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Changes in Stormwater Thermal Loads Due to Bioretention Cells

William D. Paraszczuk
Scholarly Abstract

Trout are an important game species that provide a substantial economic impact
Virginia. Along with other coldvater fish species, trout are extremely susceptible to changes in
stream temperatures. Urban development and the increase in imperviougssalfac the
hydrologic cycle in urban watersheds, limiting infiltration and increasing surface runoff.
Impervious surfaces absorb and store solar radiatesulting in higher surfaces temperatures
andthentransfer this thermal energy to runoff duriagainfall event, resulting in higher runoff
temperatures. Bioretention cells are a common stormwater control practice identified as a possible
thermal mitigationpracticein urban watersheds harboring colater fish species. However,
design specificatiavary by locality and few studies have explored how design characteristics
impact the temperature reduction potentighe goal of this studwas to investigate changes in
stormwater thermal load due to bioretention cells

In this study twobioretention cells with differing design approaches were monitored to
guantify the thermal reduction impact thide bioretention cells have on stormwater from
impervious surfaces. Both cells significantly reduced stormwater outflow volume, event mean
temperatures and heat loads; however, outflow temperatures repeatedly exceeded the 21°C
temperature threshold for celdater fish species. This finding indicates this practice alone may
not be sufficient to reduce runoff temperatures below biological stresshtids. In addition,
previous literature suggested that deeper cells may provide more cooling benefits as deeper soil
layers are cooler and have more stable temperatures. In this study, the deeper cell was not as
effective in reducing runoff temperatsrdikely due to surface overflow and a shorter residence

time in the bioretention celThis finding indicates there is a limit to the effectiveness of cell depth



in runoff thermal reduction and that other cell characteristics, such as subsurface dgstege

length, may play an important role in runoff temperature reduction.



Changes in Stormwater Thermal Loads Due to Bioretention Cells

William D. Paraszczuk
General Abstract

Cold-water fish species such as trout agaee species of large economic value that are
very susceptible to changes in water temperature. Due to warmer runoff temperatures from urban
watersheds stream temperatures are increasing, posing a potential impact onwaerdidh
found in these watsheds. Bioretention cells are a common method for treating and reducing
pollutants from stormwater in urban areas. Recently, research has focused on the potential of
bioretention cells to reduce runoff temperatures in urban watersheds. However, redeartdi
and does not fully address the bioretention design characteristics that may be beneficial for
reducing runoff temperatures.

In this study two bioretention with differing design approaches were monitored during
summer months to quantify andsass the potential for runoff temperature reduction. Both cells
reduced runoff volume, temperature, and overall heat energy leaving the cell. However, outflow
temperatures were typically above the stress temperature threshold for mamatesldish
speces, indicating that this practice may reduce runoff temperatures to a level that will not stress
these fish species. Previous research has suggested that deeper cells may provide more cooling
benefits as deeper soil layers are experience cooler and rabke t&mperatures. In this study,
the deeper cell was not as effective in reducing runoff temperatures as the shallow cell with a
greater overall volume. This finding suggests that there is a limit to the effectiveness of deeper
cells and that other cetlharacteristics, such as cell volume, play an important role in runoff

temperature reduction.
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1 Introduction

Sport fishing is a valuable industry; the Virginia Department of Game and Inland Fisheries
estimates that fishing alone is responsible for over $1.3 billion dollars in economic impact annually
to the state (VADWR 2021). It is estimated that one out ofyeseven hours spent fishing in
Virginia is for trout, and nearly 100,000 anglers fish for trout stocked by VDGIF annually
(VADGIF 2016) Although Virginia has nearly 2,300 miles of caléter streams harboring wild
trout popul at i ons e an¥anthrggogeniairdpactsvinave lIimited yremnd a t
trout habitat to higher elevation mountain streams. As a result, nearly 80% of Virginia trout fishing
relies on the over one million catchable size trout stocked annually by the Virginia Department of
Gane and Inland Fisheries (VADGIF 2016). In 2014, the stocking program cost an estimated $2.4
million. This costwasonly partially offset by the sale of licenses, resulting in a tax burden for the
state. Therefore, properly managing wild trout populatiodscagating habitat conducive to year
round survival may relieve stress from this trout stocking program and provide more economic

gain for the state.

Brook trout (Salvelinus fontinalis Brown trout (Salmo truttd and Rainbow trout
(Oncorhynchus mykissre three trout species found in Virginia (VADGIF 2016). The Eastern
Brook trout is the official freshwater fish of Virginia and the only trout species native to the region
(Vuocolo, Hofman and Benzing 2019Pue to water temperature increases and other
antlropogenic change®rook trout have declining populatisrand range especiallyat lower
altitudesin the southern margins of their native railyieisner 1999 Smith and Skarlew 20).3
Brook trout have been removed completely from 28% of historicadbupied watersheds and
greater than 50% population losses have been documented in 35% of the remaining watersheds in

the eastern United States (Rummel 2018). Trout and other salmonids are among the fish species



that are most susceptible to changes in wamperature (Jones and Hunt 2009). The optimal
water temperature range for trout and salmonidsli4’C (Wardynski et al. 2014), and in general
they have been observed to avoid water temperatures’@fdtid higher (Coutant 1977). Long

term exposure tavater temperatures of 2% stresses these specia$ecting growth, behavior,
reproduction, susceptibility to disease and lifesgatof and Elliot 1995;Meisner 199D As a

result, temperature is listed as a pollutant of concern for lists of impdmesains required by
Section 303(d) of the Clean Water Act in many states with trout and salmon populations. However,
the regular fluctuation of natural stream temperatures has made the implementation of total
maximum daily loads (TMDL) programs for tempena mitigation difficult (Jones and Hunt

2009).

Continuedtrends inurbanization are poised to put additional strain on already impaired
stream networksThe increaseof impervious surfaces associated with urbanization results in
increased runoff temperats and thermal loading, raising the temperature of water bodies above
historiclevels (Kieser et al. 2004%treams have a complex thermal regime; water temperatures
fluctuate both on a spatial and temporal scale and any alteration teghsemay imgct the
behavior and life cycle of aquatic organisms (Steel eR@l7; Wehrly et al2007) Stream
temperature increase has been documented in highly developed areasybkaadialysis from
19602010, Rice and Jastram (2015) observed an incredse instantaneous water temperatures
of 0.028C per year in the midtlantic region. If these trendsontinueat this rate, there may be
long lasting effects on ecosystem processes such as biological productivity and stream metabolism,
contaminant toxicity,and eutrophication which could ultimately result in the loss of aquatic

biodiversity (Kaushal et al. 2010).



Stream temperatures are highly influenced by climatic factors. Solar radiation and air
temperature are identified as the two major heat sourceditbatly impact stream temperatures
(Edinger, Duttweiler and Geyer 196®/atson and Chang 2017). As a result, streams are most
susceptible to thermal pollution during summer months because air temperature and solar radiation
are highest and stream baseflow is lowest (Chen, Hodges and Dymond 2021). In addition, thermal
pollution from surface runoff during summer months is of key interest because pavement
temperatures are highest during the summertime. Due to a lower albedo, impervious surfaces such
as asphalt capture solar radiation throughout the day and store this enexgly Bsihing a rainfall
event, this stored heat energy is then transferred to surface runoff and transported to receiving
water bodies, potentially increasing stream temperatures. Asphalt temperatures can reach
summertime maximum temperatures greater th&fC 6(Diefenderfer 2006), and runoff
temperatures from impervious surfaces were observed in exces¥ofSzhsalone et aP005
Jones and Hunt 2009). Furthermore, the increase in impervious surfaces results in less infiltration
and more surface runoff.his exacerbates the issue of thermal pollytimst only is the runoff
warmer,a great volume igntering stream networks as surface runadihes, Hunt and Winston

2012.

Bioretention cells arapopular stormwater control measure (SCM) teabommonlyused
for pollutant reductiomnd stormwater infiltratiom urban watersheds. Characterized as vegetated
depressions in the landscape, bioretention cells are designed to muité/ptepment hydrology,
reducing peak flows and total storm water volume céda (Debusk and Wynn 2011; VA DEQ
2013). Bioretention cells are designed to treat highly impervious drainage areas, less than 0.01
km?, on site (VA DEQ 2013). By collecting surface runoff bioretention cells promote sediment

deposition and infiltrationthrough which contaminants such as phosphorus, nitrogen and heavy



metals can be significantly reduced (Regirier, Champagne and Filion 2010). Cell design is
usually based on local state design specifications and is dictated by drainage area size§@A D
2013) butin general, a bioretention cell design will typically include an engineered or native soil
mixture to maximize infiltration, an overflow and underdrain system to adequately drain the cell
and prevent floodinggnda mulch layer to promoteegetative growth and native vegetation (VA

DEQ 2013).

Recently, research has focused on the potential of bioretention cells for runoff temperature
reduction, especially in watersheds harboring temperaemsitive aquatics species such as trout
and other salmonids (Jones and Hunt 2009). Through infiltration, thermally enriched surface
runoff can transfer heat energy absorbed from impervious surfaces to cooler soil sub layers before
exiting the cell. Stormvater volume lost through exfiltration into the underlying water table and
through evapotranspiration processes adds an additional benefit as reducing outflow volumes will
reduce the thermal impact on the receiving water body (Jones and Huntl20a$C 2d.1).
Previous research has indicated that bioretention facilities can ne@xoc@um and mediamunoff
temperatures from inlet to outldtqhg and Dymond 2013; Jones and Hunt 2009; UNHSC 2011).
However, effluent temperatures were often gretdian the 2IC temperature stress threshold for
cold-water species, indicating that more research is needed to inform cell design for temperature

reduction purposes.

Although previous research has established the potential for using bioretention cells to
mitigate themal loads from urban stormwater on a local scale (Long and Dymond 2013; Jones
and Hunt 2009; UNHSC 2011) few studies have discussed hodesiign of these bioretention
cellsmayimpact the potential for thermal mitigation. Research suggests that a dekgesign

will be more effective in reducing runoff temperature as soil temperatures are typically cooler and



more stable at greater depths (Long and Dymond 2013; Jones and Hunt 2009). However,
guantitative field dataare limited, therefore more field ala may provide insight to improve
bioretention desigwith respect tahermal mitigaton. Furthermore, there is little consistency with
reporting results in studies monitoring temperature reduction through bioretention cells and other
SMCs (Wardynsket al. 2014)makingit difficult to compare results from existing studies. Often

only median and maximum influent and temperatures are reported (Jones and Hunt 2009;
Natarajanand Davis 2010). Although these metrics may indicate temperature reducteom on
individual storm basis, they may not be representative of the entire storm as the first flush will
typically generate the highest runoff temperatures (Wardynski et al. 2014). In addition,
temperature medians and maximums often reported do not cofiedevolume and volume
reduction which will ultimately have a major impact on stream temperatures. Using metrics such
as event mean temperature and heat load may provide more valualite daiaitoring thermal

reduction through bioretention cells thes metrics are flowveighted (Wardyski et al. 2014).

1.1 Research Objectives
The overall goal of this research was to investigate changes in stormwater thermal load due

to bioretention cellsThe objectives of this research were:

1. Quantify changes isventmeantemperature and heat load during summer months
dueto bioretention cells
2. ldentify thosedesign characteristithat enhancéhermalloadreduction

particularly for the benefit of trout species.



2 Literature Review

2.1 Stream Temperatures

Stream temperature is an important habitat constraint in aquatics environments and can
directly impact the behavior and life cycle of aquatic organisms (Jones and HUunV\agl9y et
al. 2007). Increase in stream temperatures can have detrimental effectstream ecology
including reduced dissolved oxygen and increased metabolic rates (Wenstb@011), which
can increase organism susceptibility to heavy metals, parasites and (liseasel976Wahli et
al. 2002. Furthermore, warming water temperatures can affect the biogeochemical balance of a
stream. Duan and Kaushal (2013) observed that higher water temperatures can significantly
increase stream soluble reactive phosphate concentrations (SRP), while adssingcthe
guantity and decreasing the quality of dissolved organic carbon. An increase in SRP results in
higher eutrophication potential downstream while changes in carbon quality and quantity may
impact microbial metabolism and alter food chains (Duahkashual 2013). However, due the
complex interactions between organisms in the same thermal niche the full effect of increased

temperatures is hard to determine (Huff et al. 2005).

Due to climatic changes and urbanization, stream temperatures areingcrdasanalysis
of historical records from 40 sites across the United States found that 20 major stream and river
networks have shown an annual increase in mean water temperature b9.0Z0Z per year
(Kaushal et al. 2010). In this study, warming sateere most rapid in urbanizing areas and{ong
term water temperature increases were correlated to increases in air temperature. Additionally, in
a study of the Chesapeake Bay region, Rice and Jastram (2015) found an annual increase of
0.023°C in monthly rean air temperature and 0.028°C in the instantaneous stream water

temperatures over a §ar assessment. If stream temperatures continue to increase at this rate,



there may be long lasting effects on ecosystem processes such as biological productivity and
stream metabolism, contaminant toxicity, and eutrophication which could ultimately result in the

loss of aquatic biodiversity (Kaushal et al 2010).

The midAtlantic region is a highly urbanized area containing numerous cities and large
expanses of growg suburban development. For context, between 1982 and 1997 the Chesapeake
Bay watershed lost more than 750,000 acres of forest to urban develd@hesapeake Bay
Program 2021)This equates to a rate of about 100 acres a day. In addition, a multittmpora
Landsat imagery studyf the Chesapeake Bay watersf@ahd an 61% increase in developed land
from 1990 to 2000 (Jantzt al. 2005). Of this increase in new development, 64% occurred on

agricultural and grasslands and 33% occurred on forested(liamis Goetz and Jantz 2005).

Trout and salmon are two popular game fish listed as species most sensitive to increased
water temperatures (U.S. Environmental Protection Agency 200Barticular, cold water fish
species such as Broatout, Brown trout, andRainbow trout OQncorhynchus mykisare coveted
by anglers; however, these species require a specific water temperature to awshdie
population. Thermally enriched runoff from urban watersheds increases average water
temperature, creates heat load spikes and leads to intermittent downstream temperatures peaks
which can degrade aquatic habitat and stress these aquatic spem#sa(tel|Elliott 1995; Jones
and Hunt 2009; Wardynski et al. 201Afs stream temperature increases the amount of dissolved
oxygen water can hold decreaseswioxygen levels cause stressful conditions for these species
affecting their behavior, growthlifespan and their ability to reproduce (Meisner 1990
optimal temperatures for trout and other salmonids range fradi@ (Wardynski et al. 2014).

Water temperatures exceeding@lhave a significant impact the growth of Brook trout, while

temperature exceeding 2% over seven days can be fatal. Temperatures at or ab®@e80 be



fatal, even for a short exposure of 10 minutes or less (Elliot and Elliot 1995; Wehrly et al 2007).
Due to water temperature increases and other anthropogenic ¢lsgeges such as Brook Trout

have declining populatiand rangeespeciallyat lower altitudesn the southern margins of their
native rang€Meisner 1990Smith and Skarlew 20).38rook trout have been removed completely

from 28% of historically occupied wattsheds and greater than 50% population losses have been
documented in 35% of the remaining watersheds in the eastern United States (Rummel 2018).
Only about 5% of the brook trout populations, all of whackin Maine, remairat or near historic

numbersm the United States (Smith and Skarlew 2013

2.2 Impacts to Stream Temperatures

Much like a flow regime, stream temperatures fluctuate spatiat tempordy, creating
a diverse thermal regime within a stream network (Steel. @04al7). Stream temperatures are
influenced by many factors, but meteorological factors have the greatest influence because they
control the heat exchange between the waterair (Janke et al. 2009; Arrington et. al 2008).
Solar radiation and seasonal cyclesintemperatures are identified as two major heat sources
impacting stream temperaturésd{ngeret al1968 Watson and Chang 2017). As a result, streams
are most sensitives to thermal impacts during summer months when air temperature and solar
radiation @ae highest (Cheet al.2021; Nelson and Palmer 2007Stream baseflow is typically
lowest during summer months, exacerbating the effects of thermal pol{dtiangton et al.
2004) Vegetative shading and landcover features influence the amount ofadiktion that
reaclesthe surface (Bootkt al2014; Watson and Chang 201A)loweling of maximum water

temperaturesby upwards of 8 during summer monthss attributed toproviding adequate

riparian vegetation when compared to unshaded se¢Booadmeadow et al. 2011). Meanwhile,



deforestation will decrease shading, lower evapotranspiration rates and increase soil temperature

(Nelson and Palmer 207

2.3 Urbanization and Runoff Temperatures

In undeveloped watersheds, rainfall evedexrease or just slightly increaseater
temperaturén stream systems (Brown and Hannah 2007). Howevieanization and the increase
in impervious surfaces are increasing storm thermal loading in urbanRagaments like asphalt
are darker surfacekat have lower albedo, meaning pgaemenwill absorb more solar radiation
and store this as he@hlleman and Heitzman 2019). In addition, asphalt has a low thermal
conductivity, 0.75 W/IfC, meaning that thermal energy will not be readily passed thritgih
materialto underlying soil layergAlleman and Heitzman 2019). As a result, heat energy captured
as solar radiation will be stored on the surface of asplaakmentsDiefenderfer et al. (2006)
observed summer daily maximum asphalt temperatur@®Gt Impervious surfaces transfer heat
to surface runoffJanke et al 2009ones and Hunt 2009¢pnes, Hunt and Winston 2Q12educe
runoff travel time and infiltrationresuling in more direct runoff into streasnFor example, a
monitoringstudy in Louisiandound thathighway runoff temperature exceeded@%Sansalone
et al 2005. In Lenoir, North Carolinarunoff temperatures from parking loéxceeded0°C
(Jones and Hunt 200Furthermore, runoff temperatures from summer stormsdifpiexhibit
short term spikes near the beginning of a storm as the pavement cools (Véinato2011).
Although temperature spikes are greatest in the afternoon, heat stored by pavement can produce
runoff temperatures substantially higher than streanpégatures throughout the night and into
the morning (Lieb and Carline 200). In addition, storm characteristics play a role in heat export
from paved surfaces. Inraodelingstudy, Janke et al. (2009) found that heat export and runoff

temperaturesire more sensitive to rainfall intensity, rainfall duration and antecedent pavement



temperature than the physical properties of the pavement itself. So further identifying storms that

may produce higher thermal loads may aitioretentioncell design.

2 4 Bioretention Cell Overview

Bioretention cells are a stormwater control measure (SCM) that is commonly used for
hydrologic and water quality mitigation in watersheds impacted by urban development (Li et al.
2009; RoyPoirier et al2010). In general, bioretentiotells are vegetated depressions in the
landscape that collect surface runoff from highly impervious surfaces such as parking lots,
industrial complexes and residential communities. Typically, these cells consist of native
vegetation, an engineered soilxtuire, and an underdrain and overflow structure connected to a
storm drain system (VA DEQ 2013)anystates have statespecific design specifications for cell
construction, but often these guidelines are adopted from publications by other state agencies with
little consideration for modifying the guidelines to fit local conditions (Dastisal 2009).

Constructionimitations often dictate the completed bioretention cell design.

The bowl of a bioretention cell refers the surfpoading zone which has a surface area of
anywhere between 2 percent of the total watershed area, depending on the state design guideline
and/or design goals. The maximum depth of ponding depth is typically between 15 cm (6 in.) and
30.5 cm (12 in.) with an excess outfall drain to prevent ponding above this height. The filter media
should be a minimum of 61 cm (24 in.) with a recommendaximum of 182 cm (72 in.) and is
generally classified as loamy sand on the USDA Texture TrigRgiere 1). These soils have
an approximate composition of -88% sand; 8.2% soil fines; and -53% organic matter by
volume (VA DEQ 2013). The soil media siid have a minimum infiltration rate of 2.5to 5.1 cm
per hour (22 in. per hour), but a proper mixture as described above should have a significantly

higher initial infiltration rate.
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Figure 2-1. Typical bioretention cell desgn (VADEQ 2011).

2.5 Thermal Impact Reduction ThroughBioretention

Bioretention offers a means of reducing thermal impacts to surface waters through
infiltration and heat transfer. The best way to mitigate thermal pollution is to infiltrate heated
runoff (Huntet al.2012). In a study of bioretention cells in North CeralJones and Hunt (2009)
demonstrated that bioretention cells with deeper soil media depths were more effective at cooling
surface runoff than cells with a shallower design. Effluent temperatures were generally cooler with
greater soil depths during summmaonths, leading the researchers to suggest that optimal drain
depth is between 90 and 120 cm (Jones and Hunt 2009). A deeper design will allow a larger
percentage of the soil media to be dissociated from external factors, such as ambient air
temperatureand direct sunlight, which cause temperature fluxes in the upper levels of the soil

media (Hunt, Davis and Traver 2012; Jones and Hunt 2007). Soil depths greater than 120 cm were
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cooler andhad stable temperatures, while depths less than 60 cm were Wenememer and
experienced major daily fluctuations during summer months (Jones and Hunt 2007). The deeper
soil layers with a more consistent temperature range can provide an area of greater thermal
reduction potential as runoff temperatures can equigbvath surrounding soil temperatures

before leaving the cell (Jones and Hunt 2009).

Cell depth is an important consideration as deep cells can potentially increase runoff
temperatures during other seasons. Deeper soil layers will typically be warmesutfee soil
layers and runoff particularly during the fall which is trout spawning season (Jones and Hunt 2009).
In this case these warmer soil layers become a heat source, rather than a heat sink to the infiltrating
runoff. Dietz and Clausen (2005) obsad asignificantincrease in runoff temperaturgsl.5°C)
during fall and winter months at a bioretention facility in Connectituiaddition, his study
observed slight temperature increag6.5C) during summer monthshowever,these runoff
temperatue increasewereattributed to the lower influent temperatures to the facility (Jones and
Hunt 2009). Although the average inflow and outflow temperatures were below thstrass
threshold for trout, this highlights a potential design limitation thay rexy by region. The
bioretention cell monitored was 60 cm deep (Dietz and Clausen 2005), which ionweheange

of the optimal depth ranged suggested for temperature reduction (Jones and Hunt 2009).

Vegetative cover will also impact saihd pore \atertemperatures, especially in shallower
cells (Hunt, Davis and Traver 2012; Jones and Hunt 2007). Broad leaf vegetation can provide more
coverage, blocking direct solar radiation from reaching the cell surface, ultimately providing more
cooling effectyHunt, Davis and Traver 2012; Jones and Hunt 2007). Mulch selection can also
reduce soil temperatures as lighter colored mulch will deflect more solar radiation (Jones and Hunt

2007).
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Infiltration rates may impact thermal reduction potential as well, lndt Lord (2007)
suggest that slower rates, less than 5.08 mm per hour, may be preferable for temperature reduction.
In addition, a case study by Hunt et al. (2012) suggested maximizing the hydraulic retention time
(Thr) in the deeper, cooler sub layersadbioretention cell or the underlying soils as a key design
component for thermal mitigation. Furthermore, differences between soil and effluent
temperatures suggest that additional cooling occurs as water is collected by the underdrain system
and conveye to the outlet (Jones and Hunt 2009). Jones and Hunt (2009) also noted that in
locations where the underlying soil had a high conductidtyunderdrain system may not be
required as runofivill seep into underlying sailrather than be dischargethe removal of an
underdrain systemill increase flow reduction potentiat a greater volume of runoff can infiltrate
into the soil sublayershowever, this will also increase the risk of over flow during large storm
eventsif the runoff soil media cannatrain fast enoughDuring a single storm everdverflow
typically occurs at the taiénd ofthe storm,so,the thermal impactarelikely minimal as runoff
temperatures are typically cooler at this point. However, if a bioretention cell is not completely
drained between storm eventwerflow may begin earlier in theutsequeneventwhen runoff

temperaturetend to béhigher (Jones and Hunt 2009).

Ultimately the amount of water exfiltrated and stored in cell soil media will have the
greatest impact onhé effluent volume, reducing the overall quantity of surface runoff.
Bioretention offers an effective means of thermal mitigation through flow reduction (Jones and
Hunt 2009). Studies have shown that the effluent volume from bioretention cells cantbariess
50% of the influent volume and the greatest reductions were evident during the warm summer
months (Debusk and Wynn 2011; Hunt et al. 2Q0&t al. 2009). Even when bioretention cells

did not effectively lower runoff temperatures, these systems eethe&mal loads from runoff
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because it is not possible for runoff volumes to increase through bioretention (Jones and Hunt
2009). Hunt and Lord (2006) suggest that internal water storage (IWS) at the bottom of cell may
reduce effluent temperatures but tbp of the IWS layer should be at least 0.9 m from the cell
surface. IWS would also further reduce runoff volunbgspromoting groundwater recharge,
potentially reducing the thermal load furti{etunt and Lord 2006). Research also indicates that
bioretenton cells in areas with high conductivity underlying soils should not amawvepermeable

liner, clay or otherwise, to promote stormwater movement into shallow ground water (Jones and

Hurt 2009).

Jones and Hunt (2009) also suggested that bioretentiomayelae a distinguishing design
factor for thermal reduction potential. The researchers indicated that cells that covered smaller
areas with respect to their waterslaedawere able to significantly reduce both the maximum and
median temperatures betwedme tinlet and outlet. Bioretention cells that covered a larger
percentage of the watershed were only able to significantly reduce maximum temperatures
between inlet and outlet (Jones and Hunt 2000).this study therelatively smaller had
substantialljhigher median and maximuhnigher influent runoff temperatures than the larger, cell
suggeshgthat oversizing bioretention cells magve minimal benefits fdaemperature reduction
However, thdargercell generated less outflow, effectively reducing thermal loaqJones and
Hunt 2009). Li et al. (2009) indicated that cells with high media voluimevatershed size ratios
were more effective at reducing outflow. Furthermore, Jones and Hunt (2009) suggest that larger
cells haverelatively more soil avdable to absorb heat from runoff and that soil temperature

changes during storm events would be limited to shallower soil depths.

Although runoff temperature reduction through bioretention cells was observed in multiple

field studies, effluent temperats were often greater than thé@stress threshold for coldater
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fish species (Jones and Hunt 2009; UNHSC 2011). In a field study of four bioretention cells in
North Carolina, three cellproducedmedian and maximuroutflow temperatures greater than
21°C (Jones and Hunt 2009). Of these four sites, the cell with the greatest underdrain depth
performed best with median and maximum effluent temperatures more°tbdowr than the

next best performing cell. However, it should be noted that median andnaraxinfluent
temperatures were significantly lower at this site (Jones and Hunt 2009). In a study comparing
multiple SCMs for thermal reduction potential in New Hampshire, maximum summertime effluent
temperatures through bioretention cells exeeed2°C (UNHSC 2011).Performed by the
University of New Hampshire Stormwater Center (201is studyidentified the upper optimum

limit (UOL) for aquatic species as AB and observed that outflow from the bioretention cell

exceeded this UOL 44% of the time durgsiygnmer months.

2.6 Other SCMsfor Thermal Mitigation

Bioretention cells are not the only SCM explored for thermal mitigation purposes.
Retention ponds (Jones and Hunt 2010; UNHSC 2011), level spreasdetstive filter strips
(Winstoneta al.2011),gravel wetlands (UNHSC 2011) and other infiltration systems, as well as
underground detention systems (Natarajan and Davis 2010, UNHSC 2011), have been tested and
shown to effectively reduce runoff temperatures during summer months. However, systems that
promote infiltration and subsurface water storage are typically more effective at reducing runoff
temperature (Hunet al. 2012; Long and Dymond 2013; UNHSC 2011). Retention ponds and
wetlands have mixed results (Jones and Hunt 2010). Provided there waatadhading, systems
that utilize surface storage can effectively reduce runoff temperatures (Kieser et al 2004).
However, typically larger surface storage systems faltkshading which results in more direct

solar radiation to the water surface, irasi|g water temperatures above the initial runoff
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temperature. In addition, Jones and Hunt (2010) observed temperature stratification within the
water column of these surface storage systems. Water temperatures at the bottom of the water
column were consiently cooler than the water leaving the traditional outlet structures. This
finding indicated that modified outlet structures that release water from the bottom of the water
column should be used in regions with cold water aquatic species. Althoughcessardy a

SCM, subsurface drainage infrastructure in urban watersheds has shown to moderate runoff
temperatures (Hathaway et al. 2016). Typically, larger urban watersheds incorporate more
subsurface drainage systems and longer travel times to streamrksetivan smaller urban
watersheds. In a statistical analysis of six watersheds in Australia and the United States, Hathaway
et al. (2016) found that larger watersheds have lower maximum and minimum runoff temperatures
as well as less temperature varidpil This finding was attributed to the large expanses of
subsurface drainage and illustrates how the location of an SCM and overall scale of the mitigation

efforts may impact the effectiveness of thermal reduction efforts.

Despite being effective in reding runoff temperatures on a local level, waterséeale
evaluations of SMCs have shown these measures alone are ineffective in reaching mitigation goals
(Chenet al.2021; Ketbachy et al. 2019). These studies modeled watesshémitigation efforts
using the Minnesota Urban Heat Export Tool (MINUHET) to assess the total heat load and event
mean temperature leaving the watershed as well as the overall impact on stream temperatures.
Ketabchy et al(2019 explored the effects of retrofitting a 14.1 karban watershed with thermal
mitigation practices (TMPs). This simulation included replacing impervious pavements and roofs
with Acool 6 surfaces, increasing forest canoyg
reduce runoff temperature and hezds in the urban watershed. In isolated scenarios with only

one type of TMP, increasing forest canopy produced the greatest reduction in stream temperatures,
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while cooler, less heatbsorbing surfaces reduced the total heat loads more than any other singl
TMP. Bioretention installations alone were the least effective mitigation method (Ketbachy et al.
2019). A comprehensive application of all TMPs resuitetthe lowest total heat loads and mean
temperatures, but the simulatgdeamtemperaturestill exceeded the established comprehensive
mitigation plan threshold 26% of the time, indicating that mitigation goals were unattainable with
this approach (Ketbachy et.#&019). Chenet al. (2021) conducted a similar analysis in a
considerably smaller urban tesshed, 0.8 kf Using only bioretention retrofits, temperature
spikes resulting from storm runoff decreased; however, this treatment method was unable to
effectively reduced thermal impacts below acceptable thresholds, resulting in the conclusion that
bioretention systems alone are not an effective solution for mitigating thermal degradation in

streams (Cheat al.2021).

2.7 Metrics for Monitoring Thermal Reduction

Although there are multiple studies detailing the thermal interactions within SCMs, ther
has been little consistency in reporting results (Wardynski et al. 2014). As a result, it can be
difficult to compare thermal reduction potential among studies and SMCs. Metrics such as
maximum, minimum and median inlet and outlet temperataresoften presented in SCM
research can be useful for assessing temperature buffering potential for a singlelewentr,
these measurements are limited when determining the extent of tihedmetionbecause they do
not consider heat load (total thermal energyported form the SCMs (Jones and Hunt 2009;
Natarajan and Davis 2010; Winston et al. 20IBmperaturas only useful when related to
downstream temperature standards dospecific region and whenunoff reduction isalso

considered (Wardynslet al. 2014).
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Calculating the event mean temperature (EMT) is a representative method to compare

average influent and effluent temperatures. The EMT is calculated usieguh&on 1 below
o0 Y — (1)

For this calculationt(t), the instantaneous temperature afi, the instantaneoudischarge, are
integrated over the duration of the flow event,Since these instantaneous temperatures are
weighted by discharge, this calculation offers a more representative metric aittpr@ better
understanding of temperature reduction through a SCM (Wardynski et al. 2014). Although the
EMT is a more comprehensive metric, it has limitations. Like maximum, minimum and median
temperature measurements, this metric is only useful whératti®n of water removed from the

SCM through exfiltration and evapotranspiration is considered (Wardynski et al. 2014).
Furthermore, the EMT is a floweighted average so it mutes the maximum thermal exposure,
therefore it mutes the full impacts of ei#nt stormwater on the stream and limits its usage for
understanding fish stress (Wardynski et al. 2014). In addition, Wardynski et al. (2014) suggest that
aggregating the influent and effluent for all
can be misleading. Their justification is that SMC performance will be dependent on influent
temperatures and seasonal variations in runoff temperature can clutter this analysis (Strecker et al

2001).

Another metric used in SCM research is thermal loaligion (Winston et al. 2011;
Wardynski et al. 2013). Thermal load considers both stormwater temperature and volume

reduction through a SCMind is defined ald in Equation2 below:

0 0z07°Y:2H2” 2
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WhereQ is flow rate,t is time duration] is the temperature of the stormwai€rs the specific

heat capacity of water andis the density of wateT his metric is more valuable than temperature
reduction alone because it accounts for volumetric loss through a SMC due to exfiltrationjretentio
and evapotranspiratiofWWardynski et al. 2014).To understand the impacts of stormwater on
stream temperature, thermal load must be determined so a heat balance can be calculated for the
stream.However, for any increase in stream temperature to otleeirstormwater temperature
entering the stream, regardless of load, must be higher than the receiving stream water temperature
(Wardynski et al. 2014). This means that heat load alone can be misleading and should analyzed

in conjunction with stormwatexndstreamtemperatures.

Lastly, neither of the metrics discussed above consider the duration of exposure of
coldwaterspecies to elevated temperatures (Ross and Hari 2007). The uniform continuous above
threshold (UCAT) method, as proposed by Castelli et al. (2012), may provide the best metric for
estimatngthe impacts of development on study reach temperatures. Tinedregimpares a study
stream and a reference stream to assess a statistical probability analysis of thermal impacts on a
stream (Wardynski et al. 2014). A comparison of this UCAT method provides a more holistic
approach to thermal impacts than a singifee biological threshold (Wardynski et al. 2014).
However, this method is data intensive and requires long term temperature data from a reference
stream. In this instance, reference streams should be unaffected by development yet hydrologically
and physicall similar to the study stream in question, which may cause limitations in itself

(Wardynski et al. 2014).

A combination of different types of metrics is necessary to understand the full thermal
impacts on a stream regardless of methods and thressdds(Wardynski et al. 2014). When

assessing thermal impacts on streams, metrics should be feasible given study goals, constraints
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and availability of reference data. Threshold values should reflect the goals of the study and the

identified target speciagbiologically driven (Wardynski et al. 2014).

2.8 Summary

Urbanization and the increase of impervious surfaces can lead to higher stormwater
temperatures and thermal loads to streams, increasing stream temperatures. Global trends of
climate change anarbanization indicate that these impacts will only be further exacerbated as air
temperatures increase and urbanization and deforestation continue to expand. The increase stream
temperatures can be detrimental to aquatic life, especiallyatier fish spcies such as trout that
can only exist within a certain temperature range. Long term exposur¥ais24idely regarded
as the temperature threshold at which trout begin to show signs of stress, affecting behavior,
growth, ability to reproduce, risk falisease and ultimately death. Acute exposure to even higher
water temperatures can be fatal in relatively short exposure times. Trout and other salmonids are
highly soughtafter game species that provide a substantial economic impaeCommonwealth
of Virginia. Due to stream temperature increase and other anthropogenic, #ifesstsspecies are
declining in range and populations, putting stresthefish hatchery system to meet the demands
of anglers. As a result, methods of stormwater thermal atiibig are currently being explored to

reduce the impact of urbanization on cold water aguatic ecosystems.

Bioretention cells are a popular SCMs that offer a means of thermal mitigation for urban
stormwater. Heat transferred to surface runoff from impe/surfaces during the summer is able
to again transfer this thermal energy to a bioretention facility before reaching the stream network.
In addition, bioretention enables water storage amwff reduction through exfiltration and
evapotranspiration, wth effectively remove this thermally enriched runoff from reaching

streans as surface flow. Studies have shown that bioretention cells are effective in reducing
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thermal loads and effluent temperatures from surface runoff. Despite reducing these key facto
contributing to thermal pollution, effluent temperatures from monitored bioretention cells were
often above this 2C threshold for trout during summer months, indicating bioretention alone may

not reduce thermal loads to an acceptable level. Howeweg rasearch is needed to explore the
potential of bioretention cells to reduce thermal pollution. Design characteristics such as cell depth,
shading, and ratios of cell surface area to the drainage area and storage volume to drainage area,
among other faors may influence how effective these facilities can be in reducing stormwater

heat loads.

3 Methodology

3.1 Methods Overview

Two bioretention cells with different design characteristics were monitoredaotify
changes in EMT and thermal loads due to treatment in bioretention cells. Inflow and outflow
temperature and flow rategere monitoredrom June 1 2020, to September 8®020. For each
storm that generated inflow into the cells the stormwaikmue, event mean temperature (EMT)
and heat load were calculated for inflow and outflow. Statistical tests were performed to test for
significancebetweeninlet and outlet EM$ and heat loads. In additiovertical soil temperature
profiles were createdf each storm as well as the entirety of the monitoring period to identify
summertime patterns and temperature trends during storm events. Lastly, a multiple linear
regression of explanatory variables for high EMTs from the parking lot drainage veasas

conducted tadentify thedriving forces elevating stormwater temperatures.

3.2 Site Overview
Thetwo bioretention cells monitored in this study are located in Blacksburg, Virginia (37°

146 N, 8O0A 246 W). Bl ac k s b ur gographic praviace, wigicth i n
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is characterized by dolomite and limestone geology resulting in the karst topography found in the
area. From 1981 to 2010,he average daily and maximum summertime temperatures for
Blacksburg are 21°C and, 27.2°C, respectivelyd an average the area receiasl mm of
precipitation duringummer month@NCDC 2021). Both cells were located in the Stroubles Creek
watershed, a mostly urban watershed that includes the majority of the Town of Blacksburg and the
entirety of the main \fginia Tech campusn 1996, Stroubles Creek was listed as impaired on the
Virginia 303(d) list foraquatic lifeand bacterial impairments, with sediment identified as the
source of tk benthic macroinvertebrate communitypairmentWynnet al 2010) Since then, the

Town of Blacksburg, Virginia Tech Facilitieandthe Biological Systems Engineering department
have worked collaboratively to implement SCMs throughout the Stroubles Creek watershed to

redu@ sediment and nutrient loatb Strouble<Creek.

3.3 Aquatic Center Cell Design

The first of the bioretention cells monitored for this study was located near the Blacksburg
Aquatics Center (37A 146 36 0%adphalt@ukiddt Figguse 4 2 0
3-1). The pavement color was daténed using Palette Cam, a mobile phone application that
identifies the hexadecimal color numbers and RGB values in a desired section of &aitlotog
2016. The asphalt in the parking lot is weathered and some spots were recently patched so the
color varies throughout the lot. Pavement colors were identified at three distinct locations along
with an estimated percent coverage in order determine a representative color spectrum of the

surface (Table-3)

This cell was constructed in 2007 as a design project for students in the BSE
Comprehensive Design Project class (Morin and Debus8)206e bioretention cell Isa cubic

shape thais 4.6 m wide, 7.6 m long and 1.8 m deep resulting in a surface arde06f1& and a
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cell volume of 62.93 f(Figure 32) (Willard et al.2017). Due to site consints this cell had a

SCM surface area to drainage area ratio of approximately 2.1% which is lower than recommend
minimum ratio, 2.5%, (VADCR 1999nd the standéd design ratios of % discussed by Hunt

and Lord (2006) (DeBusk and Wynn 2011). In accordance withVinginia Stormwater
Management Handbootfe cell is designed to detain the first 13 mm of runoff from the parking

lot and match the predevelopmentkdlows of both a Zear and 16ear 24hr storm event

(VADCR 1999).

Table 3-1. Aquatics Centercell parking lot color description and estimated area coverage.

Hexadecimal RBG Number Percent of Area
Number Covered
#a59¢c90 R:165G:156 B:144 20%
#444446 R:68 G:68 B:70 60%
#6a6a6¢ R:106 G:106 B:108 20%
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Figure 3-2. Aquatics Center cell cross-sectional view (Morin and Debusk 208)

Surface runoff is collected by two storm drains in the parking lot and piped approximately
50m via a 45.72 cm smooth walled corrugated pipe from the existing stormwater drainage system.
This cell was designed to have a maximum ponding depib om with a 91.4 cm by 91.4 cm
manhole serving as the overflow drain, giving the cell a maximum ponding volume of
approximately 5.2 f(DeBusk and Wynn 2011; Willaret al 2017). As recommended by Hunt
and Lord (2006), when constructed the cell had a bioretemtiedia consisting of 88% washed
sand, 8% clay and silt fines and 4% organic matéiealf compost) by volume (DeBuskand
Wynn 2011). This media was not compacted during construction to maximize the infiltration rate,
with the assumption that the material would settle dwee to the designed ponding depth. In
addition, a 10 cm layer of mulch was added to the surfatteeafell to promote the growth of the
planted vegetatiomnd to prevent surface crusting of the bioretention melh& vegetation

included hardy native perennials, shrubs and {teasever, by the time monitoring began only
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two Eastern Redbud tree€dcis canadenisand one Shadbusiifelancher canadenisvere

remaining.

Of the three trees in the cell, the Shadbush in the north east corner provided the most
shading. This tree was approximately 3.7 m tall and had a 4.9 m canopy diameter at the widest
point. The two Eastern Redbud trees were significantly smaller. The Redbud on the northern side
of the cell was the smaller of the two, measuring 2.1 m tall with a 1.2 mmuagpcanopy diameter.

The second Redbud on the southern side of the cell was slafuéy, measuring 2.7 m tall with

a 1.8 m maxnum canopy diameter. The location of the trees provided the cell with ample shading
during the morning hours and minimal shading in the afternoon and evening hours (F&jure 3
The broad leaves and dense ganprovide the cell nearly complete coverage at 8:30 AM (Figure
3-4 A). As the day progressed the shading diminished substantially. By 1NB@hading
coverage was approximately 60% (Figuré B) and by 4:00 PM shading was approximately 10%
(Figure 34 C). Finally, by the end of the day there was virtually no shading provided by the
vegetation (Figure -3 D). To summarize, during thafternoon when direct solar radiation is

greatest, the cell had an estimated minimum and maximum shading of 10% and<EXtfully.
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Figure 3-4 A-D. Aquatics Center cell shading on 08/30/2020. A) 8:30 AM, B) 11:30 AM, C)
4:00 PM, D) 7:00 PM
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Due to the local karst topography, a 15 cm compactedinkrywas installed at the bottom
of the cell to minimize concentrated ground water recharge which could result in the formation of
a sinkholeAs a resultthe cell has two parallel 10 cm perfia@ pipes spaced 1.52 m ap&ach
pipe waswrapped in filter fabric anéncased in a 0.304 m by 0.304 m angth #57 stone to
prevent clogging. These pipasconnected to the outflow structure and located 30 cm above the
bottom of the cell to provideternal water storage (IWS). Pasinstruction monitoring indicated
the cell was effective in reducing flow volume and peak flow from the parkingyl87% and

99%, respectivelylfeBusk and Wynn 2011)

3.4 Campus Cell Design

The second bioretention cetlonitored in this studis located on the main Virginia Tech
campus, adjacent to the Smithfield Road parking lot at the intersection of Duck Pond Drive and
Smithfield Road (37A 136 230 N, 80A 2306 470
expansion in2006and draiis an approximately 3,500 fiportion of the upper Smithfield Road
parking lot, which is asphalt (Figure53. Again, the asphalt color was determined using the Cam
Palette mobile app. Like the Aquatics Center site this lot wasaadathered but there were only
two distinct colors identified (Table3). Surface runoff from the parking lot was collected by one
curb inlet storm drain in the northern corner of the lot and piped approximately 24 m via a 38 cm
diameter pipe to @retreatment basin. This 20 m long and 5 m wide pretreatment basin was
implemented to promote settling of sediment from the initial pulse of runoff inflow. The runoff
collected in this pretreatment area was then piped into the bioretention cell bymsitoady 20.32
cm diameter corrugated plastic pipes. Trapezoidal in shape with sides slopes of 3:1, this cell has a

surface area of approximately 246and a media depth of 86.36 cm resulting in a cell volume of
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approximately 207.3 AiThis cell has a suré area to drainage areatioof approximately 6.5%

which falls into the standard range set by Hunt and Lord (2006).

Table 2-2. Campuscell parking lot color description with estimated area coverage.

Hexadecimal RBG Number Percent of Area
Number Covered
#b5a8a0 R:181G:168B:160 30%
#35363b R:53G:54B:59 70%

The media composition was unclear from the design plans but baseestandards set
in the 1999 Virginia Stormwater Management Handboitle media shoultde 50% sand, 30%
topsoil, and 20% leaf compost, by volume (VADCR 1999). The outlet structure is a 76 cm by 76
cm precast concrete square, with three 10 cm smooth wall polyethylene pipe orifices set at 13.7
cm above the cell surface to serve as the overflasmmd However, due to soil compaction, settling
and degradation of the organic material in the cell media since construction, the ponding depth
was 45.72 cm at the time of monitoring. This resulted in an approximate ponding volume of 109.7
m?. For higheflow volumes this outflow structure had a 61 cm by 61 cm top grate as an additional
measure to prevent the parking lot from flooding. Debris racks were installed around these orifices
to prevent clogging. The outflow from this cell connects to the préegistorm drain system and

is piped approximately 90 m to Stroubles Creek.

The underdrain system consists of three parallel rows of 10 cm perforated corrugated pipes,

trenched in a 10 cuabeeplayer of filter stone (VDOT No.1 Aggregate) wrapped in geoteXabric.
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The drainage pipes are connected to the outlet structure by a perpendicular 10 cm perforated
corrugated pipe (Figure@®. The oacampus cell hwa 15 cm clay liner below the drainage system

to prevent infiltration into underlying soil. A geotégtfabric layer was placed between this clay

liner and the bioretention soil mixture or stone aggregate above it. Unlike the Aquatics Center

SCM therds no IWS included in this design; the drainage systedirectly above the clay liner.

The cell was aginally designed to have a 10 cm layer of mulch but when monitored, the
mulch layer had decomposed and a layer of grass and weeds had developed {Fanae38).
Prior to monitoring, the understory vegetation showrFigures 37 and 38 was mowed by
Virginia Tech Facilitiego allow for equipment installation. This vegetation grew relatively fast as
was mowed again towards the end of the monitoring p€eFioel original planting consisted of 12
Monarch River BirchBetula nigra)and 42 Sheep Laurdk@imia angustifolig planted on the cell
surface and 13 Witch Hazéllémamelis virginiangplanted on the outer rim between the cell and
adjacent parking lot. These trees along with multiple large White Qa&r€us alba)American
Beech Fagus grandifolia and Sugar MapleAcer saccharumaround the cell provide more
consistent shading throughout the dag compared to the Aquatics Center CBlliring the
morning and evening hours cell shading is nearly 100% (Figdr& and 39 D). However, due
to the tre species and poor health, the River Birch in the cell does not have a dense canopy. As a
result, shade cover over the cell is moderate during the middle of the day. The minimum shading
was approximately 50% coverage at 11:30 AM (Figur@ B), and the marmum shading was

approximately 70% at 4:00 pm (Figure©3C).
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Figure 3-5. Campuscell plan view
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Figure 3-7. View of the Campus cell Figure 3-8. View of the Campus cell
looking south looking west
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Figure 3-9 A-D. Campuscell shading on 08/30/2020. A) 8:30 AM, B) 11:30 AM, C) 4:00
PM, D) 7:00 PM
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3.5 Parking Lot Characteristics

Parking lot characteristic are another aspect that should be explored when assessing
thermal pollution potential within a watershed. Since the impervious surfaces are one of the driving
forces increasing runoff temperatures; higher inflow temperaturesitoedgention cell will affect
the outflow temperatures. Although Janke et al. (2009) found that heat load export and runoff
temperatures from impervious surfaces are not as sensitive to the physical properties of the
pavement as the storm characterisscsne highlighted contrast may explain potential differences
between inlet thermal load to each cell. Cell shading was discussed, but parking lot shading may
be just as important for reducing runoff temperatures entering and ultimately leaving the cell.
Neither parking lot has much shading and the lots are exposed directly to solar radiation during
most of the day. However, the Aquatics Center lot has a row of large broadleaf trees on the eastern
side of the lot which provided shading in the morning. Comtpagly, the Campus cell has
multiple large broadleaf trees on the northern border as well as two smaller broadleaf trees within
the lot; however, given the size of this lot and tree location, these provide minimal shading

throughout the day.

Pavement calr is another important aspect to consider when comparing inflow
temperatures. As stated earlier, both parking lots are weathered and effectively lighter than when
initially installed. This is typical with asphalt as the dark petroleum derivatives usetiader
oxidize over time, exposing more of the lighter stone aggregate (EPA 2012). Representative
pavement colors were determined for each parking lot. The RGB number systems indicates the
composite layers of red, green, and blue found in an image poreéxample, pure black would
have the coding R:0, G:0, B:0, so effectively the lower the number associated with the RGB coding

the darker the pigment. As indicated in Tablet &d 32, the Campus cell lot has a darker
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pigment than the Aquatics Cent&he darker lot will have a lower albedo and may absorb more
solar radiation resulting in higher surface temperatures. Again, this may be a possible explanation

for any differences in influent runoff temperatures.

Flow length is the last parking lot chatagstic that may lead to differing runoff
temperatures between the sites. The maximum flow length, or the furthest linear distance in the
drainage area from the outlet, will ultimately affect the time the surface runoff is in contact with
the pavement. Télonger the runoff is in contact with the pavement, greater amount of thermal
energy the runoff can absorb. As stated earlier, the Campus cell has a larger drainage area, nearly
twice that of the Aquatics Center. Despite having a larger drainage aneaistloaly one curb
inlet to collect storm water runoff from the lot. Meanwhile, the Aquatics Center has two curb inlets,
providing shorter travel distances to the storm drain system that eventually lead to the bioretention
cell. The maximum travel distaador the Campus lot is approximately 81.2 m, and for the Aquatic
Center this distance is approximately 35.3 m. Slope will also impact flow velocity across the lot

surface but the difference in slope between the two parking lots is negligible.

3.6 Monitoring

Monitoring began on July 10 2020 and was completed Septembeéf, ZD20.Due to
restrictions caused by the COUD® pandemicmonitoring began later than originally intended,
so, early summer storms were not included in this study. Prior to magitequipment
installation, cell maintenance was performed at each site. The Aquatics Center cell had
accumulated nearly 10 cm of sediment since construatidithe surface of the cell was nearly
level with the overflow drain, resulting in almost agaileble ponding volume. A maintenance
crew from the Town of Blacksburg removed this accumulated sediment and reapplied the mulch

layer to return the cell to its originally designed condition (Figut®,3-11 and 312). However,
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during this maintenance proeseall of the native perennial grasses were removed from this cell,
leaving behind only the shrubs from the original planting plan. The campus cell and corresponding
pretreatment cell were completely overgrown with poison ivy and dense grasses. Virgmia Tec

Facilities mowed the site to allow for easier equipment installation.

Figure 3-11. Aquatics Center cell prior to Figure 3-10. Aquatics Center cell after
sediment removal sediment removal
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Figure 3-12. Aquatics Center Cell after
mulch layer applied

3.7 Aquatics Center Bioretention Cell

To measure inflow at the Blacksburg Aquatics Center BRC, a 38.1 cm Threimpound
v notch/rectangular weir with a 45.7 cm pipe adapter was installed in the inlefTpigpleMar
LLC, Brevard, North CarolinaA HOBO U20 (Onset Corp., Cape Cod, Massachusetts) unvented
pressure transducer was use to record water level and watperaturaupstream othe weir
recording on &minute intervals throughout the monitoring period. The weir was set 28 cm
upstream of the pipe outlanhd the pressure transducer was set 22igstream of the weigs
shownin Figures 3-13 A and 313 B. Dueto limitations with the outflow structure, a Thelmar weir

could not be placed to monitoutflow rate. The two drainage pipes from the cell were too small
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to use a Thelmar weir and the outflow pipe from the outflow structure was partial obstructed by
conaete. Furthermore, the outlet of the outflow system was located at a junction of the existing
stormwater conveyance system (Figur@43A). With a concern of backwater effedtem the

existing drainage system interfering with the weir and pressure tr@rsdambination, this
location was not used either. To circumvent these limitations, a pressure transducer was placed in
the outflow structure to record water height and water temperature (FiguteBB Using the

water height in the structure, outflowpei dimensions and pipe slope, pipe flow calculations were

conducted to verify the stage discharge relationship determined during flow calibration.

Soil temperature measuremewithin each cellvere recorded using a HOBO UDP8 4
channel external datadger with 4 HOBO TMCxHD air, water and soil temperature sensors.
These sensors were placed in four different soil locations to mehsgi@l thermal profile. Two
sensors were pladen the cell surface just below theedia surface and much layene n an
area of the cell that was mainly shaded and one in aroatke cell that was mainly exposed to
direct sunlight (Figure-34 Q. The two remaining soil temperature sensors were set at depth using
nested piezometers that were installed during celstraction (Figure 44 D). One sensor was

placed at 0.91 m and the other was placed at 1.8 m.
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Figure 3-13 Aquatic Center cell inflow monitoring A) Thelmar weir B) HOBO -U20
pressuretransducer
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INIWAIND3 3

Figure 3-14 A-D. Additional Aquatics Center cellmonitoring set up. A) Cell outflow
drainage junction. B) Outflow structure HOBO U-20. C) Soil media temperature probe
installation. D) Nested piezometer used to place tempaure probe at depth.
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3.8 Campus Cell

As statel previously, surface runoff from the parking lot was directed into a pretreatment
basin prior to flowing into the campus BRC. Six 4.5omg, 20.32 cm diameter corrugated plastic
pipes connected the pretreamh basin to the bioretention cell. For monitoring purposes, metal
plot borders were trenched into the pretreatment basin to restrict pooling to half of the basin (Figure
3-15 A). This barrier eliminated three of the inflow pipes from conveying water itiie
bioretention cell. One of the remaining inflow pipes was capped to allow only two inflow pipes to
convey water into the cell. Twb5-cm H flumes were installed at the outlet of thgspes to
measure inflow into the bioretention cell (Figurdd® B and 315 . HOBO U20 pressure
transduceswereusal to record water level and water temperatureanhH-flume stilling basin,

recording on Eminute intervals throughout the monitoring period.

Outflow was originally planned to be measured using ar38Tbelmar compound-v
notch/rectangular weir with an ISCO 6712 bubble level sampler pladbé outletpipe of the
outflow structure. Due to device malfunctions this system did not continuously log for the entirety
of the monitoring period. However, a HOBJ20 datalogger was again used to record water level
and water temperature in the outflow structure, so this was used to determine out flow rates at the

Campus cell (Figure-35 D).

Like the Aquatics Center cell, soil temperature measurements were agcosthg a
HOBO U12008 4channel external data logger with 4 HOBO TMBW soil temperature sensors.
Temperature sensors were placed just below the surface of the cell in both sunny and shaded
locations Since this cell was not as deep, both sensors ptaaiepth were located at the bottom
of the cell (86.31 cmyvithin 2.54 cm PVC pipes. One soil temperature sensor was placed near the

inflow and onewvasplaced near the cell outl&oth barometric pressure and air temperatuege
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recorded at this site gy a HOBO U2Qransduceto correct water depth sensor readings at each

site.
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Figure 3-15A-D. Campus cell flow monitoring equipment. A) Plot borders used to section
off pretreatment basin. B) 15cm H-Flume 1. C) 15cm H-flume 2. D) Outflow HOBO-U20
pressure transducer

44
















































































































































































































































