sig. Mort
Va.
Chronic
Va.
Acute
NURP-
Thresh
NURP-
Sig. Mort
Va.
Chronic
Va.
Acute
NURP-
Thresh
NURP-
Sig. Mort
X=median exceeds standard

Pollutant Hvitved-

Jacobsen

X X X X X X X

X X X X X X
Cu

Pb

Zn

1:(USEPA, 1983 2: (Smullenet al, 1999 3: (Williamson, 1985
4: (Bryan, 1972 . 5: (Camponelli et al, 2010 6: (Dorman et al, 1996
7: (Hvitved-Jacobsen1990  8: (Va. Admin Code,9VAC25-260-140)

A study by Crunkiltoret al (1997 attempted to test the toxic effects of stormwater while
eliminating the effects of the physical damage urbanizatimses within streams. This was done
by subjecting D. magna and P. promelas to the ambient water quality of an urbanized stream in
flow through aquaria within a protected housing next to the stream bank. One subset of test
subjects was subjected to balesvfonly, and the other subset was subjected to base flow and

storm flow. Surprisingly, no significant change in mortality was found between the two subsets.
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The authoros also found t #®&Ghourdutaton ahd chnicac ut e
toxicity tests of 7 day duration were not adequate to describe the toxicity of urban stream water.
This is because the toxic effects of stormwater on D. magna did not yield significantly greater
mortality than controls until after 7 days of exposure. Pmietas only showed significant

stunting of growth compared to controls after 7 days of exposure, and significant mortality
increases only occurred after 17 days. The authors believe that these findings suggest that the
negative effects of runoff are not arily caused by acute exposure during storm flow, but are

rather due to longeterm chronic exposure.

Salt is another pollutant that can be found in high concentration in stormwater. The salinity
caused by road salts can be deadly to freshwater orgaftswkinsandJudd, 1972) In

addition, salty runoff can cause stratification in ponds and lakes because the heavier salt water
sinks to the bottom and creates a density gradidatvkins andJudd, 1972) In a lake affected

by runoff from road salt, the salinity and lack of mixing on the lake bottom caused the

elimination all benthic specig¢slawkinsandJudd, 1972)

As statecearlier, it does not ppear to be possible to assign responsibility for the composite

water quality effects of urbanization to any single causative factor. However, there are clear
correlations between stream impairments and the level of development within the contributing
drainage area. This points to a possible development tipping point: a level of urbanization within
a watershed that will cause serious injury to the receiving water. A widely accepted means of
characterizing such a tipping point seems to be the percent imy&ress of the contributing

drainage area.
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Schuelel(1994) found that streams would begin to scour their beds and banks at watershed
impervious levels of just 10%. After imperviousness passdbW) the EPT macroinvertebrates
would be removed and repkat by more tolerant species such as aquatic worms, amphipods,
chironimids and snails. Galli (1990) found that trout and other coldwater biota would be lost
from streams at an impervious level of12% due to the increased thermal loads. K(&8Y9)
corcluded that average streams would be impaired atvi&84rshedmperviousness, but for
streams of particular sensitivitysuch as those supporting trdumpairment would be seen at
10% imperviousnes&oothet al.(2002)andWanget al.(2001)concluded thiaconnected
impervious surfaces were most strongly correlated with stream health, and that biotic
impairments would be seen when these reached, respectively, 1094 2#d@ the

contributing watershedWanget al.(2001)also found connectdchperviousneswas the best
measuref urbanization for predictingank erosion and base floalberti et al. (2007)
concludedstream biological integritwas most strongly correlated with roadway density and the
number of stream crossings, and not a particular level of imperviousness. Other studies have
found that simple measures of imperviousness were too simplistic and tHutesitic

variable® such & riparian canopy condition (Cianfragtial, 2006; Schuelest al., 2009),

slope, geology (Chin, 2006), atatationof impervious surfaces (Albertt al, 2007 Boothet

al., 20090 were important determinants of stream biotic he&#spite this varigy of

conclusions, impervious surfaces can be seen as the primary causative factor of urbanization

induced hydrologic change (Chin, 2006).
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On the amount of urbanization that marks the threshold of stream impairment, the literature
surveyeds notyetfully in consensusHowever the studiessurveyed support the conclusitirat
whenthe watershed attainsi%% imperviousness or greater, a healthy, natural stream may be
expected to turn into a degraded urban stream with an unstable clagimglyariable fows,

amplified thermal variance, a wide array of potential pollutants, and a population of biota lacking

the sensitive species that cannot cope with these changes.

2.6 URBAN STORMWATER REGULATIONS

The regulations that control urban stormwater are s@elass all levels of government from

the federal to the state and local levels. As the United States has become aware of the
significance of the environmental degradation caused by urban stormwater, the laws and
administrative rules to control it have bew® more restrictive and more thoroughly enforced.

To obtain a sense of the extent of the current regulations, one need only look at the expected
costs of stormwater control. In reports to Congress from the states detailing expected spending
on water infastructure, stormwater management costs have risen the most of any category, from
$7.3 billion in 2000 to $25.4 billion in 2004 to $42.3 billion in 2¢08nders, 2010USEPA,

2008. Most of theseasts are being incurred because of the enforcement of federal nonpoint
source quality regulatior(éanders, 201Q)and despite their increasegethPA believes that costs

are being undereported(USEPA, 2008) Due to the special needkthe Chesapeake Bay,

states within that watershed have particularly high expected costs. The Bay states that reported
data constituted three (Maryland, Pennsylvania, New York) of the top seven states in terms of

total expected stormwater management@$SEPA, 2008)
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2.6A Federal Stormwater Regulations

Basic water laws have been on tederal books for over 100 years, but it was not until fairly
recently that these laws began to focus on protection of water quality rather than just the right of
navigation. The forefather of modern federal regulation of water quality was the WatéoRollu
Control Act of 1948the importance and strength of this act increased greatly when it was
amended in 1972, creating what is commonly known as the Clean Water Act (CMAdXny
andOlem, 1994. T he CWA O Isvastolemsureartlaat twatgyooéthe United States

were conducive to recreation and the propagation of fish, shellfish and whiglif883(33

U.S.C. 8125%t seq.2009. That goal has not been met, but the CWA amendments of 1972
were successful in setting up a national regulatory scheme for controlling point source pollution.
The enforcement structure known as the National Pollutantddharge Elimination Systems, or
NPDES(Cox, 2012, and the enabling legislatios section 301 of the CW83 U.S.C. 8125t

seq, 2009. Section 30fequires that point sources mes#fluent limitations created by the EPA
that are based upon application of the33fibest

U.S.C. 8125%t seq. 2003.

The basis by which all NPDES effluent limitations are set is the Water Quality Standard (WQS)
(USEPA, 2009 The WQS consists of three elemgfdSEPA 2009:
1 the designated uses assigned to water bodies, such as recreation, public water supply,
shellfish harvesting, etc.;
1 thewater quality criteria or thresholds, expressed as quantitative pollutant levels or
gualitative descriptions of the desired water body condition, that must be met to protect

the designated uses;
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1 and the antdegradation policy that prevents waters frormgelegraded below their
current state of health, even if designated uses can still be met.
The ovefriding goal of the CWA is to achieve water quality standards and thus ensure the
protection of designated uses. All effluent limitasamposed by the CW are done so to

achieve this godlCox, 2012.

WQS numerical criteria can be broken down into two general categories: those that protect
aguatic life and those that protect human health and recreatioraqitc life criteria are

further divided into two threshold concentrations: the criterion maximum concentration which
defines the threshold for acute toxic effects, and the criterion continuous concentration which
represent the threshold for chronic etfBf USEPA, 2012) The acute threshold is derivedrh

48-96 hour toxicity tests of aquatic plants and animals that measures lethality or immobilization,
while the chronic threshold is derived from longer term exposures (often 28 days or longer) that
measure survival, growth or reproductitdSEPA, 2012) EPA recommends that the one hour
average pollutantancentration in waterways not exceed the acute threshold and the four day
average concentration not exceed the chronic threshold more than once every three years
(USEPA, 2012) This allows for variation in the pollutant concentration, and even occasional

spikes above the threshold values, as long as tleeyf éimited duratiofUSEPA, 2012)

The 1972 CWAamendments were primarily aimed at controlling point source pollution, but
some nonpoint source control measures were also spepdiditularly in sectior803(d) of the
act. This section spelled out the process for establishing the Total Maximuni&ealy

(TMDL), the maximum amount of a pollutant that could be discharged daily into a waterway
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while still achieving designated us@8 U.S.C. 125kt seq, 2002) TMDLs were implemented

when the effluent limations on point sources were not enough to achieve the desired water

quality improvement$33 U.S.C. 125%t seq, 2002) TMDLs applied to both point and

nonpoint sourcesWhile section 303(d) carried sidicant regulatory authority, it was not

stringently enforced until 10 to 15 years after the passage of the 1972 amendments, and only then
as a result of lawsuits filed by environmental groups attempting to prod the EPA into action

(Cox,2012.

Section 208 of the 1972 amendments also enacted a land use planning process that encouraged
local municipalities to take a holistic approach to water quality planning that included nonpoint
source pollution contrdNovotnyandOlem, 1994) However, since no formabmpliance or

penalty structure was set up to ensure nonpoint source controls were enacted, and no formal
maintenance or implementation maasms were required for the plans themselves, many

regional laneuse plans that included progressive protections of water resources against

stormwater were created and then simply igngiezl/otnyandOlem, 1994.

In addtion to the EPA taking a more assertive stance on TMDL enforcement, the 1987
amendments to the CWA really brought stormwater control under the regulatory auspices of the
Act (NRC, 2009;Urbonaset al, 1990 USEPA, 1992a Section 402(p) of the amended law
required municipal stormwater drainage systems (labeled MS4s for Municipal Separate Storm
Sewer System) that serve over 100,000 people to obtain an NPDES permit for their stormwater
dischargesto prohibit the discharge of any materials except stormwater, and to implement

management practices that remove pollutants from stormwater to the maximum extent
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practicablg33 U.S.C. 125%t seq, 2002 NRC, 2M9; USEPA, 201D In addition to

municipalities, certain facilities that are deemed to be special contributors of stormwater loads
were also made subject to MS4 permitt{tiEPA, 1992a) In Northern Virginia, some of these
special contributors are the campuses of George Mason University and Northern Virginia
Community Collged large landowners with significant impervious infrastructure (Fairfax
County GIS Accessed May, 2018itp://www.fairfaxcounty.gov/mapps/ As of 2008, inthere

were 7,080 communities and facilitiesthe UScovered by an MS4 stormwater perutSEPA,

2008)

One remaining portion of the CWiat has significant impact on urban stormwater control is

section 319. This section requires governors of states to issue a report on the waters of their state
that are not attaining their relevant WQS specifically because of nonpoint source polhdion, a

to submit a management plan detailing how and when that pollution will be con{@8led

U.S.C. 125%t seq, 2002) States that submit section 319 reports deemed suitable by the EPA

will be eligible for deral cost share funds that can cover up to 60% of the expense of the plan

(33 U.S.C. 125%t seq, 2002)

2.6B Commonwealth of Virginia and Local Stormwater Regulations

While the CWA sets the national framerk for clean water laws, much of the regulation of
stormwater occurs at the local level. In fact, most of thetok@may management and

enforcement of the provisions of the CWA were delegated from EPA to the states. For instance,
the NPDES system for pu sources in Virginia is administered by the state Department of
Environmental Quality (DEQ) and known as the Virginia Pollutant Discharge Elimination

System (VPDES}Va. Admin. Code, 9VAC2831). Stormwateregulationgor individual
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properties ar@promulgatedoth at the local anstate level in Virginia. The state stormwater
regulations serve as a minimum standard that must be met by all localities, but any local

government is free to enforce stricter rules if it so de¢Cesle of Va.§ 62.144.15:33et seq.

Local ordinances governing stormwater began appearing after th&/peldtsuburban builebut

and the realization that delivering stormwater quickly from roads and homes into streams often
led to downstream flooding probler(lSRC, 2009. To combat this, the earliest municipal rules
regarding storm drainage generally focused solely on floodrakateand practices such as
channelizing and encasing streams were encouraged so that higher flows could pass without
overflow into the floodplaifNRC, 2009. Because of the detrimental ecological effects of these
practices, regulations began to change starting in the early 1970s, with the focus of stormwater
management shifting to the tempagraetention of stormwater esite to reduce peak flows

(NRC, 2009.

The stormwater lawsiVirginia are primarily contained within three large acts: the Erosion and
Sediment Control Act (Code of Va., 86244.15:52et seq), the Chesapeake Bay Preservation

Act (Code of Va., 862-84.15:67et seq), and especially the Virginia Stormwater Managat

Act (Code of Vag§862.144.15:25¢t se(. Stormwater regulations in Vinga are applied in a

stepwise process. The Erosion and Sediment Control Act governs management of stormwater on
active construction sites, while the Stormwater Management Act takes over after structures are

built and governs stormwater discharges in eeripy.
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The Erosion and Sediment Control Actgd&dS Act) (Code of Va., §62-:44.15:52et seq)
stipulates that all construction sites in Virginia that disturb more than 10,000 square feet must
have a permitted plan in place to reduce and controlrdstoa of sediments from the site, and
this plan must meet minimum conservation standards stipulated by the state in order to receive a
permit. For municipalities that are fully or partially located below river fall lines, the area of
disturbance is reded to 2,500 square feet (Code of Va., 86®4115:67et seqg). The major
conservation standards of the&dS Act that apply to permitted sites include the following:
1 Sediment barriers, trapping devices and diversion dikes must be built first befare any
slope clearing can take place.
1 Soil stockpiles, borrow areas and any other denuded land must be stabilized within 7 days
of vegetation removal if the area will not be reworked within 30 days.
1 All cut and fill slopes shall be built to minimize erosiordaro concentrated stormwater
flows shall be allowed to pass over them.
1 All manmade water diversions must be stabilized immediately after completion, and any
outlet to a receiving body must have proper protection and lining to prevent erosion.

(Va. Admin. Code9-VAC25-840et seq)

The overall goal of alE andS Act is to protect downstream properties from any damage caused
by erosion and sediment deposition due to increased peak discharge, flows or velocity of
stormwater from the sit®/a. Admin. Code, 9/AC25-840et seq. This requirement is assied

to be met if it can be shown that the stormwater conveyances on the construction site will safely

pass flow from the 10 year 24 hour storm, will not erode during the 2 year 24 hour storm and that
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the natural receiving channel that takes constructterrgnoff will not flood or erode during the

2 year 24 hour storrfVa. Admin. Code, 9/AC25-840et seq(.

Central to stormwater regulation in Virginia is, of course, the Virginia Stormwater Management
Act (Code of Va., §62:84.15:25¢et se(. Recentlyit hasundergone a majoevision. Both the

current (Va. Admin. Cod&VAC25-870-63) and former Ya. Admin. Code, 9VAC2870-96)

versions of the Act require the maintenance of stormwater quality, as measured by the reduction
of phosphorus in stormwater outflows, and the contrgjuaintity, with the same minimum
protections of downstream property provided in trenBS Act. Despite these similarities, the

new Stormwater Management Act represents a significant tightening of stormwater controls.

The overall goal of the new Virgiaistormwater regulations is to ensure taatls being

developedi émaintain afterdevelopment runoff rates of flow and characteristics that replicate,

as nearly as practicable, the existing predevelopment runoff characteristics and site hydrology, or
improve upon the contributing share of the existing predevelopment ahavhcteristics and

site hydrology if stream channel erosion or localized flooding is an existing predevelopment
condi (Cadeof Vag 862:44.15:25etseq To accomplish the fAchar a
requirement, the tal phosphorus load from new devahoent cannot exceed 0.46 kg per hectare

per year. For redevelopment sites that cause no increase in imperviousness over existing
conditions, total P loads must be reducee20@ below the predevelopment lo&ar

redevelpment sites that do increase imperviousness, the reduction criteria for new development
shall be applied to the increased impervious areas and the loads from the remainder of the site

must be reduced 120% below the predevelopment lo@t. Admin. Code9VAC25-870-63).
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Compared to the old stormwater regulations, these required P reductions are significantly more
restrictive. The former regulations (Va. Admin. Code, 9VAC280-96) compared the

impervious surfaces of new and redevelopment sites to the average imperviousness of the
watershed, which was assumed to be 16% unless a watsshatic number was actually

provided. Br development that stayed below this average imperviousness, no stormwater
guality enhancements were required. For development that exceeded the average
imperviousness, the phosphorus discharge after development could not exceed the discharge
from the sane site with average imperviousness. For redevelopment of sites that already had
above average imperviousness, the discharge of P had to be reduced by 10% or it had to equal

the discharge from the site based on average imperviousness, whichever was greate

Upon analysis, the old regulatiof)$a. Admin. Code, 9VAC28B70-96) actually allow a

significant amount of development to create more pollution discharge than existed before. For
instance, on an undeveloped site with no impervious surfaces, one awvaldyer portions of

the site and not be forced to remediate the quality of any of the resulting stormwater as long as
the total imperviousness was equal to or less than the watershed average. In contrast, the new
regulations (Va. Admin. Cod8VAC25-870-63) state that all new development is subject to a
hard pollution cap of 0.41 IbB/acreyr., and that redevelopment of existing built sites must

adopt the same standards for all new imperviousness they create, while also reducing the P
loadings from the a@gting imperviousness by 120% . In other words, the new regulations

place a low ceiling on the discharge allowed from any new hard surfaces, while existing
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imperviousness must be improved over its existing conditions. The old regulations actually

allowed some degradation in quality, as long as it did not ex@eedainbenchmark

The stormwater volume controls in the new regulations also represent a significant increase in
restrictiveness. Both the old and new regulations must meet the previomsignad standards

of the Erosion and Sediment Control Act for protection of downstream properties fobuses

on flows from the Zyear and 1§/ear 24hour storms) Va. Admin. Code9-VAC25-840et

seq), but in addition to this, the new stormwater regulations require thgtethk flow rate from

any development that is discharged into a natural receiving body must not exceed the rate
obtained through Equation (%)7a. Admin. Code9VAC25-870-66)

Qoeveloped® |+ Aredeviiofed@R VireDeveloped/ R Vbeveloped %)
Qpeveloped@NdQprepeveloped€present thallowable peak flow rate from the spestdevelopment
and predevelopment, respectively, both in cubic feet per second. The I.F. is a unitless
improvement factor that is equal@®B fordevelopmensitesgreater thard acreand0.9 for sites
less tharl acre RVpeveloped@NdRVprepevelopedequal hetotal volume of runoff in cubic feet,

from the site in th@ostdeveloped conditioand predeveloped condition, respectively.

It may be seen that this puts a very restrictive cap on the allowable peak flow from any
developed or redevelopedesdlischarging directly into a stream or riyespecially if the site

was initially in hydrologically good condition. While never stated explicitly, one can also see
that this requiremdrpushes developers to reduceoff volumes, because the closBVpr
DevelopedRVDevelopediS 10 1, the less peak flow reduction will be needed to meet the standard. This

ties in well with the new regulations goal of recreating or maintaining thdguelopment
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hydrology of the landCode of Va., 862.444.15:25. It is this hydrology based approach that is

perhaps the biggest difference between the old and new stormwater regulations of Virginia.

In addition to managing the NPDES program locally, the EPA also grants states the sight t
their own Water Quality Standards (WQE8)SEPA, 2009) Virginia has done this and has
adopted a standard | ist of designated uses th
follows (Va. Admin. Code, 9VAC2260-140):
1) Recreational use
2) Propagation and growth of a balanced, indigenous population of aquatic life
a. Subcategories for Chesapeake Bay and tidal tributaries
i. Migratory fish spawning and nursery
ii. Submerged Aquatic vegetation
iii. Open water aquatic life (above the metalimnion)
iv. Deep wateaquatic life (below the metalimnion)
3) Wildlife

4) Production of edible and marketable natural resources

To protect these designated used, Virginia has water quality criteria for 129 different substances
(Va. Admin. Code, 9VAC2260-140). Criteria have been formulated for freshwater acute and
chronic toxicity, saltwater acute and chronic toxicity, drinking water, and general human health,
although most pollutants have published crétdor only a subset of these ugea. Admin.

Code, 9VAC25260-140). A selection of water quality criteria from the Virginia regulations is
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included in Table 2-8. The freshwater agtic life criteria for metals commonly found in urban
runoff were included in Table 25

Table 2.61. Selected Virginia Water Quality Criteria

USE DESIGNATION
AQUATIC LIFE HUMAN HEALTH
POLLUTANT
(UGIL) FRESHWATER SALTWATER PUBLIC | ALL OTHER
WATER SURFACE
SUPPLY WATERS
Acute Chronic Acute Chronic
Arsenic 8 150 69 36 10
Benzo (a) 0.038 0.18
anthracene
Chlordane 2.4 0.0043 0.09 0.004 0.008 0.0081
Chloride 860,000 | 230,000 250,000
Chromium VI 16 11 1,100 50 -
DDT 11 0.001 0.13 0.001 0.0022 0.0022
Mercury 14 0.77 18 0.94
Nitrate as N -- - -- - 10,000 --
PCB Total - 0.014 - 0.03 0.00064 0.00064
Total Di_ssolved 500,000
Solids

Source: (Va. Admin. Code, 9VAC25260-140)

2.6C Northern Virginia Issues with Water Quality Standards and Total Maximum Daily Loads
Accotink Creek drains a highly developed watershed of Fairfax County and City that includes

Ashby Pond and significant residentadd commercial infrastructure (Fairfax County GIS

Accessed November, 2011&tp://www.fairfaxcounty.gov/mapsCity of Fairfax GIS. Accessed
November, 201 ttp://www.fairfaxva.goV). The creek has faiteto meet the recreational use,
propagation of aquatic life and edible natural resources designated uses and has been listed as

of ficially i mpaired on t (USEPA ARTAINS Databasdei r gi ni aod
Accessed December 29, 2013, http://www.epa.gov/watgrsinitflows from Ashby Pond enter

Daniels Rin, a small tributary which flows northeast into an impaired segment of Accotink

Creek. All of the impaired reaches of Accotink, and their reasons for impairment, are shown in

Figure 2.61.
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Figure 2.6-1: Accotink Creek Impairments
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The benthic communitynpairments in Accotink are thought to be due primarily to excess
sediment load in thereek, but rather than place limda sediment itself, the EPA chose to use
flow as a strogate and placed a TMDL atorm flow(USEPA, 2011h) Through load and
wasteload allocations, tAeMDL required a 48.4% reduction stormflow from the lyear, 24

hour storm( USEPA, 2011h) In July of 2012, the Fairfax County Board of Supervisors and the
Virginia Department of Transportation filed suit against the EPA, arguangdkency had
overstepped its authority under the Clean Water Act by attempting to regulatgalloudant

(Letter from Associatiof Clean Water Administrators National Office to all members, Subject:
Federal Court Rules Against B.PilJawaryf20l3whe T MD L
US District Court for the Eastern District of Virginia ruled in favor of the plaintifid und

that the CWA only gavéhe EPA the authority to regulate pollutarBsormwaternot being a
pollutant itself, could not be a surrogate for the actual pollutaurging the impairmerts

sedimentVirginia Dept. of Transpet al. v. USEPA, 2013 WL 53741, *5 (E.D.Va.))

The case raised interesting questions about the future direction of stormwater management. As
has been shown repeatedly in the literature, the increased volume of runoff caused by urban
development does not just act as the transport mechanism for seginisrdlso the cause of

sediment enrichment because the increased erosive force of the stormwater flows causes erosion
within the watershedndof the banks and beds of streafAmendingeret al, 2007; Chin,

2006; NelsorandBooth, 2002)Controllingflow volume would certainly seem to be a

reasonable way to control sediment loads. In the extant case, the impairment in question is
benthic biota, and while neither party disputed that sediment is the likely leading cause of

impairment(Virginia Dept. of Transpet al v. USEPA, 2013 WL 53741, *5 (E.D.Va,))
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increased stormwater flows also harm the benthic ecosystem by chdmglmed substrate and
flushing out smaller individual&lein, 1979) Reducing stormwater flow could ameliorate all
these darmges, whilecontrollingsediments only addresses one. As of now, the court decision
applies only to the Eastern District of Virginia, and it has no bearing on the ability of states
themselves to control stormwater flow as a pollutant, should they sqlveitar from

Association of Clean Water Administrators National Office to all members, Subject: Federal

Court Rul es AwTMDInferiSediEnnACostrdlF |

2.7 STORMWATER BEST MANAGEMENT PRACTICES

A stormwater Best Management Practice (BMP)
removing, reducing, retarding, or preventing targeted storm water runoff quantity, constituents,
pollutants, and contaminants from reaching receiving wé&treckerget al, 200). A popular

and canmon BMP is the stormwater wet pond or retention pond.

2.7A Stormwater Wet/Retention Ponds

A wet pond maintains a permanent pool of water between storm €Meiitised-Jacobsen,

1990) The permanent pool must hold enough voldongupporthe desired pollutant reduction
mechanisms (NVPD@ndESI, 1992). An inflowstructurebrings stormwater to the pond while a
series of precisely sizemtletsallowsit to leaveat specified peak rat€Blvitved-Jacobsen,

1990) An earthen embankmegénerallyconstitutegshe downstream perimetef the pond,

retains the water, and gives the pond its shape (USEPA, 1999). Typically, the outlets are located
on the face of a riser, a concrete or corrugated metal cylinder that rises from the pond bottom to

above the level of the permanent pGSSCEandWEF, 1992) Pond water flows through the
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outlets, into the outlet pipe within the riser which then flows through the eathbankment
and outfalls into the receiving wateody (ASCEandWEF, 1992. Rather than a riser, an outlet

may also simply aasist of a weir embedded in the embankment i(s&tfinia DEQ, 2011)

The lowest elevation outlet releases low flows or base flows at a controll€ifirgteia DEQ,

2017 and maintains the height of the permanent ASICEandWEF, 1993. During storm

flows, as watewvolume builds in the pond, the pool elevation rises until the higher elevation
outlets are reached and become active. All outlets are designed to release water at a specified
rate, and the higher elevation outlets are generally sized to draw down thealatee stored

above the elevation of the permanent pool over 24 to 48 (R8GEandWEF, 1992 Schueler,
1987. This practice is known as extended detentitviPDC and ES) 1992). For extremely

high flows, an emegency spillway, usually a part of the earthen embankment, must be provided
to safely pass flows from the 18@ar storm without causing failure or erosion of the
embankment itselfVirginia DEQ, 2011) All outlets with the exception of the emergency

spillway must be protected by a trash rack or other device to prevent cl¢g§G6& andWEF,

1992 Virginia DEQ, 2011). There are no standard designs for such devices, but trash racks
should generally have a cross sectional area ten times larger than the outlet it is protecting

(ASCEandWEF, 1992.

Around the perimeter of the pool drequentlyan aquatic bench and a safety e(i¢vVPDC
and ES] 1992) The aquatic bench is a shelf of relatively flat land that sits slightly submerged at
the edge of the permanent paold acts as a miniature littoral zone for the wet g&uthueler,

1987) It provides habitat for rooted emergent and submerged aquatic vegetation, which thrive in
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the photic zone of water depths less than thredlegPDC and ES] 1992) The vegetative

ring of the aquatic bench has aesthetic benefits to the pond, and may also serve as wildlife habitat
and prevent shoreline erosiSchueler, 1987)The safety bench is a similarly shaped shelf of

land, but sits just above the permanent pool perim¥tagigia DEQ, 2011). It remains dry to

allow for maintenance access and prevent faltsthe pondSchueler, 198N irginia DEQ,

2011).

A wet pond may also feature a forebay and a shelf wetland. The forebay is a small basin situated
at the mouth of the inflow and is the first section of the wet pond to receive(Watgnia

DEQ, 201). The desigmprovides some initial sediment settling before releasing the inflow into

the rest of the pon(Hvitved-Jacobsen, 1990)A shelf wetland acts similarly to an aquatic

bench: it is a shallow basin, generally with a maximum water depth of no more than one foot,
that receives stormwater inflovaster they pass through the forebay and sends overflows into the

permanent poq\Virginia DEQ, 2011).

Wet ponds may or may not have aeration systeuch agternal fountais, to prevent
stratification and the development of anoxic conditiattee bottom of the permanent pool
(Virginia DEQ, 201]). A typical cross sectioaf a stormwater wet pond is shown in Figure-2.7

1. A plan view of a wet pond with a forebay and shelf wetland is show in Figu& 2.7

2.7B. WePond Function
The permanent pool of the wet pond allows stormwater to be slowed and ddtaradyer the
pool volume in relation to the inflow volume, the longer the detention (tiagved-Jacobsen,

1990) The wet pond provides for turbulent settling of sediments during storms and quiescent
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settling between storn{§/rbonas, 1995) Settled sediments will deposit and accumulate on the

pond bottom(Yousefet al, 1999.

Figure 2.7-1. Wet Pond Typical Cross Section
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avoid clogging by trapped sediments.)

Image Credit: (USEPA, 1999) [Public Domain]

Figure 2.7-2. Wet PondTypical Plan View
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The extended detention storage that the pond provides on top of the permanent pool also has
channel protection benefif¥irginia DEQ, 201]. The stormwater outlets let the extended
storage out at a controlled rate that is meant to limit or, ideally, eliminate the bed and bank
erosioncaused by urban stormwater peak flet&dSCEandWEF, 1992) Significant pollution
reduction via settling can also be achieved during drawdown of the extended detention volume

(ASCEandWEF 1992; Schueler, 1987)

The benefit of wet ponds over the similar drydetentionponds is that the stormwater is held

during quiescent periods between storms, and during this time biological and chemical
mechanisms can remegomedissolved or slowly settleable pollutarkdvitved-Jacobsen, 1990
Urbonas, 1996 The aquatic plants and algae in @ wond can take up dissolved nutrients and
incorporate them into their bioma&chueler, 1987) Upon death, the plants settle to the bottom

as organic particulatéSchueler, 1987)microbial uptake and decomposition of whiencause
further removal of pollutant@ivitved-Jacobsen, 1990; Schueler, 198%hen the next storm

occurs, the incoming storm flow displaces the treated water from the previous storm and sends it

through the outlet into the receivingater body(Strecker, 1999)

2.7C Retention Pond Design Theories

The design of a stormwater wet pond is an important determining factor of pollutant removal
efficiencies. Manytsidies have examined wet pond performance, and the reported data shows a
great deal of variability, likely due to differing internal pollutant cycling dynarfi¢mer,

2000) The varying characteristics of the pollutants themsgimekidingpartitioning between
dissolved and particulkatphases, particle sizes, settling velocitaspng others, maynpact

removal efficiencieUSEPA, 1993) A properly designed wet pond must account for the

74



natural variability of stormwater pollutants and create an internal treatment process that

adequately reduces all pollutant for(RsSEPA, 1993)

There are two general desigpproaches that can be applied to wet ponds: the solids settling
method and the controlled eutrophication metfidartigan, 1989) In the solids settling

approach, its assumed thamostpollutants are removed via Type | settling of sedimantser

plug flow conditiongHartigan 1989) The controlled eutrophicatianodel focuses onutrients,

and uses their removal as a proxy measurement of total pollutant reidaxagan, 1989
NVPDCandESI, 1992. To dothis, the model attempts to quantify biological uptake under
mixed flow conditions The controlled eutrophication model focuses on the qydfmutrients,

and uses their removal as a proxy measurement of total pollutant reidaxagan, 1989;

NVPDC AND ESI, B92). To do this, the model accounts for the biological removal of nutrients
(Dormanet al, 1996; Hartigan, 1989)Both approaches attempt to find the pond volume that

will maximize performance efficiency

According to Hartigan (1989), the solids settling model relies on rainfall/runoff hydrographs and
frequencies, the sizeddributions and settling velocities of stormwater particulates, and the
assumed percentage of pollutants that are particulate bound. Given these data, one may calculate
the total removal efficiencies at various pond overflow rates by assuming that mug flo

conditions and Type 1 settling are maintained within the pond. The final removal rate for each
pollutant is calculated by multiplying the TSS removal by the percentage of the pollutant that is
particulate bound. Results of this type of analysis havesithat approximately 10% of all

settling is accomplished during turbulent storm flow conditions, and 90% occurs during
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guiescent conditions between stor@sher literature states that settling can effectively remove
sediments larger than 20 um in diasrebut is inefficient at removing smaller particulates (GC

andWWE, 2012a).

The controlled eutrophication model is based upon the assumption that nutrient cycling in wet
ponds occurs in much the same way as natural lakes, with the principle confaaflorg being

the loading and decay rates of phosphorus, the hydraulic residence time and the mean depth of
the pool(NVPDC AND ESI, 1992 Itis a simpler model because it omigludesannual

phosphorus loads and does not take into account-$testorm pollutant variationfHartigan,

1989) Although phsphorus is the only pollutant analyzed, it is assumed that a pond that can
successfully remove phosphorus will remove other nutrient anesuioient pollutantas well

(Hartigan, 1989)

According to Hartigar§1989) the controlled eutrophication model is based on the phosphorus
coefficient model developed by Walk@r985) Phosphorus removal in a wet pond, assuming
well-mixed conditions, can be characterized/Mg | k secoddsorder decay reaction with a rate
of K2 (m¥mg-yr), as shown in Equation (6)

K2=(0.056)(QS)(F) / (QS+13.3) (6)
QS is the mean overflow raté/T), Z is themean pond depth () is the aeragehydraulic

residence time (yearsandF is the ratio of Ortho P tdotal Pin the inflow.

The decay ratek2, can then be useéd Equation (7) to calculate the total phosphorus retention

coefficient (R), which is tdrre measure of the
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R=1+91-(1+4N)*?)/(2N) (7)
TheN variable is equal to (K2)(P)(T), P represents the inflow total phosphorugnmgdand T

is the average hydraulic residence time (yrs).

Therecommended wet pormmbol volume will generally be around 3 times larger when
calculated according to the controlled eutrophication model as compared to the solids settling
model(Dormanet al, 1996) This is becauste solids settling approach assumes pollutants are
reduced by sedimentation alone, and shorter detention times are needed to nsstimge
processes under plug flow conditions than biologicatessesnder mixed conditions

(Hartigan, 1989)

Settling studies have shown that the percentage of TRKNdhat can be removed by settling

alone is less than 50¢ormanet al, 1996) The solids settling method is meant to estimate the
pond size needed to maximize Type 1 settling, but if Doretah are correct, a pond designed

this way can only be expected to remove the less than half of nutrients that are particulate bound.
Monitoring of wet pond performance has further shown that the reduction of pollutants cannot be
due to settling alon@bormanet al, 1996) and that the observed removals oL,NBIO;,, Cu and

Zn are stronglyinked to biological cycling(USEPA, 1983) In comparing the estimated

removals from both design methods to the actual results from Washington, DC area wet ponds
monitored in the NURP study, the controlled eutrophication moded Oetter job of predicting
phosphorus removal than the settling solids methiadtigan, 1989 For these reasons, the

controlled eutrophication model is thought to be the better design method fowhezas
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nutrient pollution is a known proble(riartigan, 1989) This is often the case when a BMP
drains to a watenody with a long residence timée a lake, bay oestuary(Dormanet al,

1996) Since the Chesapeake Bay is a whgely with nutrient pollution problems and a long
residence time, the controlled eutrophication model may be the better design approach for

stormwater wet ponds withthe Baywatershed

2.7D Maximizing Retention Pond Efficiency

Regardless of the designpmpach used, it is clear from the literature that the basic factor that
determines wet pond pollutant removal efficiency is the size of the pond relative to the size of
the influent stormwater volume. There are various ways to make this comparisohewithdt
direct being the ratio of the volume of the pond to the volume of the infl@vermeasures

include the detention time, areal comparisons between the pond and the contributing drainage

area, and the overflow rate.

For straight volume comparisgrisURP came to the conclusion that higher ratios of pond basin
volume to inflowrunoff volume (MyV,) correlated with better sedimentation removal
efficiencies(USEPA, 1983) Hartigan(1989)examined a subset of NURP data and found that
Vu/V, correlated well with phospines removal efficiencyin the subset,gnds with a WV,

ratio greater than 4 had TP removal in the range 8. Smaller ponds withpgl¥/, ratios less

than 2 could only achieve 5% TP removal, suggesting that larger pond volumes inctease
dissolvedpollutant removal. Hornest al (1994)found similar results, concluding that g/V,

of at least 5 is needed to achieve the maximum possible phosphorus removal of 60%. Schueler
(1987)noted a basic rule for wet pond volume: if the volume of incoming water is greater than

the storage of the pond, some of the stormwater will pass through immediately and with minimal
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treatment. For this reason, wet poddsspecially smaller ondsdo a poorer job at treating the

runoff from large storms. HvitvedacobsorfHvitved-Jacobsen, 199@dvocated for a slightly

different means of determining the proper wet pond volume. He estimated that a pond should be
sized to hold 25@00nT of water per hectare of effective drainage area (EDA). EDA is equal to

the total drainage area times the runoff coefficient.

Detention time is calculated by dividing the wet pond storage volume by the incoming flow rate.
While it is different for every storpone can easily see how detention relates directly to pond
volume: increasing the volume increases the detention time regardless of the inflow rate.
Detention time is an important parameter because a wet pond needs to hold pollutants long
enough to allowor sedimentation, biological uptake, adsorption, and ion exchange to occur
(Hvitved-Jacobsen, 199WSEPA 1999. Hartigan(1989)applied the controlled exaphication

and solids settling models to a theoretical wet pond receiving runoff from the same drainage area
under the same weather conditions and displayed the results graphically. The controlled
eutrophication model prededthat pond phosphorus remadwwvould increase rapidly as the
detentiontime increasedrom 0O to 2 weeks. At greater than 2 wedksgemovals still increase

but withdiminishing retuns aghe relationshigpetweerbe@amenearlyasymptotic. He found a
similar patterrfor the solidssettling model, but the inflection poiatcurredat one week. These
findings illustrate the importance détentiortime as well as the comparatively greater pond
volumes required by the controlledtrophication model. In a similar graphical analysisag

NURP data and his own field measurements of pond performance plotted as a function of
residence time, Hvitvedacobson (1990) found two inflection points for TP and TSS removal:

the first occurred at a residence time of 5 days with diminishing redsdinereafter, and the
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second at 10 days, after which no more mvagful pollutant reductions coulage obtained.
Horneret al.(1994)found thata detention time of-3 weeks wa needed for the maximum

possible 60% phosphorus removal.

In a much earlier and more general analysis, Kit&8)concluded that detention time was not
of great importance for the settling of larger jzdes, but it was the most important factor for
smaller particles whose settlingeas slow compared to the rate of formation and settlement of
floccules. Longer detention times provide more opportunities for collisions and thus floccule
formation and sttling. In stormwater, many particulates have been shown to be floccules of
inorganics with a coating of fine organi@lis et al, 1982) Detention time seems to be of
particular importance in the removal of natrts by biological means. FamanoniacaiN

reduction the residenceéme must be long enough to allow for volatilizatiomcrobial oxidation

to nitrate and then denitrification to other gaseous fpand/or biological uptake (G&nd

WWE, 2012a) Certain BMPs can be termed dAnyitrate
reduce nitratéoadsbecause they provide a long enough detention time to allow for the

biological uptake of nitrat@Niner, 2000)

It is common in the literature fand arealcomparisons between the size of the contributing

drainage area and the size of the receiving wet pond. The EPA recommends that the ratio of the
contributing watershed area to the surface area of the pond be 100 or less to ensure that the pond
is large eough to provide adequate removal efficien¢leéSEPA, 1999)Hartigan(1989)found

that a good rule of thumb is for the wet pond surfacetarbea as large as 1.0% of its drainage

basin if the watershed consists of relatively pervious residential development. If the catchment is
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highly urbanized and impemws, the pond area should expandit6% of the watershed area.
Horneret al.(1994) found the acceptable range to be betwe&po3of the watershed area. A
pond of this area would generally provide th@ ®eek residence time that the authors also

suggestedvas a criteria for maximuntfeciency.

The surface overflow rate (SOR), calculated by dividing the stormwater inflow rate by the wet
pond surface area, is another commonly used metric for estimating the general efficiency of a
wet pond. Theoretically, a settling pond should be tthiemove by Type | Sedimentation all

the particulates with a terminal settling velocity greater than or equal to the pon@=8@#rd,
2013). If removal by Type | settling is the primary goal, then SOR is a more important design

factor than detentiotime (Fischerstrom, 1958)

Empirical andheoretical relationshipsavebeenproposedo show the importance of SOR in
the removal of suspended particulates. Fair and G&98¥) proposed Equation (8) to show
the relationship between particulate settling and SOR.

R=1-[(1+(1/n) 7 (VJSOR)I" (8)
R represergthe decimalifaction of initial solidgemoved (R x 100=percent removyal)is a
coefficient of turbulence and short circuiting, which ranges from 0 amdY s is the ®ttling
velocity of particlesin English or Sl unitsTo simplify calculations, the continuous distribution
of particle settling velocitiesmaybe lumped into several groupdth each groumssigned an
average velocity, as was done by NURFSEPA, 1983and Dormaret al.(1996) These
average velocities may be substituted into Equation (8) to estimate the total removal of each

group(USEPA, 1993)
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Lessard and Bedd991)modeled the differential change in the coricaion of suspended
sediments in a settling pond and formulated Equation (9) to model the results:

dCsddt = inflow loading ratei outflow loading raté [(1-ScourCoefficient)(\)(A)(C)1/V] (9)
Cssis the concentration otispended solidand C is tle instantaneousoncentratiorof

suspended solid®oth ing/m®. The Scour Coefficient is anitless measure of scour alothg
bottom and sidesf the pond. A and V represent the pond &ned andvolume (i),

respectively. VYis the settling velocity of the sediments (m/h). The inflow and outflow loading

rates are measuredgi(m’s).

While the SOR is nagxplicitly used inEquation (9)the particulate settling velocityy, is the
functional equivalent. The equation aleveat the importance of maximizing the area to

volume ratio in order to reduce the concentration of suspended solids over time. The A/V ratio is
analogous to the SOR: the larger it is, the larger the SOR. An interesting implication is that one
can incrase the ratio by maximizing surface area and/or minimizing volume. This implies that
the shape of the pond is more important for suspended solids removal than the overall volume.
As long as the surface area is maximized, the volume makes little difareremoval

efficiency, and in fact, a larger volume will resuli@ssefficiency. This can be due to the fact

that shallower ponds require particles to settle a shorter distance before being removed in the
bottom sediment@Horneret al, 1994 Schueler, 1987 This implication is attenuated by the
inclusion of the scour coefficient. Ponds that are too shallow will suffer fresusension of

sediments during turbulent flo@iHartigan, 1989Schueler, 1987 so while Lessard and Beck
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(1991) found increased volume to be detrimental to the initial vahtoy sedimentation, volume

is important for keeping the settled sediments sequestered on the pond bottom.

Several other authors have endorsed the idea of shallower basins, even if not explicitly
discussing SOR. Shallower basins tend to increase sunlight availability to the ponal lboid

thus increase aquatic plant growth and the biological uptake of poll(@&t&sndWWE,

20123. Shallower depths also increase the amount of oxygen available to the sediments which
can increas microbial decomposition rat@dorneret al, 1994 GC andWWE, 20123

Keeping the pond shallow generally will preclude stratification of thergatrich can cause

anoxic conditions in the pond sediments and lead to the release of sequestered phosphorus and

metals(Hvitved-Jacobsen, 1990NVPDC andESI, 1992 USEPA, 199%

A study by Barret{2004) arrived at a differing conclusion about the relation of pond size and
treatment efficiency. He found that the only statistically significant predictor of wet pond mean
outlet pollutant concentrations, with the exception of dissolVedphorus, was the mean inlet
concentration. This relationship held regardless of the pond size except for very large storms
where the inflow volume was greater than the pond volume. He believed that most suspended
solids settled in the first few houtsyt that smaller particulates such as silt and clay hardly settle

at all, regardless of the detention time.

With the exception of Barrett (2004), a synthesis of the desggmmaendations in the literature

points to the importance of pond sias measukby volume, surface, areay/V,, detention

time, SOR, etc.jelative to stormwater inflows, regardless of whether pollutant settling is
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accomplished by sedimentation, biological processes or both. While the controlled
eutrophication model recommends qmaratively larger ponds than the solids settling model
(Hartigan, 1989), both models correlatereased efficiencwith increags in pond size.

However, at certain size, an inflection point is reached where larger ponds continue to increase
pollutant renoval, but at greatly diminished rates (Hartigan, 1989; Hvitleabbsen, 1990). The
inflection point for TSS removal is clearly illustrated in Figure-2.This graph from the NURP

Final Repor{USEPA, 1983shows that for a wet pond with a constant depth and watershed
runoff coefficient, increasing the pond surface area results in a greater reduct®®, dfut
diminishing efficiency begins after the pond surface area exceeds 0.5% of the contributing

drainage area.

Besides the pond size, there are other design parameters that can inetgesedefficiency.
Many of these parameters are meant to presteortcircuiting of the inflow. There is no formal
definition of short circuiting, but an operative definition is that it occurs when a portion of the
inflow exits the pond after less than-80% of the theoretical detention tiriEhackstoret al,
1987. One common way to minimize short circuiting is to increase the length to width (L:W)
ratio of the pond. Long, narrow ponds with a large L:W ratio reduce short circuiting and
promote plug flon(Walker, 1998. For an inflow stormwater volume equal to the available
pond storage, a pond with an L:W ratio of 0.5 retained 19% of the storm flow and allowed it to
mix into less than half of the pomdlume; a pond with an L:W ratio of 4 mixed the inflow with
the majority of the pond volume and retained 65% after the giatker, 1998) The

horizontal short circuiting causéy a small L:W ratio may not have a significant effect on the

settling removal or larger particles, but it will likely reduce the removal of smaller particles with
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slow settling velocitiegFischerstrom, 1958)Since smaller particles also carry a high
concentration of bound pollutart€amponelliet al, 2010; SartoandBoyd, 1972; Tanizaket

al., 1992) ther shortcircuiting may cause significant reduction in pond efficiency.
Recommended L:W ratios from the literature range fron{Raktigan, 1989jo 5:1(Horneret

al., 1994) If the space is not avable to build such a pond, the effective length of the flow path
can be increased by placing baffles or other obstructions within the permanef8qiac|er,

1987) The inlet and outlet of the pond should be placed antsthydraulicallydistantpoints

from each other so as not to reduce the flow path provided by the pond¢isbapret al,

1994; Schueler, 1987)

Thackstoret al (1987)provided an empirical analysis of the relationship of settling pond
efficiency and pond shape. T®h#lustrated thecorelation between pond dimensions and the
hydraulic efficiency (the ratio of actual detention time to theoretical detentionwitie)
Equation 10).

t/T=0.087 (L/WYBH(L/D)**(Ve/Vagy) **% (10)
t/T is the unitless hydraulic efficiency while&/W is the ratio of the pond length to widt.
refers to the depth of the pond; i¥ the particle settling velocity whilep), is the advective
velocity of the inflow. All distance and velocity measurements can be in &tighish or Si

units.

The equation shows that the L:W ratio is the greatest determinant of hydraulic efficiency, but it

also reveals that depth is inversely related to efficiency. The negative correlation between
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increased depth and wet pond efficiencyswascussed the previousection,but in this

instancethe authors believed that greadepthsproducednore dead zonésareasof eddy

Figure 2.7-3: Correlation Between Pond Size and TSS Removal Efficiency
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recirculation that are hydraulically disconnected from the bulk flow and thus represent a decrease

in the volume of the pond available for stormwater mixing and treatment.

The reduced volume leatb greater short circuiting. Hartigan (1989) came savalar

conclusion about depth, arguing against deeper ponds because the potential thermal stratification
they underwent would produce a density gradient that would exclude the bottom of the pond

from mixing with inflows. As was also noted previously, taas a limit to how shallow the

ponds may be. A minimum depth oBXeetwas recommended by Thackstenal (1987)

Hartigan (1989arguedfor a mean depth of-2 m, whereas Hvitvedacobso (1990)preferred

the shallower 41.5m range.
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Inflow velocity and flow concentration are also important factors for design. The velocity
should be reduced and the flow should be spread across the width of the pond as evenly as
possible(Horner, 1994) High velocity concentrated flomto the pond can cause turbulent
conditions and the rsuspension of bottom sedimen(Struck et al,, 2008) Adequate depth at

the inlet should be able to reduce the velocity of inflgMgPDC AND ESI, 1992

Over the long terpthe dredging and removal of sediment is important to maintaining wet pond
efficiency. Sediments will accumulate on the pond bottom, and over time will reduce the
available storage volume and detention time. Accumulation rates are dependent upandhe rat
the pond surface area to the drainage area. Yets¢f(1994)modeled the accumulation using
Equation (1),

Accumulatior= a[(100*pond area)/drainagarea]® (11)
wherea and bare enpirically derived constant$t was found that accumulation rates increase
greatly when the pond surface area is 2% or less of the contributing drainage age, and slow
greatly above 4%Yousef et al., 1994) Accumulation rates are also likely dependent on the soll
characteristics of the drainage area. Silty soilshaglely erodibleand will likely determine the
dredging frequencgf wet pondgdNVPDC andESI, 1992) Reported dredging cycles in the
literature include a @0 year frequenc(Hvitved-Jacobsen, 1990and a 515 year recurrence
for wet ponds in Northern VirginiNVPDC andESI, 1992) A sediment forebay that provides
some prdreatment settling before theflow passes into theermanent pool can reduce the
sediment accumulation rate and the need for dreddidgitved-Jacobsen]99Q NVPDC and

ESI, 1992 Virginia DEQ, 2011).
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Rooted vegetatiom the pondcan removed pollutants from the sediment, aid in sediment

settling, and protect the inlet and shoreline from erosion; algae can take dissolved material out of
the water column; and both algae and rooted plants add organic seston to the pond that will
increase the population and activity of the microbial populg&whueler, 1987) To increase

the amount of vegetation in the pond, an aquatic bench around the pond pexamieger

provided to create the shallow, light filled littoftgoe envionment that will allow vegetation to

thrive (NVPDC andESI, 1992 USEPA,1999; VirginiaDEQ, 2011J).

2.8 RETENTION POND PERFOMANCE ANALYSIS

It can be quite difficult to create standard performance ratings for wet ponds or any type of
stormwater BMP because of the inherent \ality of stormwater volumes and pollutant
concentrations and the design variability of the BMPs thems@aggett, 2004JUSEPA, 1993

A wet pond at a specific location hafxaed size and capacity, btite stormwater flowing to it

will vary from storm to stormAs a result, the analysis of wet pond efficiency must account for

the intermittent and variable nature of stormw#ters and make reasonable estimates of
performance under the range of opematonditions likely to be encounterddSEPA, 1986)

This will often mean that pollutant removal efficiencies must be reported as a range, rather than a

single numbe(MaxtedandShaver, 1999

2.8A Various Measurement Techniques
The variability of event mean concentrations (EMCSs) of pollutants in stormwater at specific

BMP sites across the countmgsbeen found to be best described by the lognormal distribution
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(HelselandHirsch, 2002 Smullenet al, 1999 Strecker, 1999USEPA, 1983 The median
EMCs from site to site also follow the lognormal distributfd$EPA, 1983) Thisillustrates
the variability of stormwater quality, but also gives a standard distribtraosformatiorby

which it may be statistically analyzed.

Stormwateiata, both quality and \wme, are generally right skewddgh outliers stretch out

the right tail of the distribution, but the left tail remafix®@d because concentrations and volume
cannot be less than zgf@C andWWE, 2009 HelselandHirsch, 2002. These high outliers

will cause the mean to inflate and become larger than the m@&i@andWWE, 2009 Helsel
andHirsch 2003. Because of this, if one seeks to compare the efficiencies of BMPs using a
single measure of central tendency, it is advised to use the median rather than tfigS&EEaK

1983)

The variability in stormwater characteristics and wet pond performance is nearly matched by the
variety of methods employed to measure efficiency. Unfortunately, each method appears to
produce somewhat different results. This variability and lack oflatdization is one reason it

can be difficult to determine standard effectiveness estimates of various(EBilieskeret al,

2001; Urbonas, 1995;)

One of the mogbopularmethods of reporting BMP performance is the efficiency ratio) (B

andWWE, 2009, which is calculated according to Equatid)(

1-(Average outlet EMC/Average Inlet EMC) (12
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While common intheliterature there are several problems inherent inERemethod. Since it
uses average EMCs, thR gives all storms equal weight, even though large storms carry a
much greater pollutant load than small off@srmanet al, 1996 GC andWWE, 2009.
Additionally, the removal efficiencies of all BMPs have been shown to be strongly dependent on
the inflow pollutant concentratiorfBarrett, 2004) As a result, efficiencies are often dependent
on the claracteristics of the stormpt just the BMP. Generall{£R performance is poor for
storms with low pollutant concentrations amdproves as inflow concentrations rigtreckeret
al., 2003, Urbonas1995. A BMP will often show poor removal only becausks itreating
cleaner stormfWiner, 2000) The storms with the lowest EMCs alsaddo be the smallest
volumetrically, and as previously statatiesestorms already ske®R results because they are
given the same weight as larger storms with larger loAdslitionally, in the rare cases in which
stormwater volume isignificantlyreducedduring passage through tiwet pond the resulting
pollutantreduction cannot be quantified by tBR because it only considers concentration

(Dormanet al, 1996)

The summation of loads (SOkjethodis a common madsased measure of efficiency shown in
Equation {3).

1-(total loads in/total loads out) (13
The SOL, beingbased on the long term sum of logkas the benefit of lessening the impact of
stormto-storm variabilityon overall BMP efficiency(USEPA, 1986) The accuracy of the
method relies orhie assumption that the monitoring period is representative of the entire
population of potential stornand that there is not significant export of material during the dry

periods between stornf&C andWWE, 2009. The SOL is often dominatduy a few large
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storms with large pollutant loads (GAdWWE, 2009).Since only total load reductions are
analyzed, this methathnnotbe used to determine if BMP outlet concentrations exceed

benchmarks such as water quality standéBfsandWWE, 2009.

The efficiency ratiaand summation of loads methackn also be applied to individual storrtes
determine concentration or mass reductions on-atpem basi¢GC andWWE, 2009 Winer,
2000. Reductions from each storm can be compandd/idually, or the average for all storms
maybe calculated. While similan conceptthe BMP performancealculatedby averaging the
efficiency ratio of each stormvill differ from performance calculated hige normaER, which
compares the average EMC of alllavis versus the average EMC of all outfloiwginer, 2000)
The same problemsherent inthe ER apply equally tdoth theperstormapproaches. Both
weight all storms as if they are eqguahich ignores the fact that there are great variations in

pollutant loads based on storm s{&¢reckeret al., 2001)

The performance of BMPs can also be compared to relevant benchmarks. For instance, outlet
EMCs from a wet pond can be comparech®water quality standards that are applicable to the
receiving water bodyGC andWWE, 2009. Outlet concentrations can also be compared to the
best possible effluent quality that can be expected from the BMP. Scfif9é)created a set

of firreducibled concentrations that represented what he believed to be the best BMP pollutant
reductions achievable. The effluent EMCs of a wet pond could be compared to these irreducible
concentrations to see how close tieene to matching the higheathievable efficiencyGC

andWWE, 2009)
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Aperf ormance measure called the neffl uent
analysis ofdata from the Inteattional Stormwater BMP Databa&C andWWE, 2009).The

first stepof a multistep process to determine if the BMP is providing treatment by using
appropriate parametric or nqarametric statistical hypothesis tests to determine if inflow and
outflow water qualityaresignificantlydifferent. In order to do this, the base data must fest b
analyzed to see if adheres t@ certain distribution, such #&selognormal(HelselandHirsch,
2002) Parametric hypothesis testaybe applied if thelata do followa standard distribution
(normal, lognormal, gamma, etcotherwise, nofparametric testshouldbe appliedHelseland
Hirsch, 2002) The results odll statisticaltests should be given with their confidence intervals,
which aretypically setat 95%(GC andWWE, 2009) The second step of the effluent
probability method is to display the performance results graphicallyaf@&@/WE, 2009). he
cumulative distribution functions of the inflow and outflow EM&doads placed side by side
on probdility or QQ plots give clear and understandable visual evidence of the performance of

the BMP(GC andWWE, 2009 HelselandHirsch, 2002.

2.8B Actual Field Measurements of Efficiency

Theaverageerformancef wet pondfrom several multpond studies as well as the reduction
credits assigned to wet ponds built according to Virgstade design specifications are given in
Table 28-1. As may be seen frometable, therange of removal efficiencies is quite wide.
Evenwithin an individual study, wére a range of pollutant removassgiven for a single
contaminant, that range often large (for instance, the88% ER ranges for lead removal
reported byDormanet al. (1996). The two measurement approacheRandSOL, also

resuledin quite different pollutant removalblone of the studies met the Virginia phosphorus
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Table 2.81: Average Wet Pond Performance and Virginia Assumed Performance

GCand | WINER DORMAN et | NURP (1983? VIRGINIA
WWE (2000¥ al. (1996) REDUCTION
CONSTIT- | (2012ab)* CREDIT (2011)
UENT
Conc. - Mass | Conc? | Mass | Conc.| Mass | Conc.
TP 43 49 46 21 34 37 50 50
oP 54 70’ - - 29° | 38 - -
TN 30 32 - - - - 30 30
OX-N 58 62 60 | 56-58 - 27 - -
NH3+4 - - - - - -
TSS 83 80 60 31 60 38 - -
TOC - - 32 19 - - - -
DOC - - - - - - - -
COoD > - - - 15 15 - -
Tot. Zn - - 62 52 - 30 - -
47-
Tot. Cu - - 57 4372 - 33 - -
22-
Tot. Pb i i 77 | 788 | 62 | 66 | - i

L Average reduction of median EMCs. TP and TSS data from ponds within or near Chesapeake.

All other data from international database

% The average of many individual studies that used different performancealculations

3 Average reductionof median EMCs

4 Average reductionof mean EMCs

°: Assumed performance of ponds built to Virginia IEQ (2011) Level 1 specifications

8 Reduction of soluble phosphorus
reduction credit of 50%, buihe data reported by Winer (2000) weezy close. All of the
performance data in Table 218vas developettom ponds that were built significantly before
the current Virginia design specifications were implemented, and most pond sites are not in

Virginia, so their failure to attain the assumed 50% reductions of TP and TN does not necessarily

mean they are urdperforming for their intended purposes.
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A review of wet ponds in the Chesapeake Bay Watershed tbah@vet ponds were providing
statistically significant reductions of TP, TKN and T&8C andWWE, 20123 In an analysis of
the International Stormwater Databatbe only BMPsto significantly reduce TKNvere wet
ponds and bioretentigqiGC andWWE, 2009. In a USwide analysis of wet ponds, Winer
(2000) found aerage bacterial reductionsofmbinedremovals of Ecoli, fecal strep, enterococci

andfecal and total coliforms) were 700@/iner, 2000)

Strucket al.(2008)determined that wet porzhcterial reductions could be modeledaby
standard first order decay reactigith a rate constank overai (h), as shown in Equation (14)
Koveran= Koofj 17 2%+ L + Kotner (14)
Koveralis determined by, theinactivation rate constant due to temperature at 20 the
unitlesstemperature o e f f ircthe éemperaturg in degre€slsius,T; the light
proporti onaliibuynitsofedmWh; theilighnirtensityfiL, in mW/cmand the
inactivation ratei{") dueto other environmental factors such as adsorption, filtration,
sadimentation, pH, DO and redox potentighile Kqnerdemonstrated thaihe exact effects of
individual environmental variables we difficult to segregate, the authors did calculate total k
values for different bacterial specisemmonly found in stormwaterhe k values varied with
season and bacteria species and ranged between 0.044 and 0.335. The authors further believed
that there was an irreducible concentration that represented the lowest possible bacterial

concentration tat could be reached by any BMP.
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2.9 RETENTION POND PROBLEMS

Wet retention ponds have become a staple BMP in the United States, frequently recommended
by regulators and used by developgtancockandChambers, 2010)Their long residence

times and assemblages of plants and microbes make them particularly well suited for removing
dissolved pollutants like nuénts from stormwater, a feat that extended detention ponds cannot
match(Hartigan, 1989) Yet, they are not without their problems. DesthtEr proven water

quality benefits they can also place added stress onto receiving waters.

2.9A Thermal and Dissolved Oxygen Issues

Thermal pollution is a problem that is often exacerbated by wet §@adls 1990;Strucket al,
2008) The same traits that make a wet pofiidient at sediment and dissolved pollutant
removad long detention times, large pool surface areas, and sunlight irradiance into e pool
also cage the temperature of the pomdter to risevhich can cause thermal stress in
downstream biotéGalli, 199D; Roseeretal, 201Q. Data from a wet pond in suburban

Maryland showed that average water temperatures rosglt@duringbase flow and.7°C

during storm flow, imitating the thermal changes caused by heavy urbanization of a watershed
(Galli, 1991) Releases from wet ponds are sufficiently hot to stress or kill some sensitive
downstreanorganismgike trout, sculpin and the EPT benthic commuii@alli, 1990; Roseen

et al, 2010. Some of this effect may be minimized by choosing an outlet structure that draws
cooler water from a foot or so below thermanent podurface(Schueler, 1987)but even with
precautions like this, wet ponds may not be suitable in watersheds that drain to streams that are

not thermally stressed at the outggalli, 1990)

95



Connected to the thermal pollution issue is the related problem of dissolved oxygen (DO) in the
pond discharge. Warmer waters contain less DO, and as a result, a pond can release oxygen
deprived water into iteeceiving bodyGalli, 1990) In addition, the BOD within the pond can

also depress DO outflow concentratig@slli, 1990) DO restrictions were seen in the effluent

of athermallystressed wet pond in Maryland, but it was noted that with turbulent flow in the
receiving body, the D levels would recover within 6122 mof the pond outfal{Galli, 1990)
Oxygen depressionay be an issue in ponds that drain to relatively calm water bodies, but an
adequate outfall that can create aerated, 1litk=flow should be able to reduce or eliminate low

DO concerns in receiving waters.

2.9B Improper Sizing/Location
Wet ponds are geerally designed to control the stormwater from a certain design storm of
known frequency. For instance, Virginia stormwater laws require that wet ponds safely control
the 2year and 1¢/ear 24hour stormgVa. Admin. Code, 9/AC25-840¢t se]). The
characteristics of such storms and the runoff they create is often estimated by using standard
hydrologic models like thRational Method or USDANRCSTR-55 (Hancock et al., 2010)
Hancock et al. (201@nalyzed wet pondesignedaccording to the runoffstimates predicted
by standardnodels They found thaactual inflow volumes and runoff coefficients were higher
thanmodel prediction$4%and80% of the timerespectivelyThis caused the monitored wet
ponds to frequently underperform their outflow peak shaving requirements. The authors
proposed three reasons why thrglerestimation may have occurred

1) Rainfall intensities during design storms likely exeaztte intersities predicted in

USDA synthetic rainfall curves used for BMP design.
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2) Runoff coefficients and T85 curve numbers likelynderestimatedctual conditions.
Semipervious surfaces such as graded and grassed lawn and other opszasoNere
likely not credited with creating as much runoff as tley

3) APi ggyb ac kayhayeoause gew infloevs toresitethe ponds before
previousinflows were fully releasedThe pond storage volumeerenot large enough

to accommodate theombinedflows.

In Virginia, the new state stormwatergulations specifically approve of the use of3Rand
the Rational Method for estimating inflow runoff volumes and peak flow rates (Va. Admin.
Code, 9VAC25870-72). If Hancock et al. (2010) are correct in theidfirgs, Virginia wet
ponds and other BMPs may be consistently wsderd and unable to achieve their estimated

pollutant and flow rate reductions

The location of the wet pond within a watershed is afstoncern. Ponds located neéfae outlet
of thewatershed may detainflows long enough so as to reledbe stored water into the
receiving bodyust as the upstream peak discharge reachesathe locatioriSchueler, 1987)
Rather than reducing peak flow, the pond would actually add #mitvoid this, comprehensive
watershed modeling should be done before the proper location of a pond is determined

(Schueler, 1987)

2.9C Limits of Effectiveness

Assuming that a pond is well positioned, properly designed for the stormdiluahtions it will

experience, well maintained, antherwisefunctioningas intendegthere is still a limit to what it
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can accomplish. The hydraulic changes wrought by urbanization can be so complete that
Aeeven with more envi rewlopmenhpraatices,yrbanizatioa prabébly ur b
will eventually degrade stream ecosystems once it exceeds a certain threshold level. All the

urban best management practi ce@Vamgetal,200d) i s t o

While wet ponds can deice peak flows and filter out pollutants to improve water quality
(NVPDC andESI, 1992 Schueler, 1987Schueler, 1994 because they are designed to simply
hold and treatunoff, they do not reduce the significant increase in-gdeselopment stormwater
volume (MaxtedandShaver, 1999)nordothey increase the low summer base flows of an
urbanized watershgd homaset al, 2011).Retention and detention ponds have not consistently
proven to reduce the number of bankfull flog8shueler, 1987While some studies have found
that watersheds whose runoff was well controlled by retention and det&dilires suffered

from lower peak flow s and less channel widening (Allmendiegat, 2007; Meierdierckst

al., 2010), others have found that bank erosion still occurs downstream of thes¢Bumidst

al. 2002) Even if wet ponds consistently provide flow attenuatioth iagrease channel

stability, that may not be enough to prevent biotic degradation because biological impairment
often occurs before noticdalimorphological changes (Chin, 2008n analysisf stream

habitats and biological communities downstream of retention ponds found that the ponds did not
significantly improve théabitat conditions of the stream or the diversity of the benthic
invertebate population when compared to urbanized streams with no stormwater controls

(MaxtedandShaver, 1999)

Wet pond9lay an importantole in reducing pollutant loads and concentratjdng they cannot
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recreate the natural hydrology that eatsbefore developmef(Boothet al, 2002) In fact,

altered site hydrology can be considered a-fifeature othewet pond(Shaver, 1998)

because the pond does not limit excess;fibgimply doles out stored stormwater over an

extended time span. Stormwater controls in Virginia are shifting from an emphasis on traditional
stormwateiBMPslike detention and retention ponds to Low Impact Developrfidb)

practices that seek to reate the prexisting natural hydrologfCode of Va., 862-#4.15:52et

seq. This does not mean that wet ponds will no longer have a role in stormwater management,
but the state is now emphasizing their use as éinasdf defens& a means of filtering and

storing the excess stormwater that remains after upland practices have been employed that treat
and reduceunoff volumegDEQ, 2011) Beyond the new emphasis on LID techniques, a

holistic, watershedvide approach is most likely necessary to protect streams and other water
bodies from the negative impacts of urbanization. Thiscagmbr will need to include impervious
surface limits, forest retention, riparian buffer preservation, protection of wetlands and unstable

slopes, and BMPsuch as thevet pond(Boothet al., 2002)
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3. MANUSCRIPT

THE PERFORMANCE OF A STORMWATER WET POND IN TREATING URBAN

RUNOFF IN THE CHESAPEAKE BAY WATERSHED

3.1 ABSTRACT

Ashby Pond in Fairfax City, Virginia was retrofitted to treat stormwater from 54.7 heofares
mixed urban land use. The pond flows into Accotink Creek, a highly urbanized tributary of the
Potomac River and Chesapeake Bay that is on the State of Virginia 303(d) list for multiple
impairments. The entire mulstate Chesapeake Bay Watershed isexitbp Total Maximum

Daily Load (TMDL) restrictions on sediment, phosphorus and nitrogen. Virginia and local
municipalities assign pollutant reduction credits to retention ponds that meet certain design
requirements, but to meet the water quality goaksxadting and future TMDLSs, it must be

proven that such ponds truly provide the water quality benefits which they have been assigned.
The inflow and outflow water quality of Ashby Pond was examined over 7 months from fall
2012 to spring 2013. The pond pided statistically significant reductions of phosphorus,

nitrogen and suspended sediments, but not organic carbon or oxygen demand. Ashby Pond had
nonsignificant export of sodium, chloride and calcium. The pond underperformed with regard to
the state redution credits for phosphorus loads and concentrations, but exceeded them for
nitrogen loads and concentrations. The retrofitted pond was-simer when compared to the

state design standards and some underperformance should be expected.
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3.2 AUTHORS

Daniel Schwartz, David Sampl& and Thomas Grizzatd

'Respectively, Graduate Student (Schwartz) and Director (Grizzard), Occoquan Watershed
Monitoring Laboratory, Department of Civil and Environmental Engineering, Virginia
Polytechnic Institute and State University, 9408 Prince William St., Manassas, VA-266&0
United States; antAssistant Professor and Extension Specialist (Sample), Department of
Biological Systems Engineering, Hampton Roads Agricultural Research and Extension Center,
Virginia Polytechnic Institute and State University, 1444 Diamondn8§prRd, Virginia Beach,

VA 23455. (Email/Schwartaschwa81@vt.edu

3.3 INTRODUCTION

In the United States, urban stormwater is thought to be"tneoSt important cause of

impairments of streams and rivers and tB8 rhost important cause of impairments of estuaries
(USEPA, ATTAINS Database. Accessed December 29, 2013, http://www.epa.gov/waters/ir/).
As cities expand, the damage caused by stormwater may be expected to grow relative to other
nonpoint sources (USEPA992a). The harm done by urbanization is caused not just by the
pollutants carried in stormwater, but also by the physical and hydrologic changes it brings about
in receiving waters (Klein, 1979; USEPA, 1983; Wan@l, 2001).

Hydrologic Effects

Urbanizdion has three related effects on hydrology: changes in peak flow, changes in total
runoff and changes in the quality of water (Leopold, 1968). During development, the land is
rendered impervious by a capping of roads, rooftops, footpaths and patkifdollis, 1975;

the permeability of remaining soil is lessened by compaction and gr@timcockand
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Chambers, 20)0and spongy native forests are replaced by suburban lawns @adti2002)
Results of these changes are large increases in the volume and flow ratacef sumoff and a
proportional decrease in the volume of soil moisture, groundwater and stream base flow (Booth
et al, 2002; DietzandClausen, 2008; Fletchet al, 2013; Hollis, 1975; Hornest al, 1994;
Jacobson, 2011; Leopold, 1968; Schueler, 198BEPA, 1992a; Wanet al, 2001; Yanget al,
2011). The altered hydrology causes widespread impacts on receiving bodies, including in
stream erosion (Allmendingetal., 2007; NelsomndBooth, 2002), reductions in the
populations of sensitive aquaticesjies and increases in the populations of tolerant species
(Alberti etal., 2007), increased inputs of nutrients and toxins (Gatraly, 2013; Walsh et al.,
2005), and increases in water temperature (Nedsol?almer, 2007). After urbanization,
averagepeak flows can be 2 to 4 times greater thardenelopment conditions (Chin, 2006).
Total runoff volumes have shown a positive linear correlation with increasing watershed
imperviousness (USEPA, 1983; NovotydOlem, 1994; Schueler, 1994), but for small
watersheds with little ability to attenuate runoff spikes, the increase magdreéhmic(Dietz
andClausen, 2008 Urbanization also increases stormwater velozstyt flows over smooth
asphalt, graded land, uniform turf grass; and through concrete pipes and ¢kletcteeret al,
2013;Hollis, 1975 Horneret al, 1994 Jacobson2011) Accordingly, the time of concentration

is greatly reduce¢Boothet al, 2002 Chin, 2006.

Increased watershed imperviousness can greatly increase the frequency (Schueler, 1987) while
also decreasing the duration (Peffal.,2006) of bankfullevents. For less frequent flood events,
urbanization increases flow volumes (Boatid Jacksgnl997) but with diminishing effect as
flood size increases (Yargg al, 2011). Since groundwater is the primary source of dry weather

flows in streams and rivs, its reduction may cause a similar loss of base flow (Hetredr,
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1994). In a study of US Midtlantic Piedmont streams, base flow typically declined to less than
10% of the regional prdevelopment average when watershed imperviousness passed 65%
(Klein, 1979). However, other studies found inconsistent correlations between urbanization and
base flow (Walstet al, 2005), and a few even observed increases, likely due to pipe leakage and
irrigation (Jacobson, 2011; Schueler, 2009). Urbanization tendsrease flow variability

relative to undeveloped watersheds (Poff et al., 2006). lllustrating this, an urbanized headwater
stream in Durham, NC had a more than 7,000 fold increase from its average base flow to its
maximum storm flow (Bryan, 1972).

Physcal Effects

In response to urbanization, streams first clog with sediment washed from active construction
(Chin, 2006). After installation of impervious surfaces and stormwater conveyances, this
accumulated sediment is flushed out and stream beds anddegyakdo scour to create the

wider and deeper channel needed to convey the larger flow volumes and rates of the urban
watershed (Chin, 2006; Wamg al, 2001). Channel scour is one the leading sources of
suspended sediment in streams (Allmendimge., 2007; GCandWWE, 2012a; Nelsoand

Booth, 2002). In Northern Virginia, 64% of the annual sediment load in a typical urban stream
was estimated to come from&tream erosion (MedirendCurtis, 2011). Physical damage

from suspended sediments includesid of benthic plants, animals and habitat; reduction of
photosynthesis through increased turbidity; transport of pollutants that use sediment as a
substrate; and the abrasion and clogging of sensitive biolagicaturegSartorandBoyd,

1972,

An increase in the amplitude of thermal change is also an effect of urban{#égiotettand

Fortson, 1982NelsonandPalmer, 2007)Impervious surfaces absorb andadiate heat that
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can be transmitted to runoff and the @aalli, 1990;Schueler, 1994 The loss of forest canopy
cove® by development or the erosive widening of stream cha@iretposes surfaceater to

the direct irradiance of the sHewlettandFortson, 1982Schueler, 1994AVanget al, 2001

and the heated urbamatspherdGalli, 1990. In the winter, the lack of a riparian canopy causes
water temperatures to decre@ldewlettandFortson, 198p These thermal variations are likely

to lead to reduced populations of sensitive invertebrates angKifishar, et al, 2013; Nelson
andPalmer, 2007SweeneyandVannote, 1978

Stormwater Pollutants

The mass of contaminants flushed into receiving waters dstamm flowcan exceed months of
background loading from base floSharacklisandWiesner, 199). Pollutants commonly
characterizing urban runoff include suspended sediments; oxygen demand; forms of nitrogen (N)
and phosphorus (P); the metals coppeadland zinc (Strecker, 1999); bactéHaitved-

Jacobsen, 199Ghaheen, 197%nd dissolved salts (HawkiasdJudd, 1972; USEPA, 1992a).
Lead (Pb), cadmium (Cd), copper (Cu) and zinc (Zn) are commonly used to characterize the
metals load of urban stormwatszcause they are almost always present in elevated
concentrations (Strecker, 1999). Roadways are a particularly concentrated source of such metals
(DavisandBirch, 2009; NovotnyandOlem, 1994; Shaheen, 1975), as are residential areas
(Davis and Birch, @09). While Zn is often found in the highest concentrations (Campetelli

al., 2010), Cu is thought to be more dangerous because it is frequently present at toxic levels
(Camponelliet al, 2010; USEPA, 1983), and is harmful to the broadest range of agpaties
(USEPA, 1983). Concentrations of Cu, Zn and Pb in runoff (Bryan, 1972; Camzdraslli

2010; Dormaret al, 1996; HvitvedJacobsen, 1990; Smullenhal, 1999; USEPA, 1983;
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Williamson, 1985) generally exceed the state of Virginia (Va. AdmileC9VAC25260-140)
chronic and acute exposure limits.

The primary watershed sources of sediment include eroded soils, road surfaces, and atmospheric
deposition (GGNdWWE, 2012a; NelsoandBooth, 2002; NovotnandOlem 1994; Sartoand
Boyd, 1972). Clgs, organic matter, and iron (Fe) and manganese (Mn) oxides can sorb many
pollutants to their surfaces (Camponeliial, 20120; HogamndWalbridge, 2007; Novotngnd
Olem, 1994). In settling column studies by Dornetial. (1996), effective removal of all
suspended sediments correlated with the removal of 87% of Pb, 61% of Cu, 46% of Zn, 49% of
P and 30% of total Kjeldahl nitrogen (TKN), suggesting these proportions were particulate
bound. Smaller sediments tend to contagher concentrations of pollutants because their
relatively larger surface areas allow for greater sorption (Campenallj 2010; Sartoand

Boyd, 1972) and because metigh automotive wear and tear is often a small particulate itself
(Camponelliet al., 2010).

For nutrients, stormwater sources of organic N and P include: vegetative detritus (Nmbtny
Olem, 1994), fecal material (G&hdWWE, 2012a; USEPA, 1992a), landfill leaché®votny
andOlem, 1994 and soil erosio (GCandWWE, 2012a). Organic N and P sourcesase
contribute oxygen demand (Strecker, 1999) and bacteria (tt@tk2008). Sources of

inorganic N and P include lawn fertilizers and eroded mineral soilssf@G@/WE, 2012a;

USEPA 1992a); nitrogeoxides from fuel combustion; and inorganic P in flame retardants,
corrosion inhibitors, and plasticizers (G8dWWE, 2012a).

In areas of significant snowfall, salt used as road treatment is a pollutant of concernaf®hartor

Boyd, 1972; USEPA, 1992a). the US, up to 20@d00 pounds of salt is applied per lane mile,
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and nearly all will eventually dissolve in rundflawkinsandJudd, 1972 Salt can increase the
levels of metal in runoff by increasing automotive corrogovotnyandOlem, 1994.

Biological Effects

Using impervious surfaces as a proxy for urbanization, many studies have reported a tipping
point at 10%15% total watershed imperviousness beyond which stream biota become noticeably
impaired (Galli, 1990; Klein, 1979; Schueler, 1994). Baotld Jackso(iLl997) and Wanet al.

(2001) concluded that connected impervious surfaces were best correlated with stream health,
and that biotic impairments would be seen when these reached 1094 2% Bespectively.

Alberti et al (2007) concluded biological healttasrmost strongly correlated with roadway

density and the number of stream crossings, and not a particular level of imperviousness. Other
studies have found that simple measures of imperviousness were too simplistic and that site
specific variabled such agiparian canopy condition (Cianfrani, 2006; Schueleal, 2009),

slope, geology (Chin, 2006), and configuration of impervious surfaces (Adbaiti 20079

were important determinants of stream biotic health. A study by Crunkiltaih(1997) that

controlled for physical habitat degradation and investigated urban water quality found that D.
magna and P. promelas showed increased mortality or growth stunting only after 7 days of
exposure, suggesting chronic but not acute toxicity.

Retention Ponds

Retention ponds store runoff in a permanent pool between storms and release it a controlled rate
through an outflovorifice (Hvitved-Jacobsen, 1990or some other structure or device that

limits peaks flows to protect downsama bed and bank stability (ASGBJAWEF, 1992). The
permanent pool allows for the settling of sedimébibonas, 199pas well as biological uptake,

adsorption, and ion exchange of dissolved or slowly settleable pollutants (H¥#weldsen,
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1990; Urbonas, 1995). Two general theories explain pollutant reductions: the solids settling
method assumes that ni@®llutants are removed by Type 1 settling (Hartigan, 1989) while the
controlled eutrophication model treats the biological removal of phosphorus as a proxy for all
pollutant reductiongDormanet al, 1996 Hartigan, 1989NVPDC andESI, 1992.

Larger ponds generally have greatedyttaint reductions. To be effective, stormwater detention
periods must be long enough to allow for removal processes to occur (Hvitved, Jacobsen, 1990;
USEPA, 1999). Higher ratios of pool to inflow volume correlate with higher removals of
suspended sedimeflSEPA, 1983). A ratio of at least 5, or a detention time of two weeks, is
needed to maximize phosphorus removal (Hoeted, 1994; Hartigan, 1989). Detention time is
also important for the removal of small partideshich must collide and flocculatefore
settling(Fitch, 19588 and nutrients. NgtN + NH;"-N (ammoniacaN) may sorb to clay or

organic matter particles and settle (BrasgWeil, 1999; NovotnyandOlem, 1994), volatilize,

or oxidize to NQ (BradyandWeil, 1999; GCandWWE, 2012a). N@must then be biologically
consumed (Winer, 2000) or denitrified (@GdWWE, 2012a). Removal of larger particles can

be maximized by decreasing the surface overfiae (Fischerstrom, 1958; USEPA, 1993).

There are rul®f-thumb reports in the literature suggesting that pond surface area should equal a
certain percentage of its contributing drainage area, ranging from 1% (USEPA, 1999}1% to 3
(Horneret al, 1994),depending on the imperviousness of the catchment (Hartigan, 1989).
Contrary to most findings, Barrett (2004) found that pond size has little effeertormance,

and with the exception of dissolved P, the on
concentrations are its inlet concentrations.

Other design considerations include the length to width ratio, which should be large to prevent

short circuiting (Thackstoat al, 1987; Walker, 1998). Pond depth should be deep enough to
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prevent resuspension dbottom sediments (Schueler, 1987), but not so deep as to cause thermal
stratification and anaerobic conditions which can cause the release of phosphorus and metals
bound to sediments (Hvitvethcobsen, 1990; NVPD&dESI, 1992). Vegetation within the

pord will encourage biological uptake of pollutants, increase microbial activity, and protect
against erosion (Schueler, 1987). An aquatic bench around the perimeter of the pond will
provide the shallow littoral zone in which vegetation thrives (VirgbiQ, 2011; Schueler,

1987; NVPDCandESI, 1992).

Retention ponds can exacerbate the problems of thermal pollution and dissolved oxygen deficits
(Galli, 1990; Schueler, 1987). Long detention times and large surface areas allow for significant
solar energy absption, which can raise water temperatures to levels that stress sensitive
organisms (Roseegt al, 2010). Biochemical oxygen demand (BOD) within the pond, combined
with the reduced oxygen saturation in heated water can lead to oxygen depressiontiiothe ou
(Galli, 1990. Standard methods for predicting inflow hydrographs may underestimate volume
and flow rates of stormwater, leading to undersized ponds that do not provide assumed peak flow
reductiondHancockandChambers, 20)0Even a retention pond in perfect working order

cannot reduce the increased postelopment stormwater voluni®@axtedandShaver, 199Por

restore degraded base flo@@&chueler, 1987Thomaset al, 2011)

3.4 SITE DESCRIPTION

The Ashby Retention Pond is located in park land in Fairfax City, VA, a suburb of the US
National Capital, Washington, D.C. The 54.7 hectare watershed of Ashby Pond can be
subdivided into three subvatersheds (Figure 34), each with their own charactstic land use

and inlet into the pond (City of Fairfax GIS. Accessed November, 2012,
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http://www.fairfaxva.gov/. Unless otherwise noted, all geographic data are from this source).
Impervious surfaces for each swlatershed represent the areal sum of rgaaing lots,

driveways, rooftops and building additions such as decks and patios.

Subwatershed A is 35.3 hectares with a total imperviousness of 42.8%. It drains to Ashby Pond
through a small perennial stream that emerges from a concrete pipe appelyxifbatfeet

upstream of the pond. The watershed is bisected east to west by State Route 236, a four lane
divided highway. Highly impervious commercial and mdimily residential development

borders each side of the road and dominates the northewof ladf watershed. Development

south of Route 236 tapers to singgenily residences. The watershed is served by a traditional

curb and gutter stormwater system.

Subwatershed B is 13 hectares and 24.4% impervious. The watershed land use is approximately
80% low-density singlefamily residential, and 20% high density mdtimily residential. The
singlefamily residences are drained by a mix of grassed and concrete roadside swales, while the
multi-family residences are served by a curb and gutter systéstoAhwater enters Ashby

Pond through a concrete storm sewer outfall pipe.

Subwatershed C consists of the 6.4 hectares immediately adjacent to Ashby Pond that drains to
it by overland flow. It is divided evenly between forested land anedemsity, singe-family
residences. Total imperviousness is 13%.

Prior to beginning this study, the pond was subjected to an extensive retrofit. Dredging removed
nearly 0.76 m of accumulated sediment, the bottom wgsaged to create a forebay at the-sub
watershed Anlet, and a new concrete outflow structure was installed. The high flow outlet is a

broad crested weir 3.79 meters in width. An 0.2m perforated PVC pipe passing through the



concrete outflow structure serves as the low flow orifice. Wrapped in geotekiile, the pipe
inlet collects water from below the surface of the permanent pool and releases it at the foot of the

Figure 3.4-1. Ashby Pond SubWatersheds and Imperviousness

0 0.25 0.5km | Il impervious Surfaces

weir. Outflows from the low flow orifice or over the weir enter a 3m wide hgrhJong
rectangular channel which discharges to Daniels Run, a tributary of Accotink Creek. Due to
impairments to the benthic invertebrate community, nearly the entire length of Accotink Creek is

included on Virginiads 3verd gedipns alsmpnpaired bycE. coliat er s
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and pollutants in fish tissue (Figure 2%(USEPA, ATTAINS Database. Accessed December

29, 2013, http://www.epa.gov/waters/ir/.) The initial Accotink TMDL approved by the EPA

listed sedimentation caused by stormavatinoff as the most probable cause of benthic
impairments. Total nitrogen (TN) and total phosphorus (TP) were considered possible stressors.
The TMDL required a 48.4% reduction in flow volume during theeér, 24hour storm

(USEPA, 2011b). This req@ment was struck down by a legal challenge brought by the

Virginia Department of Transportation and Fairfax CouNtyginia Dept. d Transp.et al v.

USEPA, 2013 WL 53741, *5 (E.D.V3,)and a revised TMDL to address the excess sediment

issue has yet to be produced.

3.5 STUDY DESIGN

Data Collection

All monitoring devices were installed and calibrated and all water quality &salyesre
performed at the Occoquan Watershed Monitoring Laboratory (OWML) of the Virginia Tech
Department of Civil and Environmental Engineering. Sampling and collection protocols
followed generally accepted procedures (USEPA, 1992c) and were in accoxdtfnite

OWML Quality Assurance Plan (OWML, 2001) and the procedures required by its accreditation
in the Virginia Environmental Laboratory Accreditation Program (Va. Admin. Code, 1VAC30
45).

Inflows were measured by an acoustic Doppler current profilBICR) installed on the bed of
the perennial stream draining swlatershed A, and by a PalmBowlus flume with a pressure
transducer placed in the outfall of the 0.91 meter storm sewer pipe drainingtarbhed B.

Subwatershed C inflows consisted entyrelf ungaged overland flow. The EPA Stormwater
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Management Model, Version 5 (SWMM, USEPA, National Risk Management Research
Laboratory. Accessed July 2013, http://www.epa.gov/nrmrl/wswrd/wg/models/swmm/) was used

Figure 3.4-2. Accotink Creek Impaired Reacles
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to estimate the ungaged area flows. Inflow from direct rainfall onto the pond surface was also
accounted for. To calibrate the PalrBmwlus flume rating curve, controlled flow from a fire
hydrant was measured by both the flume and a handheld FloweTracoustic Doppler
Velocimeter (Son Tek, San Diego, California). The SWMM model was calibrated by modeling
storm inflows from sulwatersheds A and B and comparing the SWMM hydrograph and total
inflow volumes to those recorded by the ADCP and PaBwosvlus flume.
ADCP performance was problematic, possibly due to sediment accumulation caused by high
stormwater flows and instability of the strea
sectional areas adequately, but flow readings were found to be biased higrstiurmgand
low, or even negative, during dry periods. To calibrate the ADCP, field measuremstaisiof
flow were made using manual methods with the FlowTracker. A calibrated velocity was
computed by dividing the fieldheasured flow by the ADCReasuredross section. A velocity
velocity curve was plotted with the calibrated velocity on ttaxig and the ADC#neasured
velocity on the xaxis. The linear relation between the two velocities is shown in Equation (15)
with bothy (calibrated velocity) ang (ADCP velocity) in m/s. Flow rates were recalculated
using Equation (15).

y=0.5152x (15)
Subwatershed A had gaps of usable data during some storm durations, either due to the ADCP
recordng flows that could not be corrected by Equation (15) or more commonly failing to record
any data at all. The SWMM model was used to backfill these gaps in flow data, which ranged in
duration from minutes to hours.
For outflows, a pressure transducer witthe permanent pool measured the head at the outlet

weir. Manual ratings of low flows through the 8 inch PVC outlet pipe were calculated by

11¢



capturing al/l fl ow over a set duration i n a
ratings were rerded at various pool depths and used to formulate Equation (16), correlating
pipe flow () in m*/s with the head on the pipe(m). Pipe flow was very low due to clogging
of the geotextile fabric with fine sediments, and nststm flowexited the pond over the weir.
High flow rates over the weit) in m*/s were calculated using the broad crested weir formula,
Equation (17), using the width of the weir (3.79 m), a weir coefficig)tio m"%s, and the head
on the weir k) in m. C, values varied witlin,, and were taken from the Handbook of Hydraulics
(BraterandKing, 1976). Equations (16) and (17) were summed to create a rating curve for total
outflows.

P=h,(0.000®)-0.0008 (16)

W= C«(3.79)(h)"° (7)
To calculate the volume of stormwater inflow that remained in the pond as storage after the
duration of each storm, the difference in pond depth between the begamairgd of the storm,
as recorded by the outlet pressure transducer, was multiplied by the surface area of the pond.
Storage could be positive or negative and was of great enough magnitude to significantly alter
flow balances of some smaller storms (i@1209-26).
At each of the two gaged inlets and the outlet, a Sutron recorder housed isiEnsbtorage unit
and programmed with the calibrated flow equations recorded incremental and total inflows and
outflows for every storm. A Nalgene jug inside eattrage unit collected water quality samples.
The jugs were connected to the pond via plastic tubes installed just downstream of the inlets and
outlet. When increased flow caused by a storm was detected, the Sutrons triggered water quality
samples to beaken automatically at equal volume intervals (i.e., one sample for evefyplOm

flow). Samples were siphoned from the stream by a vacuum pump in the throat of each
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previously cleaned Nalgene and composited together unstohe flowceased. Since each
subsample of the composite represented an equal volusteroh flow, the pollutant
concentrations of the composite sample were analogous to the event mean concentration (EMC)
of the storm. The composite samples were analyzed at the OWML for concestration

nutrients (TP, orthophosphate (OP), TN, nitrate and nitrite-K)dnd ammoniacal);

sediment (total suspended sediment (TSS) and suspended sediment concentration( SSC));
organics (total organic carbon (TOC), dissolved organic carbon (DOC) andcahemyigen
demand(COD)); and soluble salts (sodium*Nehloride (Cl), and calcium (Ca).

EMCs for the ungaged swhatershed C, which contributed 2% or less of the total inflow volume
for each storm, were estimated using the composite samples frewagerished B. The sub
watershed was divided into forested land and-#®msity singleamily residential land and

SWMM was used to estimate runoff from each. SWMM estimates showed tsiairadl flow

from subwatershed C originated from the residential atieaforested area contributed no flow.
Comparison of all of sulwatershed B to the residential portion of suditershed C showed that
the dominant land use (single family homes), soil types and slopes (WS Soil Survey of
City of Fairfax, VA. Accessg August 2013, http://websoilsurvey.sc.egov.usda.gov/) were the
same, and the impervious percentage (24.4% fomsubrshed B, 28.8% for the developed
portion of subwatershed C) was almost identical. While general land use categories are of little
valuein predicting stormwater EMCs (USEPA, 1983), sipecific factors such as soils, slopes,
the intensity of land use, and materials usage within the watershed pestlmtive(Sonzogniet

al., 1980. Given that all known sitepecific factors are nearlyedtical, the EMCsfosub

watershed C were assumed to be equal tensaibrshed B.
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The concentrations of TN, GX, ammoniacaN, Cl, and Ca in direct rainfall were estimated
using monthly average data from theondlati onal
Trend Network study site in Fairfax County, VA (NAENTN, Station VA10, Mason Neck, VA.
Accessed April 20LAttp://nadp.isws.illinois.edu/NADP/networks.agpiRainfall

concentrations oTOC and DOC were estimated from Willeyal (2000). All other constituents

were assumed to be negligible.

Figure 3.51. Hurricane Sandy Hydrograph with Unadjustedand SWMM Adjusted
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A volume balance between inflows and outflows of +10% waasbéshed as the criterion for

storm inclusion in the performance analysis. Using the flow measurement methods previously
described, all but three storms fell within this range. For the threea@orming storms (2012
09-08, 201209-18, 201210-29), inflows for each suwatershed were estimated using the

SWMM model. Comparisons of SWMM to Sutroecorded inflow data for the Septembér 8

and 18' storms showed excellent matches of hydrograph morphology, and total inflow volumes
differed by only .2% and 4%, respectively. Any error in the observed flow balances was

therefore assumed to be with the outflow. The outflow volumes for both storms were set equal to
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the Sutron inflows. For the October 29th storm (Hurricane Sandy), the SWMM and Sutron
inflow hydrograph morphologies matched well, but neither was within £10% of the outflow
volume. Several hours of inflow data were also missing for the same storm. SWMM was used to
estimate the missing flows in the Sutron hydrograph, and this was assumed to be the bes
estimate of inflow (Figure 3-%). The error in the observed balance was assigned to the outflow,
and outflow volume was set equal to the SWMM|usted inflow. A summary of all monitored
storms, the constituent data measured for each, and the applicablelume adjustments are

shown in Table 34.

Performance Analysis
Performance analyses were conducted on both mass and concentration bases-Wéigfitaa
inflow EMCs of all constituents were calculated for each storm. They and the outflow EMCs
were multiplied by total inflow and outflow volumes to yield per storm and average inflow and
outflow loads (kg). Constituent reductions were measured on a mass basis by the summation of
loads method (SOL), Equation (18), and on a concentration basis éffitiency ratio (ER)
method, Equation (19) (G&ndWWE, 2012a; Strecker, 1999; Streckeial, 2001). For
censored observations, the SOL and ER were calculated twice, once assuming that-all below
detectionlimit concentrations were equal to 0 and agesuming they were equal to the
detection limit. This showed the possible range of reductions without relying on substitution,
which introduces bias into the analysis (@@WWE, 2009; Helsel, 2012).

SOL=[1-(sum of outlet loads/sum of inlet loads)]x100 (18)

ER=[1-(avg. outlet EMC/avg. inlet EM{X100 (29)



For constituents with no censored values (TP, OP, TNNOXOC, DOC, COD, TSS, SSC),

individual storm loads and EMCs were log transformed. The data and logs of data were ranked,

Table 3.51. Constituent Data and Applied Flow Modifications for All Monitored Storms

Date | Constituent Flow Modifications/Comments Inflow | Outflow
Datal Volume | Volume?

2012
Inflows and outflow not within +10%. SWMM
estimates total inflow is 99% of recorded inflow and

09-08 ) hydrographs matctvell. Assume error is with outflow 2,456 2,946
and set outflow volume equal to inflow.
Inflows and outflow not within £10%. SWMM
estimates total inflow is 96% of recorded inflow and

09-18 COD hydrographs match well. Assume error is with outflo 2,469 1,796
and seoutflow volume equal to inflow.
Good balance between inflows and outflow. Almost

09-26 COD inflow is stored in pond; little outflow. 568’ 17
Fairly good balance between inflows and outflow. Ug

1002 COD SWMM to backfill some data gafiom subwatershed | 4,114 3,960
A.

10-18 - Good balance between inflows and outflow. 813 634
Inflows and outflow not within £10%. SWMM total
inflow is 88% of recorded inflow and hydrographs
match well. Assume error is with outflow. Used

10-29 ) SWMM to plug some data gaps in subwatershed A 24’4263 24’00§
hydrograph and set the outflow equal to the SWAMM
adjusted inflows.
Fairly good balance between inflows and outflow. Ug

12-20 OoP SWMM to backfill some subwatershed A inflow data| 3,799 3,353
gaps.

2013

01-15 - Good balance between inflows and outflow. 2,071 1,931
Fairly good balance between inflows and outflow. Ug

01-30 ) SWMM to plug some data gaps from subwatershed 8,444 9,566
Used SWMM to model second half of storm inflow

02-26 - from subwatershed A due to ADCP malfunction. 3,105 2,931
SWMM adjusted inflows match outflow well.

0312 NTalf’ Ccl:log’a Good balance between inflows and outflow. 4,131 4,658

*Analyzed constituents include: TP, OP, TN, ®)XAmmoniacalN, TSS, SSC,TOC, DOC, COD, Na+, Gl

and Ca

2Some inflow and outflows seem unbalanced due to the effects of pond storage

3Considered extreme events: 260226 because nearly all inflow was captured as pond storage, 1202
because of the magnitude of infloassd outflows.
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assigned percentiles using the Cunnane plotting position (Cunnane, 1978; Helsel and Hirsch,

2002), and the percentiles were converted to standard normal scores. Probability plots were

created to visually test adherence of the data to @ltbdognormal or normal distribution. The

closer the data are to a straight line, the better the adherence @#elsg@isch, 2002). To

provide a quantifiabl e

measur e

of

t

he

adher en

the data and the standanormal scores were calculated using Minitab 16 statistical software

(Minitab, Inc., State College, Pennsylvania). The probability plots and r values for TN inflow are

shown in Figure 32.

Figure 3.52. Adherence of TN Inflow Loads to the Lognormal andNormal Distributions

Lognormal

100

r=0.967

4

10

Total Nitrogen

1 10 50

Percentile

90

99

-40

80

60

40

20

Normal
P/
O
r=0.840

@)

w@o

@
-20) /
1 10 50 90 99

Percentile

The r values for all constituents, ranging between 0.891 (DOC outflow) and 0.97M (OX

inflow) for loads and 0.916 (OP outflow) and 0.989 (OP inflow) for concentrations, justified the

assumption of lognormality for the purposes alcalating median values. Medians of the

uncensored constituents were calculated using thecbrascted geometric mean (BCGM), a

less biased estimate for lognormal data than the sample median or geometiiParkinand

Robinson, 1998 All other data (ammaacakN, Na', CI', Ca) were interval censored with a ron
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zero lower bound (i.e. inflow ammoniaddloads for 201209-18 storm are 0.0D.04 kg).

Median estimates were made in Minitab using the Turnbull estimator, a survival analysis method
(Helsel, 2012).

Because of thenterval censored nature of some of the data, many standard statistical hypothesis
tests could not be used because the difference between paired inflow and outflow loads is an
interval itself (Helsel, 2012). The modified sign té=sbng, 2003worksfor such data if there is

one reporting limit per inflowoutflow pair (Helsel, 2012). The few data palattdid not meet

this standard were feensored at the highest reporting limit (Helsel, 2012), and the modified sign
test was run to determine if differences between inflow and outflow loads were statistically

significantatagr al ue O0. 05 .

3.6 RESULTS AND DISCUSSION

The median inflow and outflow loads and flow weighted concentrations of Ashby Pond are
compared to previous mufpiond studiesin Table36. Ashbyds median i nfl uce
of TP and TSS were higher; OP and-®Xvere lower; and TN wake same as wet pond

medians from the International BMP Database @@@WWE, 2012a, b). Effluent median
concentrations were higher for TP and TSS and lower for OP, TN and Gnpared to the

BMP Database (G@G@dWWE, 2012a, b) and the National Pollut&emoval Performance

Database (Winer, 2000). State water quality standards do not exist for most of the measured
constituents, but for those that do (ammoni&taNG;), Ashby effluent median concentrations

were below limits (Va. Admin. Code, 9VACZH0-140 et se(.

The pollutant removal performance of Ashby Pond, computed on mass and concentration bases

and compared to the same myltind studies as well as the reductions credited by Virginia to
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ponds built to state design standards, is shown in Tablg. L and ER performance were
calculated twice for Ashby: once for all storms and once with extreme events removed @012
29 and 20109-26). Hurricane Sandy (204110-29) accounted for more than one third of the
inflow mass load of OP, OX,TSS, COD, IC and TOC; and more than one third of the
outflow mass load of TP, OP, TN, G@X, COD, DOC, TOC and Ca. The 2002-26 event was

a small storm whose inflow was almost entirely captured by the pond: onfiof Bmuitflow was
recorded. As hb Wthese gioems excludedasrikelg moneiindicative of pollutant
removal for the majority of storms.

Removing the extreme events had varied effects on performance. Mass removals are often
dominated by a small number of large storms @GWWE, 2009), suchsaHurricane Sandy.
Without the extreme events, SOL reduction more than doubled for OP and nearly doubled for
OX-N because of the exclusion of poor mass removals during Sandy. The sma0i9223 2

storm skewed mass removals slightly higher because theutfigw volume carried a load

much smaller than the storm inflow, even though concentrations were not that different.
Removing this storm caused a small decrease in most constituent SOL efficiency estimates. With
both extreme events removed, mass remaovahononiacaN reduced enough to become
statistically insignificant. For NaCI and Ca, the extreme events were the only storms that
reduced loads; all other storms featured export or balance. Exclusion of the extreme events
caused the mass export of ledag increase to statistical significance.

For concentrations, ER values were not greatly affected by the removal of the extreme events
since they rely on reduction in the average EMC and thus weight all storms the same, regardless

of size (GCandWWE, 20®). An exception was ammoniaddl Removing the extreme events
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caused ammoniacél reduction to fall only a few percentage points, but it was enough to lose
statistical significance.
Compared to Virginiaods creditedeededdNucti ons fo
performance on a mass and concentration basis with or without the extreme event storms. The
pond underperformed with respect to the TP reduction credits, with the exception of mass

removal with the extreme events excluded. However, Ashby Bantiersized compared to

Table 3.61. Ashby Influent and Effluent Medians Compared to Prior Studies

MEDIANS
GEOSYNTEC WINER
ASHBY POND
CONSTITUENT (2012a, b (2000)
Influen Effluent Influent Effluent Influent Effluent Effluent
t Mass Mass Conc. Conc. Conc. Conc. Conc.
TP 0.67 0.27 0.23 0.15 0.14 0.08 0.11
OP 0.19 0.04 0.06 0.02 0.10 0.04 0.03
TN 5.3 2.3 1.8 1.2 1.8 1.3 1.30
OX-N 1.2 0.28 0.40 0.14 0.43 0.18 0.26
Ammoniacal-N 0.30 0.07 0.13 0.02 - - B
TSS 281 58 95 29 78 13 17.00
SSC 253 53 84 27 - - -
TOC 23 15 7.6 7.5 - - -
DOC 21 14 7.1 6.8 - - -
COD 129 107 36 31 - - -
Na* 7.9 15 2.8 5.4 - - -
cl <2.63 31 <0.08 9.7 - - -
Ca 8.3 12 3.7 6.5 - - -

'TSS and TP data from ponds within or near Chesapeake watershed:; all othénsefroational dataset

the Virginia design specifications, so a direct comparison to state reduction credits may not be a
fair evaluation. Ashby Pond holds 5,370af stormwater. Virginia has two separate design

standards for wet ponds: A Level 1 pond servi

volume of 6,165 a Level 2 pond would have 9,2580f storage and provide aeration. For

mass and concentratidrevel 1 ponds receive the reduction credits listed in Tabk2 3vBile
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Level 2 ponds are credited for a 75% reduction of TP and 40% reduction of TN (VDgQa
2011). Given the size difference, it thay be
reductions credited by the Chesapeake Bay Program to infrastructure built before the
implementation of current standards. Performance of these older ponds is calculated by
discounting published removal rates to account for the age and variable nraiatehaxisting

wet ponds (CSN, 2011). These older ponds are assumed to reduce 45% of TP, 20% of TN and

Table 3.62. Ashby Performance Compared to Prior Studies and State Reduction Credits

ASHBY POND ] } .
- GC & WWE (WINER NURP VIRGINIA REDUCTION
All Storms 0“““*“1 (2012a,b)* | 2000)° | (1983)* CREDIT 2011)°
CONSTITUENT Removed
Mass Cone. Mass Conc. Cone. - Mass | Cone. Mass Cone,
P 41* 41* 51% 39% 43 49 34 37 30 50
orP 30% 62* 61* 68* 54 707 | 297 | 387
TN 30* 38* 38% 35% 30 32 - - 30 30
OX-N 30* 62* 54* 64* 38 62 -
Ammoniacal-N 53% 60* 49 -50 57-38 - - -
TSS T6* 68* 64* 66* 83 80 60 38
SSC 64* 68* 66* 68%* - - -
TOC 9 3 3) 4 - o -
DOC 12 6 0 (2) - - -
CcOD 11 13 2 13 - - 15 15
Na® (57)-(56) (91) - (87)*68) - (62)*[(93) - (88)* - - -
o/} (45) - (43) |(91) - (68)*64) - (55)*((91) - (69)* - - -
Ca (18)-(16) |(55) - (51)*(33) - (48)*((60) - (55)* - - -
1. Outliers are storms that were exceptionally large (Hurricane Sandy, Notes:
2012-10-29) or had almost no outflow volume (2012-09-26). *-Statistically significant Ashby data, p-values<0.05
2. Calculated from median inflow & outflow EMCs of retention ponds. -Numbers in parentheses represent negative reductions,
TSS and TP data from ponds within or near Chesapeake. Signifying an increase from inflow to outflow.
3. The average of many individual retention pond studies that used a -SOL and ER for constituents with interval censored data
variety of performance calculations. will often be a range of possible reductions.

4. The median SOL and ER of all studied retention ponds.

5. Assumed performance of retention ponds built to Virginia DCR (2011)
Level 1 design specifications.

6. Znreductions based on small (4 storms) and highly censored data set

7. Reduction of soluble phosphorous.

60% of TSS on a mass basis (CSN, 2011). Ashby exceeded thasgoresiexcept for TP
removal with the extreme events included. This underperformance was likely due to the skewing
caused by Hurricane Sandy, which accounted for 43% of the total outflow load of TP for the

study. Several weeks of detention is needed tammae TP removal (Hornest al, 1994;
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Hartigan, 1989). The Hurricane Sandy inflow was 4.5 times larger than the total storage of
Ashby Pond, and detention would have been less than one half day.

Probability plots of inflow and outflow loads and EMCs &1, TN, TSS, SSC, TOC and DOC

are found in Figure 3:6.

Analysis of the physical habitat of Daniels Run downstream of Ashby was not performed, but
any improvements were likely marginal. Ashby was designed for peak flow attenuation by
providing extended dention storage in the 0.33m separating the low flow outlet from the crest

of the weir. Storage volume in this zone is equal to 43% of the average inflow of all storms, 66%
if Hurricane Sandy is excluded. The low flow pipe was to slowly release this statedover a

period of hours. Clogging of the pipe brought the pool surface even with the crest of the weir,
eliminated detention, and negated peak shaving.

Even fully functioning wet ponds do not provide significant stormwater volume reductions, and
they will likely need to be used in concert with Low Impact Development (LID) practices that

can in order to maximize the protection of downstream physical habitat (Mend&haver,
1999). Virginiads new stor mwat er dngthaavegee me nt
ponds only be used as the last in a sequence of BMPs if upstream LID practices cannot reduce

stormwater peak flows and pollutant loads to the required level (VirDI&(@, 2011).

3.7 CONCLUSIONS

Ashby Pond performance was measured on mass@ncentration bases for all storms between
September 2012 and March 2013, and again with the extreme event storms-8f280aad
201210-29 removed. For nutrients (forms of N and P) and sediment (TSS and SSC), Ashby

Pond provided substantial mass aondcentration reductions. All reductions were statistically
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significant except for ammoniaehl with the extreme event storms excluded. Reductions of
organics and oxygen demand (TOC, DOC, COD) were small or negative and not statistically

Figure 3.6-1. Inflow and Outflow Probability Plots
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significant with or without the extreme events. Soluble salt$, (@B Ca) were exported iall.
CasesExport on a mass basis was statistically significant only when the extreme event storms
were removed. On @ncentration basis, export was significant with or without the extreme
events

Given that N, P and sediment are the primary pollutants of concern in Accotink Creek and the
Chesapeake Bay, wet ponds appear to be a useful method of stormwater qualitynctiverol
Chesapeake Bay Watershed. However, wet ponds do not significantly reduce stormwater
volumes, and because of its clogged-fbow pipe, Ashby Pond provided little peak flow
attenuation. Since much of the pollutant load in urban streams is dustteam erosion of beds
and banks caused by high stormwater flows, wet ponds will likely be more effective if they
provide significant extended detention storage volume above their permanent pool, and most
effective when used in combination with LID praesahat reduce stormwater volumes, such as

bioretention.
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4. ENGINEERING SIGNIFICANCE

It is clear that stormwater retention ponds play a valuable role in the control of urban nonpoint
source pollution. Unlike dry ponds that rely nearly exclusively on sedimentation, the long
detention times and developed communities of algae, bacteria @ndpimgtes allow retention

ponds to effectively remove dissolved pollutants. Ashby pond provided statistically significant
reductions of TP, OP, TN, OXN, ammoniada(with the extreme event storms included), TSS

and SSC. The Chesapeake Bay TMDL requiraswhatershed states reduce Bay annual loadings

of nitrogen, phosphorus and sediment. If retention ponds perform on average as well as Ashby,
they could be a standard practice to achieve these goals. However, the other TMDL applicable to
Ashby Pon@ Accotink Creeld poses a tougher challenge.

The primary impairment of the benthic invertebrate community in Accotink Creek is likely

excess suspended sediment caused by flashy stormwater flows scouring out the stream bed and
banks. The design goals of Ashby Poreltarretain the first inch of runoff, trap sediment, and
reduce nitrogen and phosphorous. The pond was not primarily designed to protect the stability of
the downstream channel and benthic habitat. However, had the Ashby Pond low flow pipe not
clogged, thgond could have provided extended detention and peak flow reduction that would
have reduced flashiness, but it has been shown extensively in the literature that retention ponds
do little to protect urbanized streams from damaging changes in morpholaggottd be

because wet ponds do little to address the hydrologic changes brought by urbanization. As
porous soil is replaced by impervious paving and rooftop, more precipitation is converted into
surface runoff and less percolates down to the groundveditier. This creates much higher storm
flows and degraded base flows. Retention ponds release stored stormwater over an extended

period of time, and have the ability to reduce peak flows. However, wet ponds do not convert



urban runoff back into groundwatescharge, and for that reason cannot recreate the hydrology
of a catchment in the pgevelopment state. At best, theled peak shaving function can
partially mitigate some of the damaging characteristics of the new flow regime.

Retention ponds mayso exacerbate some of the water quality issues caused by urbanization.
Because of the long residence times that are crucial for dissolved pollutant removal, retention
ponds expose their stored waters to the direct rays of the sun. The solar irradianceedrate

the thermal water pollution that is already common in developed areas due to the urban heat
island effect and a lack of riparian shading. Retention ponds may be a poor BMP choice for
watersheds feeding streams that are home to thermally gersggcies.

Oxygen depression is also a water quality concern in urban areas. The saturation concentration of
dissolved oxygen decreases as water temperature increases, and the warm outflows from
retention ponds can exacerbate this problem. While DOeotrations in lotic waters can

quickly rebound due to naturally turbulent flow mixing in atmospheric oxygen, less turbulent
lentic waters may not have this resilience. In addition to temperature, the oxygen demand from
biochemical processes within the parah also reduce DO. Ashby Pond showed little if any

ability to reduce TOC, DOC or COD and in some cases showed increases in the outflow. While
this may have little effect on DO within the naturally turbulent waters of a piedmont stream like
Accotink, theoxygen demanding materials will eventually flow into the more quiescent tidal
waters of the Potomac and Chesapeake Bay, where seascuaipi¥ied dead zones are a
considerable problem.

Urbanization of watersheds causes a variety of deleterious effattothbine to reduce the

habitat and species health of receiving water bodies. Some of these damages are caused by water

guality concerns, while others are caused by hydrologic changes. On the water quality side,
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retention ponds are well suited to reduag&rient and sediment loadings, as Ashby Pond did for

all measured forms of nitrogen, phosphorus and suspended sediment, per its design goals. Since
many pollutants are often attached to particulates, reductions in suspended sediments can
correlate with redctions in other pollutants, including toxics like heavy metals. Retention ponds
can often exacerbate oxygen depression and thermal pollution. Ashby provided almost no
reductions in organic carbon or oxygen demand. On the hydrology side, retention poatls ca
best provide some peak flow shaving, but cannot recreate thelameized hydrology. Due to its
clogged low flow pipe, Ashby pond did neither.

If urban streams can only be restored by both improvements to water quality and reversion to a
more naturaflow regime, retention ponds can only be a partial solution. To best protect aquatic
ecosystents in Accotink Creek, the Chesapeake Bay and elsewhesgention ponds will most

likely have to be used in combination with Low Impact Development (LID) metihadisrtimic

the predevelopment hydrology, as well as concerted efforts to preserve or restore the natural
lands whose hydrology LID emulates. LID facilities and the porous soils of natural environments
do what retention ponds cannot: control runoff volurpallbwing it to soak into the ground.

The water percolates through the soil where it is cooled and filtered. The volume not claimed by
absorption or plant uptake recharges the groundwater table which recharges stream base flow.
The Commonwealth of Virgiairecommends that retention ponds be used as the last facility in a
train of treatment that incorporates upstream LID practices and land preservation (\DE@ia
2011). This use of retention porddss a backstop to provide the needed pollutant and fmeak f
controls after reasonable efforts at runoff redud@iamlikely the most attractive use of retention
ponds going forward. For existing infrastructure like Ashby Pond, retrofitting LID techniques

into the tributary watershed can provide the benefitgatér quality and quantity control. If that



is not feasible, spending the time, effort and funds needed for general maintenance, particularly
periodic dredging to restore the pondos stora

nitrogen, phosphoruand sediment reductions into the future.
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APPENDIX A: Storm Hydrographs

HYDROGRAPH CALIBRATION
In order to balance storm inflow and outflow volumes within £10% of each other, modifications
were made for all recorded storms. This was done for two reasons: data flroubiec
Doppler profier (ADCP) recording inflows inub-watershed A had obvious errors including
negative flows, data gaps, runoff spikes not corresponding to rain patterns, and general
overestimation of flows; and the perforated PVC drain pipe seregngaehe pondds | ow
quickly clogged with sediment, causing overestimation of outflow rates at all pond storage
levels.
The outflow measurement was adjusted using field measurements freBegcedber of flow
through the clogged PVC pipe. The measuents showed a great reduction in flow compared
to the unclogged state. A linear equation (1) was developed to relate the clogged pipe flow
in m*/sto the depth of water in the partg, in m:

P=h,(0.00060)0.00040 (1)

Y represent thelogged pipe flow while X represent tdepth of water ithepond The
correction to sb-watershed A inflows was based on flow measurements and stream channel
surveys taken in the field during the September 18, 2012 storm. Comparison of the field data to
ADCP readings showed the device to be measuring cross sectional area accurately, but not flow.
A calibrated flow velocity was obtained by dividing the fiehdasured flow by the ADCP
measured cross sectional area of the stream. A velagibgity curve was created to
graphically compare the calibrated and ADCP velocities. A linear regression line (2) described
the relationship between the two.

Y=0.5152X )

f



Y is the calibrated velocity and X is the ADCP velocity, aliitis. The adjusted flow atug-

watershed A is thus found by obtaining the calibrated velocity from each recorded ADCP

velocity, and then multiplying the calibrated velocity by the ADCP cross sectional area.

A smaller adjustment taub-watershed A inflows was needed to account for stiease flow

after the bulk ostorm flowh ad passed. Most stor iudstdfadyat ur ed
outflow for several hours after the end of rain. Even with the flow adjustment, zero or negative
inflows were commonly recoedd dur i ng t h emswatershédoAregds & peiehn&lo . S
stream, and somease flomwould have been presento account for this, the head on the weir

was analyzed during all #Along tails, 0 and was
less tharl/100" of ameterevery 23 hours. This suggested that inflow and outflotesavere

nearly identical, andub-watershed Aase flowmwas set equal to the outflow rate for the extreme

ends of storms.

The adjusted flows anghse flowestimates broughus-watershed A inflow volumes closer to

outflow volumes for all storms, but there remained clearly apparewsenr many of the

inflows; most notably unexplained runoff spikes, negative flow velocities in the middle of

storms, and mukhour gaps when the ADCP stopped recording. In additicsignificant

ungaged areafp-watershed C) around the perimeter ohBg Pond contributed runoff during
storms that was not measured. To estimate th
Model Version 5 software (SWMM, U.S. EPA, National Risk Management Research

Laboratory Accesseduly 2013 http://www.epa.gov/nrmrl/wswrd/wg/models/swnm/as used

to model inflows from gsb-watersheds A and C. GIS analysis was first performed on all sub

watersheds to further sutivide them based on land use and quantify the impervious surface

14C


http://www.epa.gov/nrmrl/wswrd/wq/models/swmm/

cover within each land ug€ity of Fairfax GIS. Accessed November, 2012,

http://www.fairfaxvagov/). The land use patterns are summarized in Tableelow.

TABLE Al: Ashby Pond SubWatershed Land Use

Land Use
- - o
Sub- ngﬁlyérlzﬁiigll:ous, Less Impervious, Natural Tota | Total ./0
Shed Y y Unconnected Land Areas | Imperviou
Connected Area S
gcreag % Impervious | Acreage % Impervious | Acreage
A 51.6 61 21.1 27 14.5 87.2 43%
B 6.4 46 19 26 6.7 32.1 24%
C 0 NA 7.7 27 8.2 15.9 13%

This information was entered into SWMMdaftows were estimated for thalswatershed C for

all storms. Forsbwat er shed A, the SWMM data was used
where data was missing or errors existed. GIS was used to measure the surface area of Ashby
Pond, and the volume of direct rainfall on the pond was calculated.

The adjustments td¢ outflow and inflows brought all but three storms to an acceptable balance,
with the outflow volume and pond storage being within or very close to £ 10% of the inflow
volume. For the three storms still outside of the acceptabledaBgptember 8, Septdrer 18,

and October 29, 2082SWMM modeling was performed for all simtersheds. The SWMM

inflow volumes and hydrographs were compared to the adjusted inflows and hydrographs. For
the September8and 18' storms, SWMM inflow volumes were 99.8% and 95.6f the

adjusted inflows, respectively, and the hydrograph patterns matched very closely. It was
assumed that the error was therefore with the outflow, so outflows were set equal to the adjusted
inflows for these storms. For the Octobe! 28orm, SWMMestimates of inflow were below

the adjusted inflow volumes, and both were less than the adjusted outflow volume, but the inflow

hydrographs matched very well. It was assumed that the error was with the outflow, and outflow

volume was set equal to the aslied inflow. Final flow balances are shown in Table A2.
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TABLE A2: Flow Balances for All Storms

Outflow and Pond

Storm Storage as % of
Inflow
8-Sep 100%
18-Sep 100%
26-Sep 101%
27-Sep 99%
2-Oct 105%
18-Oct 100%
29-Oct 100%
20-Dec 93%
26-Feb 92%
15-Jan 96%
30-Jan 113%
6-Mar 97%
12-Mar 113%
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HYDROGRAPHS
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September 26, 2012
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October 2, 2012
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October 29, 2012

0.00
0.03
0.05

0.08

o
H
o

0.13
0.15
0.18
0.20

Instantaneous Rainfall, inches

0.23
0.25

LD >
40
——Rainfall
—Subshed A | |
=—Subshed B 1 30
——Subshed C
Qutflow I
20
10
T 0

Flow Rate, cfs

10/29/12 0:00 10/29/12 12:00 10/30/12 0:00 10/30/12 12:00 10/31/12 0:00

December 20, 2012

0.00
0.01
0.03
0.04
0.05
0.06
0.08
0.09

0.10

Instantaneous Rainfall, inches

0.11
0.13

12/20/12 0:00 12/20/12

25

—Rainfall
—Subshed A
=—Subshed B
=—Subshed C
Outflow

20

— 15

10

S

12:00 12/21/12 0:00 12/21/12 12:00 12/22/12

0

Flow Rate, cfs

0:00

14¢




January 15, 2013
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February 26, 2013
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March 12, 2013
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APPENDIX B: Pollutant EMCs and Loads

. OP TP AmmoniacaiN OXN
Storm Constituent
Inflow | Outflow | Inflow | Outflow | Inflow | Outflow | Inflow | Outflow
Conc. (mg/L) 0.12 | 0020 | 027 | 020 | 0.031| 0020 | 061 | 0.11
9/8/2012
Load (Lbs) | 0.67 | 013 | 14 13 | 017 | 013 | 33 | o071
Conc. (mg/L)| 0.064 | 002 | 016 | 022 | 900981 5020 | 033 | 0.050
0.017
9/18/2012 201
Load (Lbs) | 035 | 0.079 | 0.8 | 0.87 | %" | 0079 | 18 | 020
Conc. (mg/L)l 0.11 | 0020 | 039 | 016 | 029 | 0090 | 061 | 008
9/26/2012
Load (Lbs) | 0.13 | 00 | 048 | 0006 | 036 | 0003 | 0.76 | 0.003
Conc.(mg/)l NA | 002 | NA | 015 | Na | 00- NA | 032
9/27/2012 0.010
Load (Lbs) | NA | 0088 | NA | 066 | NA -0- NA 14
0.044
Conc. (mg/L)| 0.053 | 002 | 020 | 011 | 0025 | 929- | 033 | 015
10/2/2012 0010
Load (Lbs) | 0.48 | 017 | 18 | 096 | 0.23 .0- 3.0 13
0.087
Conc. (mg/L)| 0.083 0.03 0.24 0.14 0.13 0.020 0.44 0.14
10/19/2012
Load (Lbs) | 0.15 | 0.042 | 042 | 020 | 023 | 0028 | 0.80 | 0.20
Conc. (mg/L) 0.080 | 0.080 | 0.16 | 014 | 0.026 | 0.010 | 029 | 034
10/29/2012
Load (Lbs) | 4.3 4.2 85 7.4 14 | 053 16 18
Conc. (mg/L) 0.053 | NA | 021 | 012 | 017 | 0020 | 041 | 017
12/20/2012
Load (Lbs) | 0.44 | NA 17 | 089 | 14 | 015 | 34 13
Conc. (mg/L) 0.034 | 001 | 014 | 01 | 015 | 0040 | 039 | 0.14
1/15/2012
Load (Lbs) | 0.16 | 004 | 066 | 043 | 067 | 017 | 1.8 | 0.60
Conc. (mg/L)| 0.057 | 0030 | 065 | 021 | 020 | 010 | 032 | 024
1/30/2012
Load (Lbs) | 1.1 | 063 12 4.4 3.7 2.1 5.9 5.1
Conc. (mg/L)| 0.043 | 0010 | 018 | 014 | 019 | 010 | 068 | 0.14
2/26/2012
Load (Lbs) | 0.29 | 0065 | 12 | 090 | 13 | 065 | 47 | 090
Conc.(mg/L)) NA | 001 | NA | 0070 | NA | 010 | NA | 017
3/6/2012
Load (Lbs) | NA | 0058 | NA | 041 | NA | 058 | NA | 099
Conc. (mg/L)| 0.038 | 002 | NA | 026 | 0078 | 0090 | 027 | 021
3/12/2012
Load (Lbs) | 0.35 | 021 | NA 27 | 071 | 092 | 25 22
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TN COD DOC TOC
Storm Constituent
Inflow | Outflow | Inflow | Outflow | Inflow | Outflow | Inflow | Outflow

Conc. (mg/L) 1.8 1.3 34 35 6.3 6.5 6.5 7.6

9/8/2012 Load (Lbs) 9.5 8.6 180 230 34 42 35 49
Conc. (mg/L) 14 14 NA 30 8.3 7.6 8.4 8.3

9/18/2012 Load (Lbs) 7.7 5.7 NA 120 45 30 46 33
Conc. (mg/L) 3.3 1.2 NA 31 12 8.5 12 9.6
9/26/2012 Load (Lbs) 4.2 0.043 NA 1.2 15 0.32 16 0.36
Conc. (mg/L) NA 14 NA 28 NA 8.1 NA 8.4

Slzri2012 Load (Lbs) NA 6.2 NA 120 NA 36 NA 37
Conc. (mg/L) 1.2 0.81 NA 21 6 5.5 5.9 6.6

10/2/2012 Load (Lbs) 11 7.1 NA 180 50 52 53 58
Conc. (mg/L) 1.8 11 48 29 7.2 8.1 7.8 8.1

10/19/2012 Load (Lbs) 3.3 15 86 41 13 11 14 11
Conc. (mg/L) 1.0 0.99 37 30 11 8.8 11 9.6

10/29/2012 Load (Lbs) 54 52 2000 1600 580 470 610 510
Conc. (mg/L) 14 0.87 35 28 6.7 7.5 7.6 7.8

12/20/2012 Load (Lbs) 11 6.4 290 210 56 55 63 58
Conc. (mg/L) 1.2 0.88 28 25 5.1 6.2 5.6 6.7

11502012 Load (Lbs) 5.3 3.7 130 110 23 26 25 29
Conc. (mg/L) 3.7 1.7 37 37 6.7 6.7 8.0 8.1

1/30/2012 Load(Lbs) 69 36 680 770 120 140 150 170
Conc. (mg/L) 1.7 1.2 35 35 6.0 5.6 6.1 6.1

2/26/2012 Load (Lbs) 12 7.8 240 230 41 36 42 39
Conc. (mg/L)| NA 0.86 NA | 215 NA 5.8 NA 5.8

3/6/2012 Load (Lbs) NA 5.0 NA 130 NA 34 NA 34
Conc. (mgiL)| 28 1.8 NA NA 6.2 47 6.7 5.5

3H2i2012 Load (Lbs) 25 18 NA NA 57 48 61 56
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_ TSS SSC CI Ca
Storm Constituent
Inflow | Outflow | Inflow | Outflow Inflow Outflow | Inflow | Outflow
Conc. (mg/L) 84 48 100 58 0.016-4.8 11 2.9 6.4
9/8/2012 460 310 570 370 0.085- 26 69 16 42
Load (Lbs) DOV
Conc. (mg/L) 40 23 39 19 0.017-4.8 7.9 3.7 6.4
S/18/2012 220 92 210 77 0.091- 26 31 20 25
Load (Lbs) VI
Conc. (mg/L) 37 41 45 12 0.036- 4.6 9.7 3.6 7.7
9/26/2012
Load (Lbs) 46 1.6 57 0.46 | 0.045-5.8 0.36 45 0.29
Conc. (mg/L)| NA 12 A 12 NA 5.9 NA 5.7
9/27/2012
Load (Lbs) NA 51 NA 54 NA 26 NA 25
Conc. (mg/L)| 75 10 78 11 | 0.016-4.8| 0-50 | 4.0 5.2
10/2/2012
Load (Lbs) | 680 91 710 93 0.14-43 | 0-43 37 45
Conc. (mg/L) 110 14 120 19 0.025-4.6 8.3 2.5 6.2
10/19/2012
Load (Lbs) 200 20 220 27 0.046-8.3 12 4.4 8.7
Conc. (mg/L) 210 14 21 14 5.3-5.8 0.0-5.0 5.1 4.3
10/29/2012
Load (Lbs) 1100 720 1100 750 280-310 | 0.0-270 | 280 230
- 0.36-
Conc. (mg/L) 57 18 64 17 0.015-4.8 13 e 3.4
12/20/2012 :
Load (Lbs) | 470 | 140 | 540 | 130 | 0.12-40 98 3-13| 25
Conc. (mg/L)| 37 11 38 12 9.5 49 4.0 7.4
1/15/2012
Load (Lbs) 170 45 170 52 44 210 18 31
Conc. (mg/L) 410 120 430 120 75 94 6.4 9.3
1/30/2012
Load (Lbs) 7700 | 2600 | 8000 | 2500 1400 2000 120 200
Conc. (mg/L) 79 39 85 41 78 130 12 14
2/26/2012
Load (Lbs) 540 250 580 270 530 820 85 89
Conc. (mg/L) NA 9.2 NA 12 NA 240 NA 16
3/6/2012
Load (Lbs) NA 54 NA 72 NA 1400 NA 93
Conc. (mg/L) 460 174 530 180 NA NA NA NA
3/12/2012
Load (Lbs) 4200 | 1800 | 4800 | 1800 NA NA NA NA

152




Na' Sz
Storm | Constituent
Inflow Outflow Inflow Outflow
Conc. (mg/L) o2 5.9 NA NA
9/8/2012 m = = -
Load (Lbs)
Conc. (mgiL)|  °2 54 25 11
9/18/2012 T - T —
Load (Lbs) : .
Conc. (mg/L) 28 6.3 NA 0.0¢ 10
9/26/2012
Load (Lbs) 3.5 0.24 NA 0.0
Conc. (mg/L), ~ NA 4.5 NA 12
9/27/2012
Load (Lbs) NA 20 NA 0.051
Conc. (mg/L)| 30 3.8 14¢15 0¢10
10/2/2012
0.13
Load (Lbs) | 27 33 S 0¢0.087
0.14
Conc. (mg/L)| 0-13¢ 1.4 4.2 18 0¢18
10/19/2012
Load (Lbs) | 0-2462.5 58 0.032 0¢0.051
Conc(mgiL) | 16¢1.7 | 0-15 18 19
10/29/2012
Load (Lbs) | 89693 0¢79 0.98 1.0
Conc. (mg/L) 0.25¢1.4 2.6 NA NA
12/20/2012
Load (Lbs) | 2612 19 NA NA
Conc. (mgiL)| /-7 30 NA NA
1/15/2012
Load (Lbs) 35 130 NA NA
Conc. (mg/L) a7 58 NA NA
1/30/2012
Load (Lbs) 880 1200 NA NA
Conc. (mgiL)| 31 72 NA NA
2/26/2012
Load (Lbs) | 210 470 NA NA
Conc. (mg/L),  NA 140 NA NA
3/6/2012
Load (Lbs) NA 820 NA NA
Conc. (mg/L), ~ NA NA NA NA
3/12/2012
Load (Lbs) NA NA NA NA

*SZn=Soluble Zinc
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APPENDIX C: Probability Plots of Pollutant EMCs and Loads
For constituents with no censored values (TP, OP, TNNQXOC, DOC, COD, TSS, SSC), the
logs of storm loads and EMCs were ranked and assigned percentiles using the Cunnane plotting
position (Cunnane, 1978; HelseidHirsch,2002) and then converted to standard normal scores.
Pearsonds correlation coefficients (r) betwee
calculated using Minitab 16 statistical software (Minitie,, State College, Pennsylvania). The
r values, raging between 0.891 and 0.977 for loads and 0.916 and 0.989 for concentrations,
showed that the data are lognormally distributed (HelséHirsch, 2002). The biasorrected
geometric mean (BCGM), a less biased estimator of the median for lognormalatetiaeth
sample median or geometric mg@arkinandRobinson, 1993)vas calculated. All other data
(ammoniacaN, CI', Na', Cg is interval censored with a naero lower bound (i.e. inflow
ammoniacaN loads for 201209-18 storm are 0.0R 0.04kg). Median estimates were made in
Minitab using the Turnbull estimator, a survival analysis method similar to the commonly used

KaplanMeier method, but applicable to interval censored (agdsel, 2012).

Probaility plots of the loads and EMCs were created for each constituent to give graphical
evidence of the changes from inflow to outflow. All plots were made using Minitab 16 statistical
software (Minitab, Inc., State College, Pennsylvania). Calculated nsediaristed in the legend

of each graph. Were a trend line to be applied to each data type, the median would coincide
closely with its intercept of the @(percentile line. The horizontal distance between the inflow

and outflow at each percentile givesiadication of the ponds performance for a storm of that

size. Maintaining a relatively constant distance throughout the range of percentiles indicates that
Ashby Pond provides consistent performance regardless of storm size, whereas varying distances

shaw that the pond performs better for certain sized storms and worse for others.
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