3

B

=
L]

FETFFRETET TSR TTEYR Iy Fy TE OB Fq

o LTS

Performance Assessment of a
Street-Drainage Bioretention System

Cameron Chapman, Richard B. Horner®

ABSTRACT: Eveni based. flow-passd compusite smpling was camied
ous at ha inled mid el of @ el akde Merstanton facility (0 Sesiile,
Washisgion, bo aeess s shilty 30 mduce sieeel el goansite and
pollutests. (ks 2.5 yoars, 48 g0 T4% of the muanming mnoll wis los (o
Enlilirstion and evapanstics, Catlo) pollulnl omoenmaiions. were sgnif-
ety boeer s boss at the inlet for nearky all mesiioned sonstilseess,
in vormn of mans, the eysteos seinloed mos) of e Eeoming pedluaes,
Besides soluble reactive phosphones (the mass of which possibly
incremed), dssalved copper =as e ke oifectively retained; &t beas)
8% ol dissolved copper (ard patentslly oy much ax T9R) was capared
by the system. Matos od was oomoved most effectively, with 92 o 965 of
e |ncemsing modor @il ner lesving e sywiom The sewalis mdicae thi
bioreremvion syseins o achieve a bigh lewel of mecfl senlion and
i it in Teal - weather condimans. Waser Eaviran, Ber,. BL, HI0 230000,

ing, bew mmnagement praviices. low-mmpas developeseni,
oz 1020 T TS 4300904 260 12

Introduction

Until 2 decades ago, siormwater managemess, as a discipline,
wid focuwied almisi wholly on flood prevestion, Dewnsiseam
effects on water quality sid gissnily were of ifle concem, Mo
moentdy, comlsmination of runoff asd e physical in-vieesm
effects of flashy wbain hydrology have Teceived amcotion (o
nuigrous studias (Booth and Tnckon, 1997, Koernd ef al,, 3005,
Muarsalek of al, 1999; US Eovimonmental Protection Agency,
1981}

To minimire ihe effecs of sormwsier nmoll from pew
developments, cogineets  raclitionally bave desigmed  large,
wlimy relemion'deention and waker gualite fucilites. Mors
moenily, advocates of low-impact development (LIDD have
proposd new sirface-draissge design methods. An overarching
principhe i3 to create some sumber of smaller systers imtegrased
fmin the layoul of e development, hgher on the hillilope. as
opposed W one cenimlized system bocawsd i Lhe bowest part of the
neighborhiood. Thew sydems ire desigmed with amended organic
soils indencled b0 freal roooff 25 i Mows through, Ahove-pround
sornpe also is provided e show water and increase contact sith
e smendsd soils This practice. wwmetimes refemed 1o a8
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himretention, cypically benefits froin mkditionad pollstnnt removal
by meuns of [nilestion o native sodls

While a ownber of hionstemtion srstems have been built in a
lew ragioms of the nathon, performancs monlirisg has hees
Limnied. There ane Few data for the removal of nomcnis snd toial
sugpeniclid solidy (TSS) and cven (ewer for melasle Powsibly the
oaly published Niehd studbes thet used contineons flow mombonng
and favw-paced composite sampling (through sl leasi ome wet
dcason) wene carmigd oul w2 Cieensboro, Morth Casolina,
shopping mall (Hent of al, 2006) and & plassed development in
Jordss Cove, Comeclica ([ete und Claussn, 2008

Io Norih Carolins (Hent e al, 206), nenoff entecing and
lcavimg Lhe hloretention svalem wos sunpled i 10 disceste ruin
evems, [t was fonnd that the system removed 9% of the mass of
ol cuppes, YRR ol the wing, mod B1% of the kad. o the case ol
lead, infibimtion was ieponset becwse the inlet ond owfler
concenlralims vwene fiol sctually different. The rescarchers also
fnmd that the symem emoved apmosimalely 4% of the ool
nitrogen inass; and removal (or addifion) of vl phosphons and
sirluble resctive phosplors 1o disolved phospherus) (SRP
depended on the type of filker media,

At the planned developmrsnt bn Conmectico (Distz sod Clausca,
5L the Borsiention sysfem was aquipped with undendmins,
from which cullel sumplan were aken, Meotals were below
detection limits in 64% of the samples; tharefone. salistics for
mass removal could not be calcalaied reasonahly, The nndesdrain
waler had 3% less loiel nifrogen mess than the isflwent saier,
though there was & doubding o the usial phosphonas meaess from the
ikt b ouilet, pussibly s o resall of leoching from the system®s
orpamc soiks (it chould be moed dhat resul s ol memiloring sysems
with snd withouw! undendruing are difficull 0 compare, is that
underdmin  efflucar has passcd thoough the bioretention snil
column, while dishinge fim a ondt sithout ondesdeaing kely
hus haed omby surficial soll contsen).

Pumaibly the fira published ficld ivvestigation of a bionetention
averem Wik cardied oul im Mardland (Devis of ., 3005, bot it was
nol wonductes]  wmder  renl-weather conditions.  Syisthetecally
generited sormwaler, with known pollulun concestrutions, was
agpllaed Lo Pevor bineetention cells. During o siegle cvent al sach of
the two sites, |5 grab samples weee collected from the cally’
ndesdraing. One of the cells exhibited 3 concentraton redoction
af o least 355 for copper, Jead, and sing. The other vhowed a
rangs of redeciion for these metals, from 20 w0 90%. The suthos
suggested that the difference in performance could have heen the
reault of fiwer nedia or the presenee of vascalar plasts,

More recently s Marylarul, anothes experiment iDavis, 2007
wwisie el e inoreal-eeather condithons, testing twa bioretenilm
sypiems. Por @ discrete rain evenl=, # was estimatesd] that the
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syslems pemoved 77 i NVE of the infloent mas of copper and $4
o B off the bead, while zime was rernoved at & mee of 548 0 69°5% .
More dats were acquited for tse removnl of THS and sl
phosphorns (v = 121 These systems neduced the mass of TSS by
84 41 395 and sotnl phosphorus by approcdmosely TRUE. However,
e ressarchers did sot collecr flow-paced composite snmples.
insiesd chooung (o collest wimples et were biased fowurds e
st flosh of the vorioos ran VSRS,

Rescarchers in Marvland and Norway have smompred to maks
up for the lack of field dein by moailoring pilal horeication
sysicms in the laborswry (Davis of al., 7003; Davis of al, 301;
Hiich amd Davis, 3008, Muihonma o al, 2007; Sun smd Davis,
2017}, Copper, lend, and s removal in all of ks sdies was
above 308 (mnd typecally 0%, oo presien. Mutmen: removal sas
ned @s conaistent from sty w stady, OF conre. it can be difficult
1o comparny hetween didy mosli o experiness nie carried cul
in a varery of manners, Futhermooe, the monitored systems (and
their comiribaning basing, in the case of fickd sudies) also can
differ. The charscieristic common 1 all of these sysems, both in
ihe labomtory arxl is the ficld, is that water passing through the
system is filierod, W0 some exlent. by smended soils contmming
varving amouvsts of decimpesing ongnnic muller.

Seale Public 1Milives (SPUD, which oversees sreot dealnags in
the city of Seartle. Wnshinguom, has bocn bailding Borelestion
sydcans in varlows residentiol oeighborhnids since 2000 The
systemes are all located in buili-oul basins. where sepansted sonn
mawers copvey runoll iy (mh-bearing wreatme (whersss uch of
nhe city s drained by combined sewersh. The first sysems, known
kcully a8 sl drainage symews, were omsirecied in the
Piper's Creck husin i nonbwesern Seatile. This paper presenls
the resalts of an imvestigation of the performance of one such
sypiem. As & penersl poal, the prewnt samdy amempisd 1
determine whether 3 bionsention system sized w Gl o the
exiping wreet Aol way oould provide adequale water quality
treqitmnent for the loeal basin, If so. it could serve as n prototype (o
new developments and older cities, Specifically. the sudy’s
objectives were Lo determine the Folleeing:

(1) The nbility uf e sysem 1o retain renofl sod reduce pollutant
mass, boasdlings o Piper's Creck.
{2} The effvent quality the sysiom cam produce in rclation #o (a)
imfhoent guality; ib) similur horeestion feclivies, as reportid
im other smdies: and (e the Washingon Siale water quality
criberia.
Folbowing s u description of the sysem snd ity contributing
harsin and & preseotation of e vasions eochmics] amd anslytical
methods wsed b0 aean sysiem performane,

Site Description and Methods

The NW 1l0th Street Caseade and Is Contribeting
Caichmeni. The bW 110k Sweet Caseucle barclontion gyseam.
the Gcus of this ssody, was desgned by SPU fo show and cat
runodf along 4 hlocks of NW | 10th Street in Seaule. Provious io
copsmuction, U moad shoolder was wed for parking: dramage
wis sccomplished by mwans of & comcrele culvert, which
conveyed waier quckly 10 a mvine conlaiming & mibutary of
Piper's Crock,

Heought oaline in 20015, the 110th Casende is comgrised of 12
sinir-stepped oells, cach imepulardy recangulsr in planfom. The
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sysiexm spans 375 boriomial macters from the farthest opslope inlet
1o the cutlet finserrapted by street crossings); the verfical distanos
hetwezn Uicis polms 15 16 m,

Where cells pre mnt separared by road crosangs. 4 combimatiom
evesfbow weir rasoute wotar from one cell 1o the nexl. Wheee
mad crussings imtervene. precast concrere manboles anc bocored
just opscream und dowsstonm of the erosings, The manholes
albow for sedisemation of larger partiches and convey wales w0 (o0
accept water from) the cells via 20=cm-diarmetes cLicular openings.
The manhokes range from 2 to ¥ m in depil and from 1.4 w 2.4 o
it dhamcies, with the larger-diameter manholes located just
domstream ol (ke crossngs. Waler is eonveyod onderneath rusd
cromings by dG-cm-diameter ductile iron pipe ked ar slopes
runging from 2 o 10FF,

T upper 5 to B om of the: | 10th Cascude cells ase occupied by
Hegm-dismeier wabod gravel (Figuse 1), Below the giavel 14 o
minswgrn Mom-deep layer of soil mix containing 30% onganic
:Wﬂ?ﬂﬂmﬂ}'ﬂdfhﬂ]m}.hﬂﬂdﬁ
sivils are aoderluin by o Layer of G-mm-diameter, bank-ron gravel.
The stcep side walls uf the colls are constriscied of clay-soil bricks
wrapped in & UV-reslstant fubric. The botiom of each cell i lined
wilh Mirafi FW-500 fiher faboic (Mirafi-TeoCate Geosyoihetics
Peodorgrms, Cheorgin), Distonces hetwoon the bottoms of the
vamious cells and the inverts of the ootler stmctures range from 7
iy 10 em, and dhe boloms of the cells themselvos are pilchadl =
alopes of 1 w g

A ity diffcrence between the 110th Coscade and some ofhers
refemed 10 o5 “hiovelenon” sysems is that te | 10oh Coscade has
fin wnlerdeaing; bence, oaly sarisce flow leaving the sysom was
sampled (outflos e the sysiem, comveyed by an Exisling
concrete culbvert, is gencrabed when Use last cell in the system fills
with wilee), Because of the vertionl drop o the system’s lanjph
and the permesble materials wsed, some portion of the surface
averflow G U sysem cenmnly paiscs Mimigh e smended
siiks. sough it is impresitde 1o know how mech. That s, mnce a
cell fills with water. incoming witer may pass over the smaface of
the cell botom intercting lide with the smended soils
Funkermore, it s difficolt 10 say whether waicr passes From one
cell by the mext exclusively v te welrs s calveils conmso-
ing the cells, or whether wamer slsn is abic w poss Srough
the nmemded and nasive woils und reomerge in s lower cell
i“ThroughflowsL

Wter enters the | 1nh Cuscade from fuus auith=-south avenuss
and alsn from N 1 10sh Strest. Figue 2 shows & vicinily map of
vhe BW 11E Casciide bureiention syueim. The black rectangie
repecsent the locations of 12 biorstenion cells. and =A™ and “B"
tepresent the indet and outlel poinls. pespectively. The dashed line
vatlines the theoeetical draingge caichment boundary,

Runcff Fromn the cast is conveyed by e pre-existing SLomm
drain wystem and enters via & pipe ot the besl (east) cnd of the
Cangade. T was only passible vo monir ranaff catering the 1 16
Cancnibe m ihin point, densied =A™ in Figuse 2, Tio (he west of this
point, runoff comers along mach of the syderm's length @ shest
flow or semiconcentrated flow mol conveyed by eogincescd
draimage ArsCDanes.

Land we in the comirbuting basin is resikleaiial. howgh Wt &
uaversed by the anenal Greenwond Avenue, which has as
averape daily tmaffic CADT) of 26 000 cars per day (cpd). Other
siveens i the basin heve ADTs closer bo 250 b 750 epd. The | 100k
Cascnde wystem was designed baxed on & theoretical basm arcs of

Waiter Environmenl Ressarch, Yoo 82, Mumbor 2
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Figure 1—Typlcal NW 110ih Cascade ssction locking downstream toward weir wall.

7.3 ba, with lund cover in the bosln 43% imporvious asd 7%
lawms. Howesver, if wos foond kaer tat mamy roof downspowts in
the meighborhond ane ded i il snndeary sower aisd ool dhe siimm
drumage nefwork. It also was discoversd thas some nmodf was
divericd ol of ibe thenreticnl dminage arca by ciocwive sedifien
deposition aronnd cavel basine

These observations lod 10 the estlmate (hat st over 081 ha of
imperviows surlace comistendy drained 10 the 110t Cascade,
with only slightly more waler reaching the system in very wet
consdition (e, isfilirstion oapacitics of local soils generslly are
gremer than rainfall ineositiec.

As an additional pote, the 1ol bioreiendion srfics srea and
gbove-grousd stowage wolume of e LI0E Cascade wese

spprocimetely 400 m° and 90 1w, respectively, such that the
sarface-ara- sl wwage - volome-to-wmershed-arca ratios (12200
und |:90) weee simias o twose fownd e other published field
shuhies of hisetention performance (Devis, J07; Diete and
Claasen, 205, Hom et al., 2006),

Sampling amd Anslvels. Flow mesasemsnss o the nhove-
describod inlet andd outled of the | 10h Cacnde were imbmied in
Dctober 3002 and coded i March 2006; ssmpling wns conducted
lom [December D0 to March 2006, Flow-peced componsise
samples were collecied with B0 6700 portable water samplers
{Teleslyne TSCC0), Limcoln, Mebraska), which messured flowrates
o S-mmnate liese seps wih 1500 TH submeiped probes.
FMoemibss also were measwred at 15-manete time sieps ot fhe

MW 110TH ST

A

J.'-"--'-'----.‘—

GREENWOOD av N

]

|

Figure 2—VYiginity map of the NW 110ih Cascade bioretention syatem, with delails discussed within text.
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110th Cascade inles with & Deuck presame mramsducer {(approsi-
mmately 17-kPa [2.5-psi ) gauge) (Dosck [nc., Chelsea, Alabama) in
conjunction with & model CR10x Camphell Scieniific doba logger
(Camphell Scientific. Logan, Utah). Al the ombet, a Campbell
Scientilie dats logeed vodel CRI10 was ssed with o Dnuck
mansducer. Thos, ot each of the two sites, there were o wis of
fevw messuremenis. Tlhe Canpbell dsts were wsed for final
amalvies, 44 a pesult of occasional 15C0 battery cutiges. Mamual
mensurements were takan monthly o ensuse proper calibeation of
the eguaprmenl

Coimpesiic sanaples wiere tnken oaly for torms that hegan aller o
perind of 12 howrs with no mene than | me of s, Swoems of ks
than 1 -hour dusation of with lese than 4 mm of minfall were ool
tarpeded for sampling. The officinl pese|pitaiem secord came (nom a
wenther station kcated 1.5 b somthwest of fhe 110tk Cascade,
maigiamed by the Unlversity of Washingsem (Seaitle) arl SPLI,
Two TB3 tipping-hucket rain gauges {TH3-Enveo, Auckland, Kew
Fenland) (one dunding and ong i o ground wench) reconded
rainfall depths at | 5-minute intencals, and the necondad data sets
were compiied Vi qualily ssuianee, A Movalysn bulk collection
gauge {Novalvos Cosporation, Goss Valley, Colifornia ) provided 3
cumulafive recond ns an additional check.

Fawch commpeosite: sample, comprised of many mdividosl aligeos,
allowed For determination of the event mean comcentrasion (VAT
of n given pollwiant. ldanlly, composiie semples represenied the
entite edrograph of a given runsff cvenl. Howeyer, o proctice,
pollutsst concenirations [(end sysem performance) during an
eveni were considered 10 be slequately daraciensed if a least 10
aliguots were collocsed nt cach site and if the period of axibosnabed
sampling accosmbed for ot least TS% of the: slome hydsograph (in
termiin af ranofl volume ), However, these were oot siringent mles;
i sliphaly bess than 10 aliguors were collecied, or il lews thin T5%
of the worm wus smpled, the collected water was anahyred
segandiens (us bong @8 i imle amd omber samples seprewemed
similar partions of the storm), 560, thew crilera wese et for
abrnoisl all ol ik sampled stoenie.

Compesile samples wons submittcd for leboratory  nnalysis
within 30 bowrs of the noguisition of the fing aliguel. Senples
were collecied in glass jars, which wene deconiaminated after sach
wic by rinsimg with hot tap weter amd then scrubbing with
phosphate-free dish soup, rinsing again with kol ap waler aned
then wiih 10% hydmochlons acid Finslly, the jars were rinsel
with defonizad wmer, allowed (o =ie-dry, and capped by |idd thal
haxl been similarly decontaminabid. Sampls strsines, pump mkERg,
and suction hebing were subjec! only 1o & debomiced-water Mush
before euch sample evenl.

Stamadard Methrads were wsed for borstory analysis, s follows:
method 2450-D for TSS concemrations; method ZRUER Tor
determination of handness; melbod $500-N (or letal nrogea, and
vz Lbid SOOI (o ot pleosphiones nnd SEP anal ysis (APHA et
gl, 1998}, U5, Envimnmental Protection Agescy (Washingion,
0.0 methods 20008 and M09 were usod For analysis of todal aned
disaolved zimc. copper, and lead 175 FPA, TSHEL Motos il
bevirls were amalyred wing ihe NWTPH-Dx nscthod (W ashington
Seite Department of Ecolegy, 1997).

All mborsory snalyecs snd guality ssuminesijuality costro|
IQANIT) procedurss were curmied oul by Siste-of-Washinguon-
certified Agquatic Besearch, Inc. (Scambe, Washingion) [ARI),
while field QAMC procedenes were perfirmed by Uhe lead suthor
in conjundlion with ARI, Laberstory QAT included Inborstory

112

duplicates, method blanks, matris spikes, analyses of independent
standariiy, and measurcaenis of coptamination in Inhoraiany
reagenl water, Fiebd QAT consisted of equipmeni rissute blanks
and field duplictes. Mo data From the nlet or outlet of the 110t
Cuscmde were nejected for wiolation of QAN stimdarnds,

The metse chosen for quantifying system perfommance wis
pollmant removal efficlency, defined us the mass removed divided
by the mass enlenmsg, & follows:

Reamoval efficioncy! %) = 100" (1~ |V ol s ] /TVin, maseratCu/} (1]

Wiheae
o moamend = volume of runoff (m') meassred o the
rmombivmed indel bor dee entine siody pericd:
¥ = tal vodume of sarface owiflow lenving the
1liwh Cascode durimg ihe enilre How-
mniloring, penod: and

Cog 0l [y = represcnistive inlet sod owtlet pollotant
comcentrations (pfm”, or, egquivalendy, mpf

Lk
The rodal runoff enlumes ot the inkd and owtlel ane caloobated
simply as Folbowe
Total rumoff voleme, V=X g 4 1 ()
Whee
g = imstanlascous volumetre flowtnie mesasned with Lhe
mmomiled egquipment {cm; and
At = fime slep of messureoment; the calculation is summed for
Ihe il aoidonng pericd.

Thee inlet and outler coneentrathons waed in eg | were calceluled
by weiphting the EMT: acoomling o e rusoff vobomes
ropresenied by he comresponding composie samples. Thenefore,
the mepresamtative quaniitics ©, md O, were clculsed as
folbows:

CaY (EW)=Ca¥y s ... |{"v,,]lfzfr.+v:-+ AT |

Where (1...n) represent wirm samples acquired of the inlet or
opflet ol ike |k Cascade. The value of C gemeruied in Lhis
manmer will be refierred to s the volsme- weighted average EMC.

In must be nossd thet the swnal-eliciency coloulations
ouflimes] abhorve essenbially ignone the pollosnt lopdngs fiom the
three notb-wouth aveoves west of Creenwoesl Avewuc. making
these comservative estimates of syvaem pofomance, A sscond
eiilcmlition of el efficicncy was made, by assuming that the
unmanliorsd inflowes were of ihe some guabiy s those ot the
momigoned inel, aml eaimatiog the volume of the unmeasired
inflows, Thus, the second enloubion smply replsces Use quastity
Vin, sseararss 0 24 | with a pew guantity, Vi, smmes. The derivation
ol Wy jtemea will be discussnd below

When compariog EMCs (ps oppreed ) mass) st the inket and
the oitlel, enly palred obuervsliong were used: that is data
ucquired o the inbel weee not consideped if the 110 Cascade did
nol produce outflow during (e siorm. There wese 14 puired
observatioas for all comsdiments. exoapl for SEF (6 = |3) amdl total
copper, dine. and kad (8 = 1) Pained sialistical lesis wone
camied ot on the datn sets fomed by the differences between the
pitinesd cibservatioms, tha &, oo the following set of values:

Waler Environment Research, olune B2, Hunber 2
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Figure 3—Cumulative procipitation depth and volumes of runall entering and leaving the 110th Cascade, October
2-March 2006
{Bgg, ... 0]} = impervioas surface determined (hy field reconnaissince during

{(Coms —Cooms o [Ciaz —Comia)s - o+ [Cmmn—Comn]} (4]

Wihese

C o il Cogyy o = EMICH four the it st {mgf)

If the central lendency of the A valucs was sigwificanily Gifferent
from zero, then the concestrlions al the wo sibes were diffierent,
If the A valmes were nommaolly distribosed, amd the relutionship
belween the groups appeased Lo be sdditive, then the parnmetric J-
bl wad uisd on e dilTeences. IF ibe A values were nol sormal
bul were symmemic, thea the Wilcoaon signed-mnks tes was
ised, I peither of these ewis could be maed legitinsely. then the
fully non-pamamestic sipn-lest was used.

Aesults and Discussion

Infiltrution Performance. Figure 1 illustrabes the infilastion
performance of the |10sh Coscade svatem over theee full wes
seisoms and two diy scasons, [During this period, 127 m of rain
fell & the stmly bocation, 7635 m' of water enteeed the 110tk
Cawcade ot the monitorod inlel and W82 m" lefi the sywiem.
Theredore, at least 48% of the incoming water oever befll the 110th
Cascade av smfuce flow (Table 1)

1w fommed (hm the minfall dopils for o given dorm was o
accurate predictor fcoeffickent of determination &8 = 0.95) of the
watcr entesing ol the inles, with approximately 40 m” enterng for
every | cm of rain {this vales: socounts for mamy small siorms: thar
produced litke runcalT, as a resalt of o depresseon and inlerception
storuge in the bosing. This selativeship changed only slighdy, 25 &
result of antecedent weimess, and comesponded o ihe sea ol

Fabruary 2090

wlorwis) bo driin so-the monitoned |10ty Cascade et jusi over
G4 ba b also was estimaled, from figld obhservations durisg
Blorms, (hat a nearly equivilent arcn of impervious surface drxined
i the | l0th Cascade betweem the monitored inder and outles
Therefone, the tofa] aea cefimaied o drais 0 the sysem was
approsimstely U1 ha, snd) the wial rnoff velume sateriog lkely
wiars ilouble that mensured ot the monitoned inlet Given this, i
would be newe sccursle 0 sy thel closer o T4% of the waler
eotering ithe | 106k Circade was retsined (rsther than 453,

Based on previous measurements of bocal cvaporation rates
(Homer ef al., 2004), if appesrs that evaporation can accosnt oly
Fou & winall percentage of the water 1odt betwoen e [nkei{s) and
rasthet, In the months October ko March, when approaimasely 85%
of the ansual precipitation falls, pen cvaporstion depilic are only
10 of rainfull deptbe. It can be said, then, that the gronr majority
of the incoming waler infilrated 10 the mative soils. Based oa
preconstmection &l [sormgs, it wis Bought tha metive ssils had
viry lovw hyddramlic condwetivities, so that pollurant sermonval would
be moatly the sesull of Niration by he hioresention syaem i
amonded soilk or sedimemation, and sot ofileration  hoes
However, the vobome of rusoll infikrised during larpe storms
suggenls thal comductivities of native solls ane peserally bigher
thian thowghe, Tt slso s possilde thal local sodls are not umifiorm and
thai sniall pockeis of more permcable maive soils were shle o
infilembe considerable amousts of water, S5ll, the frue dynamics
of subsiafsee ow remain ambigoons.

Sample Nombers ond Event Mean  Concentraiions.
Tweniy-sin compoaile samples were iaken 6l ihe inlet: the 36
aampled shorms reprasemied 42% of the total inflow volume a this
Tcation during the sampling period. Fourieen composies were

1%
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Table 1—Total precipliation depths, inflow and outfiow volumes, October 2003—March 2006.

Periad Rain (m) (Tg— | pa—J ) Vi (™)
WA O 10 O30 00 1 e 243G ATl 1dih
00 1,0 b ORI ATE [ ] 2403 IS B2
0T 1,/3008 by 037 17008 0T TET L4 17156
Troral 249 TEEy 1E2T0 AP

Wi the heorsieal Arsl drEnEtg t B0 mondomd iclel was 41 Fa, I one ler sesmated Bl only D4 ha of mpevous suface
conarEsted nunolf. in the case of he oulls), e contioutng area orginely wiss asaumed 2 o2 73 e, ol el estmaled B Be oy

081 =a of Wmpardious suace

" infemec ioial niow [V, el @ doubke tre measumd Irfos [V sk B8 SO bkl

taken & the omilel, sccousting (o 38% of dee bl oucflow
volume. The sampled storms covered a wide range of ramifall
depthis. intensisies, wnd umiecedent welness comditions. Tuble 2
gives ihe sumesry stamstics for the varios. meomilored pollutants.

Far dese constitpents where n compiraon was possble (TSS,
mm;ml e 1 hcerus: amdll wotsl ooppet, zine, snid lead),
thet vislimme-weighted sverage inket EWICs wete b relative 1o the
imcdiams of e brpe dsinbure scowmulued dong e Ketioneids
Uhun Renol¥ Progrem (S, EPA, 983, The inbe pollutan
levels were mose or less typlenl of rbun sonywster jo te Souttle
wren (Chamdler, 1993). The wtal mrogen, ol phosphors, amd
%% lovely slio were almiler io in-siresm values meoorded in
Piper's Creek during sonm events (King County. 2065

Inuchdenully, e voluine-weighted averige FEMUy went quile
spmilar w the arithmetic mesms of the EMCs for slmost all
il ennds il the vacs sies, and the calculmter] rensoval efficienses
changed ooly slightly when the meuns were wed o og [ The
gimilnrity exigs becaee, lof the largest siorms, the EMCy wene
mol parteulaily hagh or low, The onldy cnses for which s volass-
weighted pverage EMU did nol fall within the 90% confidence
imberval o ihe stissenl mean wis o disaolvel copper sl e
imlet, dissolved zine m the oulel, el hordncss s bodh sites. In
Fch cane, i low EMC for o moderstely lange sorm allscied Sic
wolwnse-wol phwed value, but had msch less effect on e arithmetic
.

Puired Comparisons, Inbet Versos Owilel.  The resulls of the
paired sintistical compatisons between the inlet amd  omtlet

Table 2—Volume-weighled-average EMCs® at inlol and oullel of the 110th Cascade.

gosceniiations are provided In Takle 3, || was fousd tha the
outler concemtrtioms were significanty bower for alll polletants,
encept for SHP, hardocws, and disailved ainc. In the caie of the
latter, there was mo stabsteal difference betwesn the inlel and
sl led conicestrations, For SRF and hardmess, the coacenlrations ot
the ootlet were sigmificanily grester thaa at the inder, The imcreuse
in SRP could have boei the reault of contac with the amended soils
o lesching from ongandc matter (beaves) that fell into dee calls. The
smill imcrease in kardness was desirable, lewsening the hicavail-
uhiliy of disolved metals; this son was the result of costact with
soils. Siill. the water leavimg the | D0ch Crecnde was quite sl

Pollitani Bemoval EMelency. Table 4 gives dhe pulimated
mass-rensoval cfficienciess for all pollwtants. Makod | =
desoribed in the Sie Deseriplos and Methods wtion, and gives
corservalive values. Meshed 2 asswmes that the true otal inflow
0 the sysem (Vi wresw) was double the mensured quantiiy
Vi, mcararnde 50¢ 8lao Table 1) aned i pollulsst concentrstions or
all mbets were equivalent.

The |lwh Cascssle exbibas bigh semoval eificencies
enpper, e, aid kead, similar s odher swdes of biorcieation
sywicms where these mesls huve beea movitosed. Wih raganl (o
TSS remowval, the 110tk Cascade performed a well or beter than
wiher biomctention wywtems sladied in neal-weather conditinns,
Bicresentinn siudies thus far have had differsni resulis in lems of
T48 removal; for instnnce, the systein in Mook Caroling (Hent =1
al , MDe) wes Ivmmd W oexpon TS, mther than remove o, The
Murth Caroling system was menilonsd immediatcly following

Conatiluend Linvits

TSS gl 120
I¢tal niwogen Tigl

Total prosphaus ol 210
=P pal 13
Tokal copper poL i
Tekal zine HEL 20
Total lead il I
Cigsnivad Cooper T 3G
Cisscived Inc HEt i
Deschved agd L <1
“ardrees rrgl 83
TFH (medor o) el 1.4

Cuthel HURP*
a0 14
Dl 1.9
4o P10
a6
L] di
a7 ey [
4.5 1o
ag -
:\E =
wr ] -
10 -
&

¥ ENCE ciciarmiried IRy acalvels o CoMposie sampins.

P Menenices Uroen Furafl Project (LS EPA, 12850 Al values are madines
% Mckor cil evels were arabzad wih e MWTPHEDx sethod (vashingion Skate Depanme-t of Ecoiogy. 1887
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Table 3—Paired statistical compariaons batwean inksl and oullet concentrations.

Site with higher

Husrmiber of Teal used for paired
Consliluent paired samples comparisons concsnlralions pvalug
TGS 14 Slgnea racks Husil (il ]
Tootad nitrogen 1= Signec renks it 004
Tolal phiospiris 14 Thiss mal fifes
SRP b | Sign teay Ol il
Toits! coooer Lh | Signed ranks it ounc2
Tolw Aine: 11 Sipned renks rinl [ O
Toia' laad 11 Sign t2e: -l o
Dreachved coppre 4 Sigra ranks ~ig| 006
Disschmd roc 14 Sign tear tueithir 037
Cngacheed esd 4 WA Teaither A
Hiarzhrann 4 Sigm magr il i
Moo ol 14 - i e

bl

s | 000D

* ot applcabis. oo meny iesulls wees below delection w0 parioen elatstical calouleoeng

construclion, wnd the irmvestjpstons posited that theee might be un
initial “wash™ of loose sediasmls (om hese systems, Witer-
quality monitaring ut the | 10ch Coscade for this sty begun 1
vear after consmuction

Clearly, estimates of polleain mass reseoval depended on
dagmmpt o reganding the unmensured infloss (Table 4) Whai-
EVEer eatment might have heen avourring within the hiopetention
wysiem, lhe shaer volume of water ifilised o olherslse detinsd
cduring the stedy period had an enormous effect on #he removal-
elficlenuy caloulations, This is most spparent when cimsbdering
the case of phosphorus. As mentioned, SEP conceatrations a1 the
aiiflel wene significantly higher than ai the inboi; hewever, ns a
resull of sl retention {nnd efficient removal of particulsie
phosphorus), total phosphorus sas remesved ab o rate of of least
TR despite the SEP incrense.

With regand o other pollutants, total nitrogen was reiBoved =
upproximmely the same e as ol phosphores, Motor oll was
the pollutant eliminated most effectively, with removal efficien-
cies mnging from 92 (o 9%, depanding on the method wied for
e Larmeic.

On ghoner lime sweoles, mos pollstast removal from dom 1o
stonm also s dependent on the ammi of waier retained by the

Tablke 4—Pollutant removal efficiencies (%)

Conslituent Meshad A Methad B
TES B K]
Total nitrogan Bl az
Total phosphorue &7 a3
1o A 2h
Total copper Bl a0
Tobad zing B 80
Teslaal bsad EH a3
Disszived copper 5A Fi¢]
Disacived 2o (] 86
Disschved asd Mot sl ic ol Mt applizable
Herdraas v [
TP prcsion cil) a2 afi

"Mothod A doss nol scosund for any inflows besides thoss
megsured al e romitcred nies mechoo B assumes hal he
::i'lhﬂ Ve wal douoe ha! Mdasuesd al e oo ed

Fatwugsy 2000

sysienin, bn most storms, all water estering the | 10t Caenide was
retmincd. such thal the removal efficiency was I00%. A st of
thrwbiodd curved was croaied o illesirae e wndency ol the
svslsin W pnaduce oetfllow, gives siormm size aind anbocedent
wemess (Figere 43, These curves wire created by examining
ranfzll dain for X35 vionms occwrrlmg dunmeg the 2.5.vear
mm.ltuig L!IHI#J.. In storme plotting bedow the dark line, the
T Cescude did not sverflow (Lo, did sl sl waler o the
comventional desimage systemn and ko Piper's Creek). o stomms
pleiting shove the pale line, the system always peouuced surlsce
ourflow. In slerms phlting betwesn the reo lines, the volume of
outflow  {relative 10 inflow) depemided on  rsinlill-intensiny
patberre. As mass removil depends on velume conuol, sysiem
performance will vary scconding L by diidkggic pabem

Pollvimnt Concentratlon Reducthon. The pecent decreise in
pollalam convestrution from inlet o outlet wos asalyzed for cach
sempled storme Porcenl decvenses in concenivsiions pencrally
were well-comelated with reduction of the TSS concestration
Oaly in e cuse of SRP was the cormolation with TS5 docroass
stabislically ingnificent {p = 0,125 The pvalues for cormelston
with TS58 weee <08 fur ull niher conutiteents (Tabls 55,

The T35 was ot the omly consdient tha showsd sinong
e litions with other pollmants, in terms of perecnt degreass,
For insance, changes in comoeniraions of inlsl copper and iotal
phosphomes comelated well with the decreases of eiher pollulants,
when amalyrsd on o siorm-lo-siorm basls (Table 31 However, this
woas explained by covarance with TSS. Onoe the inllwence of TSS
v cluminaled suilistieully, wwl copper and sotal phos phonos
explained little of the vanabality in the olher data.

While the TS5 comcontrstion reduction wis enrrelsnd with
teduclion ol dissolved copper and dissolved zine levels, e
onEncction was stoagesl will condlieenis sancialed with
particles, such ss pamiculare zine (Peamson’s » = 0005) ad
particulaie phosphomns (¢ = A5} Inleregingly, the comelation
between reduction of TSS and ioal Hne levels was siioager o
theat berwoen T5S and particubse wimc, even thaugh the oomel ation
berween concestrtlon decresses of TAS amd disolved sine was
vecaker, This omd appesrs o be only coimcidenial

The correlaten of THS reminal with removal of olher
pollutzmis helps explain the dominan mechanizm of meslment
b the 1 106h Cascucle binreieniion system and poesibly other such
ovstems. Complete retentbon of lncoming sineel rennlT elfectively
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——Minimum rain depth needed for overflow
— Maxrmum rain depth wathout overflow
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Rainfall in 7T-days preceding stoarm, cm
Flgure 4—Tendency of the 110th Cascade 1o overflow 8s & function of event ralnfall dispth and anlecoden] Wwelness.

means captane of sdimcnts, Because pollutants gemerally are
asnocisted with sedisncnts, ull pollutants are captared in this
way, As sech, volome coatrol could be the most impotant
Feuluse of this ayden, With reganl 10 water thul sull manages

0 leave the system. high dewstion tmes allow for sedinien-
tafion. Another potential treaiment mwchanism i= thal water is
Mened while passing trough e amended slls befone lewying
the wysiem

Table 5—Caorrelstions of storm-lo-storm percent pollutant concenlration resduction.”

Talal Todal Particulste Total Dissolved Particulate Tots! Disschved Parlloulste Titsl Motar

TS5 nitrogen phosphorus SAP phosphorus Zinc  2inG zinc copper copper copper lead ol
TES 1 .55 060 &g 0.85% 081 07 0rs CLEp el ] o o0& 5T
Tiatal milrogsn ol 1 Qa7 oG48 0B85 DA o7 Ly oFa D42 Oaqao (AR D22
fotal prosplerug 001 O 1 053 4k oEy G0 o M 0.4 fi.40 HIRE o= DA
EAP iz o008 006 1 nFE 0T o .54 013 02 o1z DDE 0.1
arficdain
phoschomes L 0 n 2z | DAET .30 082 Gad ol L. i g.as Q4s
Talal zng o 0 G a Qo o i i ik 0 053 - 02 40 02 D
Dligsnted Hne o3 48 o580 Q. o g 1 48 0.5 048 0,44 D64 081
Fadiculgte e 00Y 006 o opa 0 L] 018 1 o4z 013 03 00 009
Terinl noppe a0z o0 poa o3 d ocE D24 R 1 0 G 036 076 oF
Dissobvad copper 002 014 oW o051 oid ps2  0OB nmn ool | k! ore N8y
Poricasaba coppt 002 €22 Ll 07h ol - nz2a oa oar 0 ] 1 082 078
Metal wmo Dos G40 G52 Q8T o e 004 a7 0 a ] 1 .87
oo o ood 047 i 0.74 nis CLET 0.0m G 0.04 id UHUEY a 1

* Murbers ahovs e dagonal ae Pesreon s cormalion cosficion!
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Table 6—0utikel pollutant concentrations measured in field-based biofiliration studies.”

Diaiz and Clausen (H05) Huni ot al. [2006) Crawis | 200T)

Coneslitussni Unid This Study
TS il W& o 17 50

sl robscygen mgiL Q810 52 El= o
Tiral phosphons ngil w 000 an 15

AP sl RS 2HE B ki

Tkl popEpar gl <5 50 d §3
Total #lne HOPL o4 ] = BY 47

Tital bemcd Bl < £ | 45

" MA = ot available

Effluent Quality, In some cases. pervest reductions of pollos-
nof conceatrabion can e mideading imdicmons. of el »ywem
perfiormanca, Por some syslems, outbel pollunt concemirations
vary litle, regandless of the inket comcentaton (Bamet, 2005), T
mary be the case that blorctention systons are sble o pul oul
ammewhal consisicnt, “reliabde”™ elfflment pelutant levels. bur dhat
pescent seduction i ponceniration (asd niess ) will depisd on local
runoff quality (sd system siee velative (o its contributing besin).

In pemernl, there did ned appear (o be wrong fusclboss)
felationships hetween polloset levels s the 11kh Cascade's
indet and owtlew, For instance; while TSS varied goestly i the inles,
seemingly linked 1o hydrologic varshles, TS5 levels a1 the outlet
varied rebaively little, and dhere was bo significant comelntion
bevwoon the et und oullet TSS Jevels. Slmilerly, bl lesd
oomelated with TSS. Tokal lead nnd TS5 abo were coovelilad s
the outler, bur e vl lesd levels of the two gilcs were mol
o libed. Only For total nitrogein, total phosphanss, und dissolved
copper did il appear that there was some skpiificint comelation
hetween the levels at the inka anid outle,

With shis in mind, it s worlbewhile o chametoize outhet
comdiiratins from the | [0t Coscade and cosnpare them with
thoss from cilser biretendion sudics. Table § compares efflueni
palbuland levels with dee fow: other bioretention feld condies that

have been published in the litesapope. Unforunaeely, not all
mithors hove roponed whether there are comelntions between
pollutant Tevels nr dheir monstoosd nbels ol omtbets, or whethes
outhet conventrations appear to vary independestly,

If e i e that efluent quality |8 oot o fesetion of influen
guality, it iz vscfol 1o keow the polhdant levels that can be
expected ot the pudet of 8 Borctestion facility, Tuble 7 presents
the reliable oasimen and medecible minimom cfflueont pollstant
concenrations observod of the 1100 Cuscade. The relisble
o ks here defined s the EMC okl was exceeded in only
1F% of the el evenis. while the imeducible nminmmam is e
EMC st was excesded W% of the Gme. These values wer
calculsed as pwo-sided prediction infervals wilh =001, wsing
both parametnic  (-distnbatioal  and  mon-pemmetric  (reaks)
micthonds (Helsel and Hirsch, 19911 Data were log-tamsformed
before caloubsiing the peemeirc prediction mbervals, excepl
where moted in Tabde 7.

Alee included in Table T we son-peremelre afifleent valoss
derived from the feld imvestigntion in Mlaryiasd (Davis, 2007],
which is the only published sludy that provided EMCy foe all
sampled stmmes, The values from e Marvland study are similar
i thoss fourd in the present investigntion for T3S, usal sinc, amd
icin] copper. Owiler wota | pasgqbones: amd soin| bkead comeentrstbons
waried besy i the 1 106h Cascade than at e Maryland Eavility.

MT—MHHMMHMﬂMMMHmMHTMm

Mon-parametric” Paramatric®
Consibusnt Unit Irreduciide minimum  Aelable maximum  ireducible minimum  Reliable maximum
TEsh oL 914 A0 £3) 7 ]
Tiksl ribvapnn gL .54 1.7 0.G 1.55
Tiots phosonhona -1 By Ao{Em T 21wl
ShIF [Pl =2 a6 16 102
Tofsi copper HEk 49 |30 T o8 a3
Tiotsi zire paiL k=T o] 108 L183) 38 11
Tzl ki @il LG [=Z) R {26 1.4 1]
Demnhea Gopo pal 1.4 ar 12 T
Dissobvad zinc pal kT ] L | 13 T
Memnbeed kad pad 1 1 g <1
Hadriss Mg 7 17 3 e
Wigior il mgiL <015 03 BAS ME

* Mor-pararmeiic (ranks) and paramatric (disEbulion) rethods (Hetsal and Hrech, T98TL Munbers in parentieses B COmesnoniing

wilues frorm Davle (2007], givan shern mailakéo

" TEE gals were Nl eensfanmed in Sompulicg e parametic wiges

* Mol apoicaba; ton many Bsuls eee bEaw detnchion o persom peremelie caloulalions

Februarg Z010
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As shown, the irmeducible minimum diswlved copper amd
divanlved s conocnsrations in elfeent from the 1 10th Cancade
wire 1.2 6 1.5 pp/l and 13 w 14 ppi, respectively. Thes: valoes
are only shightly bkess than the St ol Washingion's chrohic
imaicity eriberia (18 mnd 19 L, eapectively) for o hasdness of
12 mgfl os culciuin carfbonae {the averape haridness of all outlet
sarmples aryuired) | Washingoon Siste Adnsmsirative Code, 1992).
That is, in the majority of sorms, the ofleen consamirations
excond the Sise’s standards. Tn must bhe noted tist loxicity erlieria
are apphied in the receiving water body dowmstream from e
dischnrge, wheee there iv o dilution effecl. Howover, during
worms, the gresl majority of water in an erban seam might be
b rusoft, i opposed U base Mo, Thesefore, i bs posiblc that
wrestrnest of runoll’ by biorcteation might mot sulliciently decresse
diisan|ved muetaks Jevels for sguatic biot. The consslution is Tt
infilerndion of ol isto sstive soils (st lesst o the | 106h
Cascudel greatly diminishes the frequescy and dumation of
gormnwster dischurges o the secelving oreek,

Summary and Conclugslona

Biomsention is am allermabive b comventional —siormwslcl
wedtnent methods. BEvciontion systems and inoss voratile fhan
conventional svstems and wre integrated o & oeighborhosd or
srectscape, The 5PU hax embraced the techmiyues of LID,
imcluding hiorewention, in its desire ko reture [ozal crecks o mone
natural condifions, Tn 2002, SPU constructed the 110th Cascade
beoresention sydem m the dght-ofwny of an custing sirest, as
part of a larger program o munites and asscss the viahbility of
thesd Evshemis

For ren wet seasoms and one dry sesson, the quality amd
quuniiy of renoff were messunsd st the inet and outler of e
Li0th Caseade, For this time period, of lessi 48% ol the meoning
mumaf | either infiliraied to native soils of Was lost 10 evapoiTans-
paration. Given an spprosimation of the volume of the
ummicnsered inflows, il wae estimated that closs o T4% of all
infloras were retained.

Pollutant concentrations ai the outlel were sigaificantly hosr
(p<20,0%) than mt (he il for all conwtitments, excopt dissolved
sinc amd soluble reactive phosphorus. The SRP levels were
significantly greater ui the outhr (P00 Based on the
estimate that 48% of the inflows were emieed, the syuem
removed roughly §7% of the wotal influcol miss of TSS. (3% of
votal piwogen, A7 of wial phosphorus, 8 of weal copper amd
okl vane, B6% of total lead, ond 92% of motor oil. These values
sugpest effective pollutant semoval, veu ane comervidive eitimates
of system performance, bevause they sk indo pocowmt only
pollutants st entered si the moniosed inler, I indead 4% of the
onofF was retaimed, then 3% of TSS wes remaved, a8 was §2%
of wistul mitrogen und BI% of sotnl phoaphorus, P0% of 1ol cupper
and tol zinc, 93 of wisl kad sod 96% of mobor ol

Outlet concemirations wese similar 1o those found ia previois
field monitoisg of & bioretention faciliy n Maryland (Daas,
2007y mnd, in the case of Wtal nitogen, similar 1o thoss foond f o
facility in Consecticos (THerr and Cluuses, 2005). However, herne
are still too few dala available W0 idestify the precie faciors
governing outlel cuncentrations from hineetenton facilitios.

The resulix From e 110th Cescade smpgest that borstention
systems are capable of pehleving o kigh level of waniment in real-
weather conditions. In this case, the system was snall enough o
fit imie an caisting strees right-of-way, Howewer, appropriaic

10

system sizing likely will depend on local soil infilisstion estes,
minfull puilerns, and basin sise. More escarch is needed o
detemming which variables. incloding system size, influence
system performance and whether parformance is bed charscior-
ized by mass removal efficloncy caloulations or some relishie
elMuest quality that is independont of influent quality.
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