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ACADEMIC ABSTRACT 

 

Stream ecosystems are increasingly at risk for thermal impairment as urbanization 

intensifies, resulting in more heated runoff from impervious cover that is less likely to be 

cooled naturally. While several best management practices, including bioretention filters, 

have been able to reduce thermal pollution, success has been limited. The extent of thermal 

mitigation required to prevent ecological damage is unknown. A calibrated runoff 

temperature model of a case study watershed in Blacksburg, VA was developed to 

determine the cumulative treatment volume of bioretention filters required to reduce 

thermal impacts caused by runoff from development in the watershed to biologically 

acceptable levels. A future build out scenario of the study watershed was also analyzed. 

Results from this study established that runoff thermal pollution cannot be fully reduced to 

goal thresholds during all storms using bioretention filter retrofits. While retrofitting 

significantly decreased temperatures and heat exports relative to the controls, increasing 

treatment volumes did not really enhance mitigation. Alternate thermal mitigation methods 

which actively remove runoff volume should be considered where more thermal mitigation 

is required. 
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GENERAL AUDIENCE ABSTRACT 

 

Stream temperature is a significant ecological, biological, and chemical property affecting 

the long-term health of streams. However, as development intensifies, stream ecosystems 

are increasingly at risk of being damaged by thermal pollution, which causes warmer and 

less stable temperatures that distress aquatic organisms. While several stormwater 

management methods that reduce runoff-related pollution, known as best management 

practices (BMPs), were found to also decrease thermal pollution, their success has been 

limited. Furthermore, the extent of thermal mitigation required to prevent ecological 

damage is unclear. This study aimed to determine how much treatment by a popular BMP, 

the bioretention filter, was necessary across a watershed in Blacksburg, VA to adequately 

reduce thermal pollution to protect stream health. Mitigation impacts were tested on both 

existing and predicted future development conditions through model simulations. Results 

from this study established that thermal pollution from runoff cannot be fully reduced to 

goal thresholds consistently using bioretention filter retrofits. While retrofitting 

significantly decreased thermal pollution, increasing treatment volume did not 

considerably enhance mitigation. Results suggested that bioretention filters are not an 

effective method, and alternate thermal mitigation practices which actively remove runoff 

volume should instead be considered where intensive reductions in thermal pollution are 

necessary.  
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1 Introduction 

1.1 Background 

Stormwater management in the United States has come a long way since the first 

version of the Clean Water Act (CWA) was passed in 1948 (Federal Water Pollution 

Control Act, 33 U.S.C. 1251 et seq. (1972) (amended 2002)). Formerly only addressing 

water quantity issues, contemporary stormwater regulations and land development 

practices have expanded to consider many aspects of water quality as well. Mitigation is 

becoming more crucial because the degradation of receiving waters is intensifying with 

continued development. Increases in stormwater runoff cause major ecological 

degradation, but stream temperature changes play a significant role as well. Those impacts 

have been uncovered through increased research and more advanced data collection 

technologies (Steel et al. 2017). Stream thermal regimes define riparian habitats 

ecologically, biologically, and chemically. 

 

Similar to flow regimes, temperature regimes also impact biology (Steel et al. 

2017). For instance, occurrence frequency of different temperatures impacts growth and 

metabolic rates in organisms, and rates of change influence species composition by causing 

the disappearance of species with low temperature tolerance (Steel et al. 2017). Trout, other 

salmonid fishes, and benthic macroinvertebrates are just a few examples of thermally 

sensitive organisms that have disappeared under changes to such temperature 

characteristics (Virginia Citizen Water Quality Monitoring Program 2007). Temperature 

magnitude, which has more widespread impacts, can also determine life cycle timing and 

other behavioral patterns in addition to the previously listed consequences (Steel et al. 

2017). Although continuously uncharacteristic temperatures tend to be more harmful than 

short term abnormalities (Wardynski et al. 2014), organisms get stressed, become more 

vulnerable to disease, and may even die if water temperatures undergo extreme fluctuations 

(Steel et al. 2017). Moreover, water temperature impacts photosynthesis, pH values, 

chemical solubility, and dissolved oxygen content (Clark 2017; Ophardt 2015; Virginia 

Citizen Water Quality Monitoring Program 2007), among other chemical processes, of 

which long term deviations would further exacerbate ecological damage. 
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Recognizing the ecological significance of temperature, the CWA requires state 

regulations to define allowable temperature thresholds (33 U.S.C. 1251 et seq. (1972)). 

These thresholds often vary according to a water body’s designated use and are based on 

critical biological temperature thresholds for native organisms (33 U.S.C. 1251 et seq. 

(1972); Webster 2011). Temperature standards are often set as daily or weekly mean or 

maximum allowable temperatures (Webster 2011). In Virginia, water bodies are divided 

into seven classes, four of which have specific allowable maximum temperature criteria 

(Virginia Administrative Code, 9VAC25 ch. 260 § 50 (2017)). Trout waters have the 

strictest standards. Virginia regulations also restrict temperature fluctuations. In general, 

temperatures are not allowed to stray more than 3°C from the natural temperature, the pre-

development temperature unaffected by any point source discharges (Virginia 

Administrative Code, 9VAC25 ch. 260 § 60 (1992)). If temperatures surpass such 

thresholds, streams can be designated as impaired for temperature issues (National 

Research Council 2009). In the US, most identified issues occur in coldwater environments 

or where fishery industries are located (EPA 2012). 

 

Thermal pollution results from both point and nonpoint sources. While point source 

thermal pollution is regulated by the National Pollutant Discharge Elimination System 

(NPDES), nonpoint sources are currently not strictly regulated in most of the US. One 

exception is Wisconsin, where water temperature impacts are considered during the land 

development process (Roa-Espinosa et al. 2003). Virginia, however, does not require 

stormwater management practices to control runoff temperature. Regardless, 

anthropogenic land changes inherently contribute to thermal impairment and therefore, the 

impacts should be acknowledged. In a pioneering study of anthropogenic impacts on 

stream temperature, Pluhowski (1970) compared urbanized streams with an undeveloped 

stream and found that development caused more extreme temperature fluctuations and 

magnitudes. Later studies revealed that urbanization increases impervious areas, runoff 

volumes, surface impoundment, point discharges, and deforestation, which lead to 

decreased runoff infiltration, less vegetation shading, and smaller baseflow to runoff ratios. 

Such impacts disrupt the natural thermal regime. 
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Motivated by the need to fix temperature impairments, ways to reduce non-point 

source thermal pollution were investigated. Substituting traditional pavement and roof 

materials with less heat absorbent materials and increasing tree canopy cover are effective 

(Ketabchy et al. 2019). Other research revealed that certain stormwater best management 

practices (BMPs) are also able to lower temperature spikes in addition to reducing runoff 

and pollutants, including infiltration devices, rock cribs, and bioretention basins (Arrington 

et al. 2004; Jones and Hunt 2009; Long and Dymond 2013; Roa-Espinosa et al. 2003).  

 

Bioretention basins are depressions filled with modified soils or filter media, a 

combination of  “sand, soil, and organic material” (VA DEQ 2013). Vegetation grows on 

a mulch layer on the surface and helps remove pollutants and nutrients in the runoff 

collected (VA DEQ 2013). Bioretention basins are designed to treat small highly 

impervious drainage areas (less than 0.01 km2) on site (VA DEQ 2013), and are adept at 

controlling pollution from the first flush, which is the initial 1.27 to 2.54 cm (0.5 to 1 in.) 

of runoff (Li, Dvorak, and Sung 2010). The BMP varies in size and process depending on 

drainage area characteristics. Small scale basins, mostly found on residential properties, 

are commonly called rain gardens (VA DEQ 2013). In Virginia, infiltration capability is a 

major process differentiator. In areas where karst geology and clayey soils restrict the 

infiltration of runoff, non-infiltrating bioretention facilities known as bioretention filters 

are typically used (VA DEQ 2013). Bioretention filters have an underdrain system 

consisting of perforated pipes sitting in a gravel layer below the filter media, which routes 

treated outflow into the stormwater network (VA DEQ 2013). While infiltration enhances 

temperature reduction capabilities of bioretention basins, non-infiltrating facilities were 

determined to still be effective (Long and Dymond 2013). Since bioretention facilities are 

recommended for stormwater management by Leadership in Energy and Environmental 

Design (LEED) and Sustainable Sites Initiative (SSI) (Li, Dvorak, and Sung 2010) and are 

also one of the most popular BMPs used in urban watersheds (Long and Dymond 2013), 

they are convenient stormwater control methods (SCMs) to implement for thermal 

pollution mitigation.  
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1.2 Problem Statement 

The thermal mitigation potential of bioretention basins and the other BMPs were 

largely demonstrated at the local scale. Since thermal pollution from runoff is a watershed-

wide issue (Long and Dymond 2013), more research on potential mitigation methods must 

be performed at the watershed level. Most practices studied were also not specifically 

designed for thermal pollution mitigation. Furthermore, existing studies suggested that 

individual mitigation efforts inadequately reduce downstream temperatures both locally 

(Booth, Kraseski, and Jackson 2014; Cockerill et al. 2017; Herb 2008; Long and Dymond 

2013; Natarajan and Davis 2010; Winston, Hunt, and Lord 2011) and across a watershed 

(Ketabchy et al. 2019), in order to always meet desired temperature thresholds. Still, there 

is potential for mitigation success, as Ketabchy et al. (2019) suggested that thermal 

pollution in less impervious watersheds may be easier to treat, but how much thermal 

mitigation effort would be required is uncertain.   

 

Evidently, a knowledge gap exists regarding the quantity of treatment necessary to 

meet thermal mitigation goals at the watershed level. This study endeavors to fill that gap 

by attempting to determine the cumulative treatment volume of bioretention filters required 

to reduce thermal impacts caused by runoff from development in target watersheds to 

acceptable levels using calibrated thermal models. 

 

1.3 Research Objectives 

Runoff temperature modeling of a case study was performed to meet the stated goal 

of this research, as modeling facilitates the investigation of various hypothetical scenarios. 

The objectives of this research were as follows: 

1. Conduct literature review to compile existing information on the processes 

associated with stream and runoff temperatures, temperature mechanisms in 

bioretention filters, and thermal pollution modeling. 

2. Obtain data necessary for developing a stormwater temperature model of the study 

watershed. Prepare and format the data for model input. 
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3. Develop, calibrate, and validate a model of an urbanized watershed based on 

existing conditions to simulate stormwater discharges and temperatures at the 

outlet.  

4. Perform a sensitivity analysis on critical parameters of the model.  

5. Modify the calibrated model to represent proposed future build out conditions of 

the watershed. 

6. Add bioretention basin retrofits to both the existing condition and future build out 

scenario models, designed and adjusted for various treatment volumes to: 

a. Evaluate temperature impacts of bioretention filter retrofits on the existing 

watershed and how impacts varied with future development, 

b. Determine whether the thermal mitigation method could adequately reduce 

thermal pollution to acceptable levels and if so, how much treatment volume 

would be required, and 

c. Assess if implementation of the method would be practical. 

2 Literature Review 

2.1 Factors of Stream Temperature 

Many parameters influence stream temperature. Meteorological factors are the 

most important influences on stream temperatures because they dictate heat exchange at 

the water-air interface (Janke et al. 2009; Mayer 2012; Thompson et al. 2008). For 

example, solar radiation on a water body is a major heat source (Edinger, Duttweiler, and 

Geyer 1968). Since stream temperatures follow the daily and seasonal cyclic trends 

exhibited by air temperatures (Watson and Chang 2017), stream ecosystems are most 

vulnerable to thermal degradation during the summer when air temperatures are the 

warmest. Landscape characteristics such as aspect, or directional orientation, and the 

amount of vegetation shading influence how much solar radiation the land is exposed to 

(Booth, Kraseski, and Jackson 2014; Dugdale, Bergeron, and St-Hilaire 2013; Mayer 2012; 

Pluhowski 1970; Watson and Chang 2017). More abundant shading promotes cooler 

stream temperatures. Also, elevation and slope affect runoff paths, including travel and 

ponding times, as well as how flow from various sources mix (Dugdale, Bergeron, and St-

Hilaire 2013; Mayer 2012; Watson and Chang 2017). Martin, Hodges, and Dymond (2019) 
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confirmed that land cover type and travel time were significant factors of runoff 

temperatures. More direct runoff into a stream more powerfully influences stream 

temperatures (Hathaway et al. 2016; Somers et al. 2013; Watson and Chang 2017). In 

contrast, larger catchment sizes tend to help buffer and decrease flow temperatures when 

contiguous pervious areas are present (Hathaway et al. 2016). Pervious surfaces allow for 

infiltration, which is one of the most effective processes for runoff heat mitigation 

(Chapman, Wawiernia, and Kieweg 2008) because water is cooled as it travels through 

colder soils. Infiltration also replenishes groundwater, contributing to baseflow, which has 

cooling benefits (Dugdale, Bergeron, and St-Hilaire 2013; Ketabchy et al. 2018; LeBlanc, 

Brown, and FitzGibbon 1997). Baseflow helps buffer thermal fluctuations. 

 

With so many different factors, stream thermal regimes are expected to vary 

temporally and spatially under natural circumstances. In undeveloped watersheds, storms 

have been found to cause flow temperature decreases or only slight increases (Brown and 

Hannah 2007). On the other hand, storm events in developed watersheds cause flow 

temperatures to increase (Somers et al. 2013) since larger runoff to baseflow ratios allow 

external influences to more strongly impact stream temperatures (Arrington et al. 2004). 

Studies have also shown that climate change plays a role in increasing overall stream 

temperatures (Nelson and Palmer 2007; Selbig 2015). Climate change is predicted to 

exacerbate temperature-related consequences of urbanization; however, the thermal 

pollution from development is currently considered more critical (Nelson and Palmer 

2007).  

 

Urbanization is often correlated with deforestation, increased surface water 

impoundment, impervious areas, discharges from man-made sources, decreased 

infiltration, and more runoff volume. These changes cause stream temperatures to increase 

and have more extreme fluctuations. For instance, deforestation results in less shading, less 

evapotranspiration, and higher soil temperatures (Nelson and Palmer 2007; Risley, Roehl, 

and Conrads 2003). Impervious surfaces are major sources of thermal pollution. 

Impervious cover adds heat to stormwater flowing across the surface (Janke et al. 2009; 

Jones, Hunt, and Winston 2012), reduces infiltration, hindering the ability of baseflow to 
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buffer streams from temperature fluctuations (Arrington et al. 2004; Nelson and Palmer 

2007), and increases runoff volumes, which then causes stream incision and widening, 

increasing the flow surface area and thus allowing more atmospheric energy exchange 

(Klein 1979; LeBlanc, Brown, and FitzGibbon 1997). Shallow flows are more easily heated 

than deeper water (Nelson and Palmer 2007). Additionally, high intensity land uses close 

to watershed outlets have high thermal pollution potential (TPP) (Martin, Hodges, and 

Dymond 2019). Accordingly, surface runoff going directly into streams is one of the worst 

thermal pollution sources (Hathaway et al. 2016). Other urban infrastructures also produce 

thermal pollution, such as wastewater treatment plants which discharge treated wastewater 

(Kinouchi, Yagi, and Miyamoto 2007; Walker 1989). Even traditional stormwater 

management such as shallow lakes (Booth, Kraseski, and Jackson 2014; Pluhowski 1970) 

and detention basins (Jones and Hunt 2010) cause downstream temperatures to increase.  

 

2.2 Mechanisms of Runoff Heat Transfer 

Heat exchange processes shape runoff temperatures during overland flow, channel 

and pipe flow, and pond storage. Similar to flow balancing, energy balance is shaped by 

sources and sinks of heat (Figure 1). Heat exchange is dictated by three fundamental 

processes: conduction, convection, and radiation (Geankoplis, Hersel, and Lepek 2018).  

 

 

Figure 1. Diagram of Flow (Blue Arrows) and Heat Flux (Red Arrows) Balance in a 

System, from Herb et al. (2010b) 
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At the water surface, heat transfer is impacted by meteorological conditions (Janke 

et al. 2009): 

𝜕(𝑦𝑇𝑅𝑂)

𝜕𝑡
𝜌𝐶𝑝 = −

𝜕(𝑞𝑇𝑅𝑂)

𝜕𝑥
𝜌𝐶𝑝 + ℎ𝑟𝑎𝑖𝑛 + ℎ𝑓 + ℎ𝑐𝑜𝑛𝑑,𝑝𝑣 + ℎ𝑟𝑎𝑑 + ℎ𝑒𝑣𝑎𝑝 + ℎ𝑐𝑜𝑛𝑣,𝑎𝑡𝑚 (1) 

where TRO is the temperature of runoff on the pavement (°C), y is runoff depth (m), t is 

time (s), ρ and Cp are the density (kg/m3) and specific heat (J/kgK) of water, q is the runoff 

flow rate per unit width (m2/s), and x is the distance along pavement slope (m). The heat 

flux from rainfall, infiltration, conduction between pavement and runoff water, net solar 

and long wave radiation, evaporation, and atmosphere are respectively represented by the 

variables hrain, hf, hcond,pv, hrad, hevap, and hconv,atm, all in W/m2. Radiation, in the forms of 

short wave solar radiation and long wave atmospheric radiation, plays a significant role. 

Net solar radiation is the heat directly from sunlight that is absorbed by a material minus 

the reflected radiation lost (Edinger, Duttweiler, and Geyer 1968). Net atmospheric 

radiation encompasses the radiation emitted by the gases that make up the atmosphere, 

again with the loss of reflected radiation accounted for (Edinger, Duttweiler, and Geyer 

1968). Atmospheric convection is dependent on ambient air temperature (Edinger, 

Duttweiler, and Geyer 1968; Janke et al. 2009). Heat is also lost through emitted radiation 

from the water and through evaporation, which is dependent on the heat of vaporization, 

density of water, wind speed, and water movement (Edinger, Duttweiler, and Geyer 1968). 

During dry conditions, land surface temperatures are also influenced by radiation and 

conduction (Thompson et al. 2008; Van Buren et al. 2000). 

 

The concept of equilibrium temperature states that heat exchange is driven by the 

temperature difference between a substance’s temperature and the temperature at a steadied 

state (Edinger, Duttweiler, and Geyer 1968). By transferring heat energy from the warmer 

substance to the cooler substance, flow and pavement attempt to balance each other’s 

temperatures during runoff over pavement (Edinger, Duttweiler, and Geyer 1968). Right 

where the liquid meets the solid surface, a thin layer exists where velocity can be assumed 

zero, referred to as the no-slip condition (Geankoplis, Hersel, and Lepek 2018). At this 

transitional layer, heat transfer occurs through conduction (Janke et al. 2009), driving both 

pavement and water temperatures to a state of equilibrium over time. The rate of heat 



9 

 

exchange depends on the magnitude of the temperature difference (Edinger, Duttweiler, 

and Geyer 1968). Additionally, since runoff over rough pavement is considered turbulent 

flow (Geankoplis, Hersel, and Lepek 2018), complete mixing can be assumed for the thin 

layer of runoff water, which allows a uniform temperature to be assumed though the full 

depth (Edinger, Duttweiler, and Geyer 1968; Janke et al. 2009). Runoff heat transfer results 

are advected in the direction of movement (Janke et al. 2009).  

 

During pipe flow, convective and conductive heat transfer occurs perpendicular to 

the pipe wall between the wall and runoff (Geankoplis, Hersel, and Lepek 2018). Pipe wall 

temperature is impacted by surrounding soil temperatures through conduction, and because 

pipes are buried, atmospheric and solar radiation effects may be neglected (Herb et al. 

2010b). Empirical relationships are used to estimate heat transfer in turbulent regions of 

pipe flow, which experience greater transfer rates due to increased velocity (Geankoplis, 

Hersel, and Lepek 2018). 

 

More factors influence temperature in ponds because the water is exposed to the 

atmosphere. Thermal energy in a pond is determined by water-air interface heat exchanges 

at the surface, heat flux of inflows and outflows, and pond bathymetry (Herb, Mohseni, 

and Stefan 2009). Sediment temperature may also impact water temperature at the bottom 

(Herb, Mohseni, and Stefan 2009). While wind works to mix water near the surface, 

vertical stratification occurs at deeper depths due to differences in water density and 

temperature (Herb, Mohseni, and Stefan 2009). The presence of vertical temperature 

profiles in ponds causes outflow temperatures to change as a function of exiting depth 

(Herb, Mohseni, and Stefan 2009). 

 

2.3 Metrics of Temperature Impacts 

 Wardynski et al. (2014) provide thorough descriptions of several metrics 

recommended for assessing stormwater management impacts on stream thermal regimes. 

The metrics can be categorized into comparisons with three main threshold types: 

biological thresholds, flow reductions, and healthy reference conditions. Biological 

thresholds are derived from the critical conditions at which the biological processes of 
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organisms of concern start to decline (Eaton et al. 1995). Such thresholds are often reflected 

in regulatory standards and represent acute or chronic temperature thresholds to which 

metrics are compared (Wardynski et al. 2014). Acute impacts are captured by short term 

metrics while responses to more chronic exposure are assessed with long term metrics. 

Metrics that work with biological thresholds include measurements of maximum and event 

mean temperatures as well as temperature-duration plots, which determine the frequency 

of temperature threshold exceedances (Wardynski et al. 2014).  

 

An alternative metric focuses on measuring flow reductions, derived from 

knowledge that excess runoff causes environmental degradation (Wardynski et al. 2014). 

Also, temperature reductions were found to correlate with flow reductions (Jones and Hunt 

2009). A 95% runoff reduction is considered adequate to prevent thermal impacts 

(Wardynski et al. 2014). Thermal load, or heat export, computations combine both 

temperature and flow related metrics and are one of the most common methods used in 

studies of stormwater thermal impacts (Janke et al. 2009; Kieser et al. 2004; Long and 

Dymond 2013; Wardynski et al. 2014; Winston, Hunt, and Lord 2011). One advantage of 

using heat export is the inclusion of runoff volume impacts (Wardynski et al. 2014), which 

are significant in developed watersheds. A disadvantage of heat export is that the metric is 

highly dependent on the point of interest, as locations too upstream may not consider the 

mixing of multiple flow sources (Wardynski et al. 2014). By setting a biological threshold 

as the reference temperature, heat export quantifies the thermal energy added to a stream 

by runoff.  

 

Comparison of uniform continuous above-threshold (UCAT) patterns between 

study and reference data offers long term, statistical probability analysis of thermal impacts 

on a stream (Wardynski et al. 2014). Use of a reference stream as reference data provides 

more holistic interpretations of thermal impacts than single-value biological thresholds 

(Wardynski et al. 2014). Reference streams used should be unaffected by development, 

hydrologically and physically similar to the study stream, and representative of the draining 

watershed (Wardynski et al. 2014). Alternatively, groundwater temperature is a more 

conservative reference threshold, but effectively provides an estimation of baseflow 



11 

 

temperature since groundwater is a significant contributor to baseflow, a major flow source 

under undeveloped conditions (Wardynski et al. 2014). Regardless of the methods and 

thresholds used, a combination of different types of metrics is necessary to capture a wide 

scope of thermal impacts (Wardynski et al. 2014). Furthermore, metrics should be feasible 

within study constraints and available reference data, and threshold values should reflect 

the goals of a study (Wardynski et al. 2014).  

 

2.4 Runoff Temperature Modeling 

Many water temperature models, both stochastic and deterministic, have been 

developed and applied. Most of the existing models focus on simulating in-stream water 

temperatures or heat energy, including Qual2K (EPA 2009), HFLUX (Glose, Lautz, and 

Baker 2017), BasinTEMP (Allen et al. 2007), and various statistical models which relate 

air temperatures, flow, and equilibrium temperatures with stream temperatures to form 

predictions (Bogan, Mohseni, and Stefan 2003; Laanaya, St-Hilaire, and Gloaguen 2017; 

Mohseni, Stefan, and Erickson 1998; Morrill, Bales, and Conklin 2005), but do not 

explicitly calculate surface runoff temperatures. Several comprehensive hydrologic and/or 

hydraulic models with water temperature capabilities can calculate surface runoff heat 

exchanges. However, unless heat fluxes across impervious land cover are considered, such 

calculations are typically simplified and determined in order to supplement the 

computation of in-stream temperatures. These integrated models are able to analyze 

watershed-scale meteorological, landscape, and hydrological influences on stream thermal 

regimes (Ficklin et al. 2012; James and Xie 1999; St-Hilaire et al. 2015). There are also 

models which, in contrast, solely determine thermal impacts of runoff over impervious 

surfaces. Table 1 provides an overview of select water temperature models which account 

for the thermal effects of surface runoff. 
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Table 1. Relevant Characteristics of Select Models Able to Determine Runoff 

Temperatures (Listed in Reverse Chronology) 
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When modeling urban watersheds, it is beneficial for a model to be able to simulate 

both runoff discharge and temperature, because of the significant ecological impacts of 

runoff and heat export from urban areas, and consider the flow and thermal processes of 

runoff traveling through urban infrastructures. Thermal Urban Runoff Model (TURM) and 

Minnesota Heat Export Tool (MINUHET) are two deterministic runoff temperature models 

which explicitly consider multiple land cover types, model stormwater management 

infrastructure, and also simulate runoff discharge. While TURM has several strengths 

including applicability to a large range of watershed sizes and small computational time 

steps, rain intensity is assumed to be uniform and there is no mechanism built-in to consider 

pipe systems (Roa-Espinosa et al. 2003). The lack of pipe modeling ability is a major 

limitation, as heat transfer processes in pipe systems can be significant (Sabouri et al. 

2013). In one study, differences between modeled and measured runoff temperatures were 

attributed to ignoring pipe cooling impacts (Van Buren et al. 2000). Therefore, a model 

which can model heat exchange in pipes is preferred. 

 

2.5 Review of the MINUHET Model  

MINUHET considers pipe heat transfer (Herb et al. 2010a). MINUHET, an event-

based, runoff temperature model applicable to urban watersheds, uniquely models heat 

transfer processes in underground stormwater detention tanks and infiltration ponds. 

However, this model also has limitations. MINUHET has no point source discharge input, 

assumes spatially uniform meteorological inputs, has inflexible component property 

requirements, produces less accurate results of modeled watersheds larger than 0.1 km2, 

and compared to more robust hydrologic and hydraulic models such as SWMM, lacks 

hydraulically relevant structural details (Herb et al. 2010a; Ketabchy et al. 2018). 

Limitations aside, the model provides valuable outputs of flow rate, water temperature, and 

heat export profiles at various nodes of a modeled network (Herb et al. 2010a). The model 

requires time-series input of storm event meteorological data: air temperature, wind speed, 

relative humidity, solar radiation, cloud cover, and precipitation depth (Herb et al. 2010a). 

 

The MINUHET model is divided into three main subprograms which utilize flow 

and heat flux balancing: surface runoff, routing, and pond programs. Overland flow 
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temperature is calculated through a heat transfer model considering radiation, convection, 

and evaporation (Herb et al. 2010a), fundamental mechanisms involved during the heat 

exchange of water (Edinger, Duttweiler, and Geyer 1968; Janke et al. 2009). The surface 

runoff program differentiates between pervious and impervious area and considers 

impervious area connectivity, vegetation density, and surface shading (Herb et al. 2010a). 

Discharge is simulated with Manning’s equation and the conservation of mass for steady 

and unsteady flow, and infiltration is modeled based on the Green-Ampt equation (Herb et 

al. 2010a). The routing program calculates channel and pipe flow with the kinematic wave 

equation and corresponding flow temperatures with heat balance considering conduction 

with conveyance walls (Herb et al. 2010b). Atmospheric heat exchange at the water surface 

of channels are currently not considered by the model, limiting the accuracy of modeling 

flow temperatures through open channels with travel times greater than 1 hour (Herb et al. 

2010b). The pond program is derived from one-dimensional lake models from MINLAKE 

(Ford and Stefan 1980; Hondzo and Stefan 1993) and can model detention, retention, and 

infiltration ponds (Herb et al. 2010b). Vertical pond temperature profiles are calculated 

over time for horizontal pond layers using heat diffusion and conduction, flow mixing, and 

surficial atmospheric heat transfer (Herb, Mohseni, and Stefan 2009).  The volume of 

stored water is determined through flow balance considering flow flux, infiltration, 

evaporation, and rainfall, with outflows defined through outlet structures (Herb, Mohseni, 

and Stefan 2009).  

 

MINUHET has been validated with several case studies since the model was first 

developed, for each individual subprogram and for the complete coupled model. The 

surface temperature model was verified for various pervious and impervious land covers 

(Herb et al. 2008) and subbasin runoff model results were compared to other similar models 

(Herb et al. 2006a). Validation of the coupled surface runoff and temperature model was 

also performed (Herb et al. 2009). The pond component of MINUHET was verified with 

field data to accurately estimate outflow temperatures (Herb et al. 2006b). However, more 

studies to validate the routing program for pipes and open channels are needed.  
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Additional case studies evaluated MINUHET performance for various sized mixed-

use watersheds: a 0.05 km2 residential watershed in Plymouth, Minnesota (Janke et al. 

2013), a 0.13 km2 commercial site in Hastings, Minnesota (Herb 2008), and a 75% 

developed 14.1 km2 watershed in Blacksburg, Virginia (Ketabchy et al. 2018). Dew point 

temperature and soil saturated hydraulic conductivity were the recurring parameters that 

produced the greatest model sensitivities (Herb 2008; Janke et al. 2013; Ketabchy et al. 

2018). Dew point temperatures significantly influence initial runoff temperatures because 

MINUHET assumes that precipitation temperatures are equal to dew point temperatures, 

especially during lighter storms (Janke et al. 2013; Ketabchy et al. 2018). Additionally, 

simulated runoff for scenarios with large amounts of pervious areas is highly sensitive to 

soil hydraulic conductivity because the property is a significant variable in the Green-Ampt 

method for infiltration (Janke et al. 2013). The case studies also revealed that modeled 

results were also impacted by the spatial resolution of the model, the delineation of 

subbasins in the modeled watershed, effective impervious areas, and thermal properties of 

pavement (Janke et al. 2013; Ketabchy et al. 2018). More spatial discretization improved 

the simulation of incremental output details (Janke et al. 2013). Subbasin surface roughness 

was a property determined to not significantly impact output results (Janke et al. 2013). 

Differences in model parameter sensitivity among the case study results were due to 

differences in characteristics of the storms simulated and in land cover composition. 

Furthermore, the case studies indicated that discharge simulations were more similar to 

results from models such as SWMM for small watersheds, and temperature simulation 

errors were smaller than discharge simulation errors for larger watersheds, although water 

temperature tends to be under-predicted by MINUHET (Janke et al. 2013; Ketabchy et al. 

2018). The latter observation may be problematic where temperature threshold 

exceedances exist.  

 

2.6 Thermal Mitigation Methods 

Studies revealed the effectiveness of certain SCMs at mitigating thermal pollution. 

Storm sewer pipe networks help cool runoff (Jones, Hunt, and Winston 2012; Sabouri et 

al. 2013). Some specific BMPs were also tested to effectively reduce runoff temperatures, 

including level spreaders (Winston, Hunt, and Lord 2011), rock cribs (Roa-Espinosa et al. 
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2003), thermal swales (Arrington et al. 2004), permeable pavement (Wardynski et al. 

2014), underground detention (Natarajan and Davis 2010), infiltration devices, and 

bioretention basins (Jones and Hunt 2009; Long and Dymond 2013). Infiltrating 

bioretention basins are particularly effective at reducing runoff temperatures (Hunt, Davis, 

and Traver 2012; Long and Dymond 2013). Wetlands may also be effective if adequate 

shading is present (Kieser et al. 2004). Most studies on the SCMs were performed at the 

local scale and focused on inflow and outflow comparisons.  

 

Ketabchy et al. (2019) were one of the first to evaluate thermal mitigation practices 

at the watershed level. The study investigated the effects of “cool” pavements and roofs, 

forest canopy coverage, and bioretention basins. Replacement of pavements and roofs with 

less heat absorbent materials resulted in the greatest total heat load reduction as an 

individual method, while bioretention basin retrofitting, in the form of infiltration ponds, 

was the least effective individual method (Ketabchy et al. 2019). Combination of the best 

performing variations of the different mitigation methods to form a comprehensive 

mitigation plan resulted in the overall lowest total heat loads and mean temperatures 

(Ketabchy et al. 2019). Nonetheless, the frequency that simulated temperature stayed above 

the study’s established temperature threshold was still exceeded by 26% under the 

comprehensive plan, demonstrating that thermal pollution was not able to be fully 

mitigated under the study scenario (Ketabchy et al. 2019). Likewise, other previous studies 

on various thermal mitigation methods have also argued that meeting temperature 

regulations may not be possible (Booth, Kraseski, and Jackson 2014; Cockerill et al. 2017; 

Herb 2008; Long and Dymond 2013; Natarajan and Davis 2010; Winston, Hunt, and Lord 

2011). It is unclear how much thermal mitigation must be implemented to fully reduce 

thermal pollution from runoff to ecologically harmless thresholds. 

 

2.7 Thermal Properties of Bioretention Basins  

Filter media thickness is a critical property controlling temperature reduction 

because thicker media ensures that deeper soils are far enough away from the surface to 

not be impacted by atmospheric temperature changes, warmed by sunlight, or significantly 

affected by vegetation shading (Hunt, Davis, and Traver 2012; Jones and Hunt 2007). 
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Deeper conditions encourage runoff temperatures to equilibrate with surrounding soil 

temperatures of a facility (Jones and Hunt 2009). Accordingly, increasing runoff retention 

time may help decrease runoff temperatures by providing time for temperatures to 

equilibrate. Moreover, Long and Dymond (2013) confirmed that bioretention cooling did 

not have strong correlation with air temperatures, indicating that the filter media is well 

insulated. In fact, soil temperatures at least 1.2 m below the surface of bioretention basins 

seem to be coolest and stabilized (Jones and Hunt 2007), while soil temperatures within 

the top 0.6 m were measured to be relatively warm (Jones and Hunt 2009).  

 

Flow temperatures in a bioretention facility are also effected by the amount of 

vegetal shading over surficial mulch and the filter media underneath, especially in 

shallower facilities (Hunt, Davis, and Traver 2012; Jones and Hunt 2007). Broad leaf 

vegetation can supply more complete coverage, providing the most cooling (Hunt, Davis, 

and Traver 2012; Jones and Hunt 2007). Light colored mulch also helps deflect solar 

radiation (Jones and Hunt 2007). Therefore, the selection of vegetation and plant substrate 

is important for thermal mitigation.   

 

Bioretention facilities also reduce thermal pollution through runoff discharge 

reduction (Jones and Hunt 2009). Greater storage volume allows discharge to be decreased 

through increased exfiltration, evapotranspiration, and other abstractions (Brown, Skaggs, 

and Hunt 2013; Hunt, Davis, and Traver 2012). Therefore, by increasing bioretention cell 

storage volume through constructing larger surface areas or thicker filter media layers, 

temperature reduction potential can be increased. Internal water storages (IWS) at least   

0.9 m below the surface were predicted to enhance thermal mitigation potential by 

increasing retention and heat transfer contact times, increasing exfiltration, and increasing 

runoff storage (Hunt, Davis, and Traver 2012; Jones and Hunt 2007). However, IWS 

systems are not recommended for C and D type soils, as use of IWS in low soil permeability 

increases the overflow potential of a bioretention basin (Brown and Hunt 2010).  

 

Design and construction limitations must also be considered. Many design 

regulations have depth limitations due to concerns about vegetation health, sediment 
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compaction potential, safety, adequate hydraulic head, and water table separation (Hunt, 

Davis, and Traver 2012; VA DEQ 2013). Bioretention filter dimensions are restricted by 

the area of buildable pervious surfaces. Long and Dymond (2013) predicted that 

bioretention basins will be most effective at cooling smaller volumes of runoff and Jones 

and Hunt (2009) found that larger bioretention areas do not improve temperature 

mitigation. Overall, few studies on the thermal impacts of specific bioretention basin 

properties have been conducted, so more research on this topic, especially field 

experiments, are needed. 

 

2.8 Topics Requiring More Research 

Much is known about stream temperature factors, both natural and anthropogenic. 

The physics behind heat transfer along routes that runoff typically follows are also well 

documented. Moreover, despite a lack of standardization in the research methods used to 

evaluate thermal pollution (Wardynski et al. 2014), existing methods are justified. 

Therefore, more research is needed in topics stemming from foundational information, 

such as how specific properties of runoff temperature reducing SWM methods effect each 

method’s effectiveness. The determination of optimal properties for thermal mitigation 

would facilitate thermal pollution reduction in the future. Bioretention basin properties in 

particular, both with and without exfiltration, should be analyzed with more experiments 

focusing on individual properties. Furthermore, most existing studies investigated thermal 

mitigation at the local level, but because stream temperature is impacted at the watershed 

scale, it is important to assess each method’s impacts when implemented at a larger scale. 

A single BMP may not significantly alter the temperature of a stream several kilometers 

downstream. Finally, the cumulative amount of mitigation necessary to meet temperature 

thresholds has not been determined for any tested thermal mitigation method reviewed.  
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3 Modeling Watershed-Wide Bioretention Stormwater Retrofits to 

Achieve Thermal Pollution Mitigation Goals 

3.1 Introduction 

As development continues, increasing impervious land areas will exacerbate not only 

stormwater runoff quantities, but also stormwater temperatures. Rises in average stream 

temperature due to development has caused accelerated degradation of the aquatic habitats in 

receiving streams, negatively affecting wildlife, aquatic plants, and the ability for many of these 

waters to be used for recreation. Temperature is a significant ecological, biological, and chemical 

property affecting the long-term health of streams (Steel et al. 2017; Virginia Citizen Water 

Quality Monitoring Program 2007).  Aquatic organism health, growth, birth, and survivability are 

heavily impacted by increasing average temperatures and their more extreme fluctuations (Steel et 

al. 2017). Since many aquatic organisms such as benthic macroinvertebrates and trout are 

thermally sensitive, species diversity is also impacted (Steel et al. 2017). Additionally, water 

temperature affects dissolved oxygen content and other water quality properties, further 

jeopardizing the survivability of aquatic species in the altered environment (Thompson et al. 2008; 

Virginia Citizen Water Quality Monitoring Program 2007). Stormwater management (SWM) in 

response to the eroding ecological health of streams has led to broad interest in reducing 

urbanization’s thermal impacts.  

 

Guides for stream health, thermal thresholds are often defined by the acute or chronic 

biological tolerances of sensitive species, and are typically reflected in regulations. For instance, 

Virginia water quality standards impose a maximum temperature of 21°C for stocked trout waters 

(Virginia Administrative Code, 9VAC25 ch. 260 § 50 (2017)). Such thresholds are benchmarks to 

which various metrics are compared in order to quantify thermal pollution. Short term metrics 

include measurements of maximum or mean temperatures and heat export (Wardynski et al. 2014). 

Heat export computations are especially advantageous in urbanized watersheds because they also 

consider runoff volume impacts. For longer term assessments, the frequency of threshold 

exceedances over time is analyzed (Wardynski et al. 2014). 
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During the summer when air and rainfall temperatures are warmest, stream ecosystems are 

most at risk for elevated temperatures. Meteorological factors are the most important influences 

on stream temperature because they dictate heat exchange processes at the water-air interface 

(Janke et al. 2009; Mayer 2012; Thompson et al. 2008). For example, direct solar radiation heats 

water bodies (Edinger, Duttweiler, and Geyer 1968). Besides weather, many other natural factors 

also influence ultimate stream temperature, including watershed characteristics and flow behavior. 

Catchment size can act as a buffering mechanism to help decrease flow temperatures if contiguous 

pervious areas are present (Hathaway et al. 2016). Land cover, elevation, slope, and aspect, or 

directional orientation, are surficial landscape features affecting stream temperature (Dugdale, 

Bergeron, and St-Hilaire 2013; Mayer 2012; Nelson and Palmer 2007; Watson and Chang 2017). 

In particular, high amounts of vegetation shading help decrease runoff temperatures (Booth, 

Kraseski, and Jackson 2014).  

 

Under the surface, geology influences how flow migrates through a watershed (Nelson and 

Palmer 2007). Water is cooled as it travels through colder soils, resulting in infiltration being one 

of the most effective processes for mitigating runoff heat and replenishing groundwater (Chapman, 

Wawiernia, and Kieweg 2008). Groundwater and its contribution to baseflow aids the cooling of 

streams through buffering (Dugdale, Bergeron, and St-Hilaire 2013; Ketabchy et al. 2018; 

LeBlanc, Brown, and FitzGibbon 1997). Since infiltration is a significant flow cooling mechanism, 

areas with limited infiltration have more difficulty mitigating thermal pollution caused by 

development. 

 

There have been a number of research studies of anthropogenic impacts on stream 

temperature within the last 50 years. Comparison of urbanized streams with an undeveloped stream 

revealed that development caused more extreme temperature fluctuations and magnitudes 

(Pluhowski 1970). Deforestation eliminates natural cooling from shading and evapotranspiration 

(Nelson and Palmer 2007; Risley, Roehl, and Conrads 2003). Impervious surfaces contribute 

significantly to stream warming by reducing infiltration (Nelson and Palmer 2007) and adding heat 

to stormwater as it flows across those surfaces (Janke et al. 2009; Jones, Hunt, and Winston 2012). 

As land use becomes more intensive, those areas will have higher thermal pollution potential (TPP) 

(Martin, Hodges, and Dymond 2019), especially closer to outlet points since the directness of 
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runoff entry into a stream increases surface flow’s impacts on the stream’s temperature (Hathaway 

et al. 2016; Somers et al. 2013; Watson and Chang 2017). Greater impervious cover also causes 

higher runoff volumes, which change stream morphology in ways that allow more energy 

exchange with the atmosphere (Klein 1979; LeBlanc, Brown, and FitzGibbon 1997; Nelson and 

Palmer 2007). Supporting infrastructure for urbanization also causes negative thermal impacts. A 

direct source of thermal pollution is wastewater treatment plant discharge from standard treatment 

practices (Kinouchi, Yagi, and Miyamoto 2007; Walker 1989). Even traditional SWM practices 

such as shallow lakes (Booth, Kraseski, and Jackson 2014; Pluhowski 1970) and detention basins 

(Jones and Hunt 2010) increase downstream temperatures due to heat absorption during 

impoundment. Storm sewer pipe networks are exceptions, and actually help cool runoff 

temperatures by conveying water underground (Natarajan and Davis 2010; Sabouri et al. 2013), 

although they contribute to stream degradation in other ways (Walsh et al. 2005). 

 

Fortunately, newer types of stormwater management that treat smaller quantities of runoff 

on site, known as best management practices (BMPs), were found to be effective at reducing water 

contamination and decreasing the temperature of runoff, perhaps since water is not impounded 

above ground for long periods of time. Such BMPs include level spreaders (Winston, Hunt, and 

Lord 2011), rock cribs (Roa-Espinosa et al. 2003), thermal swales (Arrington et al. 2004), 

underground detention (Natarajan and Davis 2010), permeable pavement (Wardynski et al. 2014), 

bioretention basins (Jones and Hunt 2009; Long and Dymond 2013), and any management 

technique involving infiltration (Arrington et al. 2004; Jones, Hunt, and Winston 2012). Effective 

at treating both water quality and quantity, bioretention basins are one of the most popular BMP 

methods used in urban watersheds (Long and Dymond 2013).  

 

Bioretention basins are depressions filled with filter media or amended soils, have 

vegetation growing at the surface, and are designed to treat small highly impervious drainage areas 

on site (VA DEQ 2013). Bioretention basins vary in size and process, with a main differentiator 

being infiltrative capability. Non-infiltrating bioretention facilities, or “bioretention filters,” are 

typically used in areas where karst geology and clayey soils inhibit the effectiveness of runoff 

infiltration (VA DEQ 2013). Bioretention filters have an underdrain system consisting of 
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perforated pipes sitting in a gravel layer below the filter media (VA DEQ 2013). The underdrain 

routes treated runoff from the BMP to the storm sewer network.  

 

Thermal cooling capabilities of bioretention filters stem mainly from the filter media 

component, where heat is dissipated through conduction with cooler substrate (Long and Dymond 

2013). Deeper soils are protected from atmospheric temperature changes, sunlight warming, and 

influences of vegetation shading (Hunt, Davis, and Traver 2012; Jones and Hunt 2007; Long and 

Dymond 2013). Accordingly, thicker and deeper filter media cools runoff more effectively (Brown 

and Hunt 2010; Jones and Hunt 2009), but bioretention facility depths are often limited by design 

regulations due to safety and facility integrity concerns (Hunt, Davis, and Traver 2012; VA DEQ 

2013). Planted vegetation facilitates thermal mitigation by shading the mulch and filter media from 

solar radiation, especially broad leaf plants which can provide full coverage (Hunt, Davis, and 

Traver 2012; Jones and Hunt 2007). Using light colored mulch also helps deflect solar radiation 

from the facility (Jones and Hunt 2007). 

 

Although few studies on the thermal impacts of bioretention facilities have been conducted, 

decreases in thermal loading were linked to reductions in discharge (Jones and Hunt 2009; Long 

and Dymond 2013). Bioretention basin runoff reduction mechanisms are better established. Thus, 

bioretention facilities allowing exfiltration and greater runoff storage, through thicker media and 

internal water storage (IWS), have more temperature reduction potential (Brown and Hunt 2010; 

Hunt, Davis, and Traver 2012; Jones and Hunt 2007; Li et al. 2009). Long and Dymond (2013) 

predicted that bioretention basins are most effective at cooling smaller volumes of runoff, but 

further research about bioretention basin applications for thermal mitigation would be beneficial.  

 

 Use of stormwater models can aid in determining the most efficient methods for tackling 

thermal pollution. Most existing water temperature models focus on in-stream temperatures and 

only consider runoff thermal processes implicitly (Bogan, Mohseni, and Stefan 2003; Glose, 

Lautz, and Baker 2017; Laanaya, St-Hilaire, and Gloaguen 2017; Mohseni, Stefan, and Erickson 

1998; Morrill, Bales, and Conklin 2005). However, comprehensive hydrologic and/or hydraulic 

models with water temperature simulation capabilities are able to analyze watershed-scale 

meteorological, landscape, and hydrological influences on stream thermal regimes, and do 
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compute runoff temperatures, albeit with simplified heat exchanges (Ficklin et al. 2012; James and 

Xie 1999; St-Hilaire et al. 2015). On the other side of the spectrum, several stochastic and 

deterministic temperature models focus solely on the impacts of runoff over impervious surfaces 

(Haq and James 2002; Picksley and Deletic 1999; Van Buren et al. 2000), and cannot model 

watersheds with variable land cover. Perhaps the most useful for devising thermal pollution 

solutions are models that account for both flow rate and heat transfer through various stormwater 

infrastructures, as runoff volume and heat export in urban environments can be critical. 

 

Although several studies suggested that meeting target temperatures set by regulatory 

guidance may not be possible (Booth, Kraseski, and Jackson 2014; Cockerill et al. 2017; Herb 

2008; Ketabchy et al. 2019; Long and Dymond 2013; Natarajan and Davis 2010; Winston, Hunt, 

and Lord 2011), no research testing how much mitigation would be necessary for successful 

thermal mitigation was found. This study attempted to clarify the uncertainty surrounding thermal 

mitigation requirements at the watershed scale and determine the cumulative treatment volume of 

bioretention filters required to reduce thermal impacts caused by runoff from development in target 

watersheds to acceptable levels using calibrated thermal models. 

 

3.2 Materials and Methods 

To meet the stated goal of this study, a case study application was developed and divided into 

the following tasks: 

1. Develop, calibrate, and validate a model of the case study watershed based on existing 

conditions and add future development to the calibrated model. These act as control 

scenarios. 

2. Perform a sensitivity analysis on critical parameters of the model.  

3. Add bioretention basin retrofits, designed and modified for various treatment volumes, to 

both control scenario models to evaluate retrofit impacts on the controls, determine whether 

this mitigation method could adequately reduce thermal pollution to acceptable levels and 

the quantity of treatment volume required, and if implementation of this method would be 

practical. 
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3.2.1 Study Area 

The case study site is a 0.8 km2 watershed in Blacksburg, located in southwest Virginia, 

which has karst. The watershed’s outlet has been monitored for flow, velocity, and temperature. 

The study watershed is part of the Toms Creek – Poverty Creek watershed (HUC12: 

050500011804) (VA DCR 2020). Toms Creek has an unresolved temperature impairment and is 

designated as a stocked rainbow trout stream (VA DEQ 2018; VA DGIF 2020). The study 

watershed is 84% developed, containing approximately 34% impervious land cover and consists 

of mainly residential areas and open space, with some civic, commercial, and industrial land uses. 

The watershed’s stormwater management infrastructure consists of approximately 7.2 km of storm 

sewer pipes, 11 detention ponds, 2 retention ponds, 8 bioretention filters, and 1 underground 

detention facility. 

 

3.2.2 Study Storm Conditions 

This study focused on summer storms (June to August) because temperature issues are 

most critical during warm weather (Nelson and Palmer 2007). Observed data was used for 

calibration and validation of the model (Table 2), while synthetic design storms were used for 

scenario analysis to ensure more consistent inputs (Table 3). The design storms were developed 

from conditions which maximized temperature issues, based on a study deriving design storms 

from heat export potential by Herb, Mohseni, and Stefan (2007). Accordingly, short duration, 

summer evening storms were used as model inputs. The design storm was set on the day with the 

highest temperature within the observed data period. Preliminary testing determined that rainfall 

beginning at 18:00 produced the warmest runoff temperatures. Observed air temperature, relative 

humidity, wind speed, and cloud cover data were used for the design storms. Ideal solar radiation 

values were computed with the Cosine Law of Illumination using geographic elevation angle 

values (Gronbeck 2009; Honsberg and Bowden 2019). Design storm precipitation depths were 

computed with National Oceanic and Atmospheric Administration (NOAA) Atlas 14 point 

precipitation frequency estimates for Station 44-0765 (NOAA 2017) following the Natural 

Resources Conservation Service (NRCS) Type II Distribution (NRCS 1986). A range of return 

periods which would unlikely be bypassed by bioretention basins were analyzed because stream 

temperatures have been found to vary inversely with storm intensity (Jones and Hunt 2009).  
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Table 2. Characteristics of Observed Summer Storm Events Used for Model Calibration, 

Validation, and Sensitivity Analysis 

Storm Event 

Event 

Distribution 

(hr) 

Start 

Time 

(hh:mm) 

Duration 

(hr) 

Total 

Rainfall 

Depth (mm) 

Intensity 

(mm/hr) 

Air 

Temperature 

Right Before 

Storm (°C) 

June 6, 2017 1.25 13:00 1.25 21.8 17.44 23.72 

July 4, 2017 47.00 18:15 8.50 41.9 4.93 22.65 

July 27, 2017 34.25 13:15 7.00 28.7 4.1 26.33 

July 31, 2017 1.75 17:15 1.75 8.6 4.91 24.92 

August 7, 2017 19.25 4:30 6.25 25.4 4.06 17.65 

 

Table 3. Characteristics of Synthetic Design Storms Used for Scenario Modeling Analysis 

Storm 

Return 

Period, TR 

Date 

Start 

Time 

(hh:mm) 

Duration 

(hr) 

Total 

Rainfall 

Depth (mm) 

Intensity 

(mm/hr) 

Air Temp. 

Right Before 

Storm (°C) 

1-year July 22, 2017 18:00 1.00 25.7 25.7 31.12 

2-year July 22, 2017 18:00 1.00 31.2 31.2 31.12 

5-year July 22, 2017 18:00 1.00 39.6 39.6 31.12 

 

3.2.3 Data Sources 

Study watershed stormwater infrastructure information was taken from the Town of 

Blacksburg’s stormwater infrastructure Geographical Information System (GIS) database 

(Blacksburg 2019). Land cover, elevation, and soil survey data were from the Detailed Land Cover 

Database (DLCD) and aerial imagery, LiDAR survey data, and Soil Survey Geographic Data 

(SSURGO), respectively, all obtained from the Town of Blacksburg (Blacksburg 2019). Available 

design plans of developments and stormwater facilities from the Town of Blacksburg 

supplemented GIS data.  

 

Observed streamflow level, velocity, and temperature were obtained from the Town’s 

ISCO 2150 area-velocity sensor (Blacksburg 2017, unpublished data) located inside a 1.83 m (72”) 

concrete culvert at the watershed outlet. Streamflow rate was calculated with the continuity 

equation. Runoff was derived from streamflow using the constant baseflow method (McCuen 

2017), assuming baseflow as the average baseflow prior to the storm event. Precipitation, air 

temperature, wind speed, net solar radiation, and cloud cover datasets were required to run the 

model. While most meteorological datasets were from the StREAM Lab weather station (StREAM 



26 

 

Lab 2019), cloud cover was not measured at that site. Cloud cover data was obtained from local 

climatological data (LCD) at the Virginia Tech Airport NOAA station. Shenandoah rain gage 

precipitation data (Blacksburg 2018), maintained by Town of Blacksburg, was used because the 

gage was located inside the study watershed and recorded at smaller time intervals. Sensor details 

are listed in Table 4. See Figure 2 for sensor locations relative to the study site.  

 

 

Figure 2. Locations of Observed Data Sensors Relative to Study Watershed 
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Table 4. Descriptions and Uncertainties of Sensors Measuring Observed Data 
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3.2.4 Model Selection 

The Thermal Urban Runoff Model (TURM) (Roa-Espinosa et al. 2003; Thompson et al. 

2008) and Minnesota Urban Heat Export Tool (MINUHET) (Herb et al. 2010b) are two well-

known deterministic models which account for multiple land covers and explicitly consider 

infrastructure unique to urban watersheds. With more comprehensive inclusion of temperature and 

flow processes within storm sewer pipes and other infrastructure, including underground tanks, 

rock cribs, and ponds, MINUHET seemed more versatile than TURM. TURM does not model heat 

exchange in pipes (Roa-Espinosa et al. 2003), which is significant in systems with long and dense 

storm sewer networks (Sabouri et al. 2013), as is the case with this study. Therefore, MINUHET 

was selected to be used in this case study.  

 

MINUHET is a lumped model for event-based analysis. The model requires input of 

continuous storm meteorological data and outputs water temperature, discharge, and heat export 

profiles at 15 minute intervals (Herb et al. 2010a). Flow rate and temperature are calculated 

through flow and heat flux balancing within individual components of the model (Herb et al. 

2010a). Several case studies validated MINUHET performance for the individual model 

components (Herb et al. 2010b; Herb, Mohseni, and Stefan 2009) as well as for comprehensive 

modeling of various sized mixed-use watersheds and results were most accurate for small 

watersheds less than 0.1 km2 (Herb 2008; Janke et al. 2013; Ketabchy et al. 2018). Identified 

limitations of MINUHET include inaccurate modeling of long channel reaches through which 

surface-water thermal interactions are not considered (Herb et al. 2010a), no input for point source 

discharges (Ketabchy et al. 2018), and inflexible component property requirements (Herb et al. 

2010a).  

 

3.2.5 Model Creation 

A model based on existing conditions of the study watershed (Figure 3) was developed 

using MINUHET. The constructed model represented a skeletonized version of the watershed 

delineated into 130 subbasins based on major sewer network intersections, stormwater facility 

configurations, runoff temperature research, and in anticipation of retrofit implementation, 

Virginia bioretention filter design standards. BMP drainage area (DA) is limited to no more than 

10,117 m2 (2.5 ac) of impervious area (VA DEQ 2013). Also, smaller DAs tend to have greater 
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temperature mitigation potential (Jones and Hunt 2009). Since pipe length affects runoff cooling 

(Sabouri et al. 2013; Watson and Chang 2017), maximum network lengths were maintained in 

areas with highly linear drainage networks, such as along major roads. Inflow sources into ponds 

were kept distinct to allow mixing of inflow at the appropriate layers because pond stratification 

is thermally significant, since pond outflow temperature is dependent on a pond’s vertical 

temperature profiles (Herb, Mohseni, and Stefan 2009).  

 

Figure 3. Layout of Existing Condition Watershed 

 

While standard practice to use skeletonized hydrologic models, detailed and simplified 

model versions of the study watershed were compared to verify the validity of simplifying the 

runoff and temperature models of MINUHET. Very small differences between the model versions 

determined that use of the simplified watershed model was acceptable for this study. Also, in order 

to avoid modeling errors, the watershed model was divided into four separate submodels because 

the MINUHET routing program uses a maximum of 256 routing elements (Herb et al. 2010a). The 

submodels were then routed together. 
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 Pervious and impervious areas in each subbasin were determined with the DLCD. Subbasin 

land use was represented by the dominant land use of pervious and impervious areas. Initial values 

of connected impervious areas were estimated based on contiguous impervious areas’ observed 

locations relative to corresponding outlet points. Disconnected roofs were considered disconnected 

impervious areas, but in order to utilize roof heat transfer computations, connected roofs were 

represented by distinct impervious subbasins. Canopy shading percentages were estimated using 

the DLCD and aerial imagery. Vegetation density was assumed to be 90% for all pervious areas. 

Soil type was defined as the most abundant type in each subbasin, as determined by the SSURGO 

GIS layer. Initial soil moisture was not a significant input since an antecedent period was simulated 

before each storm event of concern, so the value was set at “normal,” representing moderate 

saturation conditions. For representative estimation, the runoff path lengths and slopes of 

subbasins made up of multiple catch basin DAs were defined by the averages of the respective 

properties of the smaller DAs. The maximum runoff path length for each DA was determined 

geometrically in GIS, defined as the longest path length of overland flow (both sheet and 

concentrated) in order to account for conductive heat transfer occurring along the path. Average 

slopes along runoff paths were estimated with elevation data.  

 

MINUHET assumes circular pipes. Pipe properties were obtained from the Town of 

Blacksburg infrastructure GIS. The average pipe burial depth was determined as the average buried 

depth of the upstream and downstream inverts. MINUHET assumes trapezoidal channels. Channel 

dimensions, roughness, slopes, and shading amounts were derived from GIS and aerial imagery 

data. Estimated translations of natural channel shape dimensions to trapezoidal dimensions were 

used where applicable. In channel segments with baseflow, groundwater inflow rates and 

temperature were estimated from observed streamflow data and adjusted during calibration. 

However, a minimum rate that could be entered restricted where baseflow was added. Lateral 

inflow of 0.001 m2/s over 2 m of open channel was assumed for modeling purposes, but in reality, 

approximately 0.002 m3/s was spread over about 180 m of open channel. Groundwater temperature 

was calibrated individually per storm event to match simulated base temperature profiles to 

observed data. For the synthetic storms, the observed average summer baseflow temperature of 

15.5°C was used. 
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SWM facilities were modeled with representative elements available in MINUHET. Pond 

elements modeled detention and retention ponds using bathymetry data based on elevation 

contours and design plan specifications. Outflows were defined via rating curves generated using 

the Storm QC program (Land Design Technologies 2019) from outlet structures based on design 

plan information. Infiltration rates were defined based on underlying soil types, with B soils and 

C soils having an average rate of 24 cm/day and 2 cm/day, respectively (NRCS 2009). 

Underground detention tanks were modeled based on design plan dimensions, storage, and outlet 

structures. Due to model limitations, bioretention filters were also modeled using the underground 

tank element, but with properties adjusted to represent bioretention filter properties. Outflows were 

defined by perforated underdrains, assumed as circular orifices, and overflow grates, assumed as 

sharp-crested weirs. The 3.2.9 Bioretention Filter Retrofit Design section elaborates on the 

modeling of bioretention filters. 

 

3.2.6 Calibration and Validation of Model 

The existing condition watershed model was calibrated with several observed summer 

2017 storm events for runoff discharge and stream temperature, as both properties are essential to 

thermal pollution analysis. The June 19, July 27, and August 7 storms were selected for calibration 

due to their differences in intensity and event time. Runoff was calibrated first by adjusting 

hydrologic properties. Then, thermal properties of asphalt were adjusted to calibrate stream 

temperature. Previous studies have determined that temperature results were most thermally 

impacted by the properties of asphalt (Janke et al. 2013; Ketabchy et al. 2018). After calibration, 

the model was validated with the remaining observed storms. As recommended for single event 

analysis, the Nash Sutcliffe Efficiency Coefficient (NSE) (Nash and Sutcliffe 1970), percent bias 

(PBIAS) (ASCE 1993; Moriasi et al. 2007), or percent error in volume for flow rate, and percent 

error in peak (PEP) (ASCE 1993) were used as goodness-of-fit metrics during the calibration and 

validation process. NSE values greater than 0.50 are considered satisfactory and values above 0.75 

indicate excellent fit (Moriasi et al. 2007). For flow, PBIAS and PEP values under ±10% 

demonstrate excellent fit, while values between ±10% and ±25% are still acceptable (Moriasi et 

al. 2007). These percentage error ranges are typically more lax for water quality properties 

(Moriasi et al. 2007), but temperature error values were also compared to the described ranges for 

a more conservative evaluation. 
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3.2.7 Sensitivity Analysis 

A sensitivity analysis was conducted for the hydrologic and thermal parameters adjusted 

during model calibration, meteorological input parameters, and bioretention filter properties to 

assess how much each parameter impacted model results. Rainfall amount was not analyzed 

because it was already known to be highly sensitive (Janke et al. 2013) and is considered an 

independent variable in this study. Parameters were varied ±10% and ±20%, except air 

temperature, which was varied ±1°C and ±2°C. Bioretention filter property variations were defined 

based on design characteristics. Both increases and decreases were analyzed because many 

parameters were calibrated to equilibrium points, suggesting that directionality may impact 

sensitivity. Relative sensitivity (Rs) was computed: 

𝑅𝑠 =
∆𝐹0

𝐹0

∆𝐹𝑖

𝐹𝑖
⁄ (2) 

where 𝐹0 is the original output parameter, ∆𝐹0 is change in output parameter, 𝐹𝑖 is the original 

input parameter, and ∆𝐹𝑖 is change in input parameter (McCuen 1973). A negative value indicates 

inverse correlation. The June 19 and July 27 storms used during calibration were again simulated 

for sensitivity analysis. Different storm intensities and distributions were considered in case such 

properties impacted sensitivity results.  

 

The output properties analyzed were runoff volume and maximum event temperature, 

which are straightforward indicators of how changes to the model affected temperature and runoff 

results. For the hydrologic, thermal, and meteorological parameters, outputs were evaluated at the 

watershed outlet. In contrast, the bioretention filter properties were analyzed locally at various 

retrofitted bioretention filters with a range of drainage area characteristics (Table 5). The same 

output properties were evaluated, but at the outlet of each bioretention filter discharge pipe. 

 

Table 5. Characteristics of Drainage Areas of Bioretention Filters Used in Sensitivity Analysis 

Bioretention Filter1 Drainage Area, DA (m2) Treatment Volume, Tv (m3) 

1-17 21,800 110 

1-31 1,010 11 

1-66 8,340 147 

1-81 9,710 198 

1-90 3,320 74 
1 Bioretention filter naming convention: [submodel #]-[% impervious cover] 
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3.2.8 Future Build Out Scenario 

A future build out scenario model was developed for the calibrated existing condition 

model. The altered areas are outlined in Figure 4. The three “designed” areas were based on design 

plans of new developments constructed after the time period the existing condition model was 

calibrated for. The “proposed” areas were identified as parcels with proposed land use changes in 

the future, and were redeveloped based on existing sites in Blacksburg with the same zoning as 

proposed and similar size. New SWM infrastructure was designed to tie-in to the existing 

infrastructure network. Relative to the existing condition model, the completed future build out 

model had an additional 1 km of pipes, 3 bioretention filters, and 1 underground detention facility. 

The proposed conditions resulted in a 93% developed watershed with 36% impervious area. 

 

Figure 4. Layout of Future Build Out Watershed 

 

3.2.9 Bioretention Filter Retrofit Design 

MINUHET does not have a bioretention filter element built in. The infiltration pond 

element could not be used because the element allows exfiltration. Instead, the underground tank 

element was substituted to represent bioretention filters because the underground tank is modeled 
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with heat transfer processes very similar to what occurs through filter media. Heat transfer is 

calculated based on the temperatures of water in the tank, of the rock or sediment, and of the 

surrounding soil, assuming good mixing inside the tank (Herb et al. 2010b): 

𝜕

𝜕𝑡
(𝑉𝑤𝑇𝑤) = 𝑇𝑖𝑛𝑄𝑖𝑛 − 𝑇𝑜𝑢𝑡𝑄𝑜𝑢𝑡 +

ℎ𝑟𝐴𝑟𝑤(𝑇𝑟 − 𝑇𝑤)

(𝜌𝑐𝑝)
𝑤

+
ℎ𝑠𝐴𝑤𝑠(𝑇𝑠 − 𝑇𝑤)

(𝜌𝑐𝑝)
𝑤

 (3𝑎) 

𝑉𝑟

𝜕𝑇𝑟

𝜕𝑡
=

ℎ𝑟𝐴𝑟𝑤(𝑇𝑤 − 𝑇𝑟)

(𝜌𝑐𝑝)
𝑟

+
ℎ𝑠𝜃𝐴𝑤(𝑇𝑠 − 𝑇𝑟)

(𝜌𝑐𝑝)
𝑟

 (3𝑏) 

where Vx is volume of x in tank (m3), Tx is temperature of x in tank (°C), Tin is inflow temperature 

(°C), Tout is outflow temperature (°C), Qin is inflow rate (m3/s), Qout is outflow rate (m3/s), hx is 

heat transfer coefficient of x (W/m2K), Arw is media particle surface area in contact with water 

(m2), Aws is wetted area at tank wall (m2), θ is volume fraction of media, Aw is tank wall area (m2), 

(ρcp)x is heat capacity of x (J/m3K), and t is time (hr), with x subscripts denoting w as water, r as 

media particle, and s as surrounding soil.  

 

Bioretention filter properties that demonstrated significant impact on flow volume and 

temperature under sensitivity analysis were further investigated to check that modeling 

bioretention filters using the underground tank element in MINUET was a valid method. Results 

confirmed that as filter media thickness increases, maximum temperature decreases, and the farther 

away the underdrain invert is to the bottom of the facility (more IWS), maximum temperature 

decreases. These results agree with existing findings indicating that the bioretention filter 

properties analyzed have thermal mitigation potential. Most properties remained constant for each 

retrofit, as listed in Table 6. The tank depth (diameter) accounted for the cumulative depths of the 

gravel and filter media layers, and represented the optimal media thickness. Particle diameter and 

fill fraction were calculated as the volume averaged media, and gravel particle size and fill volume 

computed from surface, media, and gravel storage and void ratios, respectively. Weighted averages 

of corresponding sand and loam values were calculated to determine media heat capacity and 

thermal diffusivity (Alnefaie and Abu-Hamdeh 2013; Farouki 1981). Outflow from the filter media 

component was controlled by a 0.142 m diameter orifice with an invert set at the facility bottom, 

not allowing water storage in the facility so that the BMP was modeled purely as a filter. Each 

facility released flow into the sewer network through a discharge pipe. Slope of each pipe was set 

at 0.0625 m/m to ensure adequate hydraulic head through the facility. Based on existing facilities 
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in the study watershed, the discharge pipe was assumed to be corrugated plastic, have a 0.305 m 

diameter, and have a length of 8 m. The maximum tank inflow rate was defined as the 5-year peak 

flow from the respective DA calculated with the NRCS flow peak method (NRCS 1986), to ensure 

no overflowing. Excess flow was bypassed to the downstream discharge pipe element, as many 

bioretention filters are constructed to do in order to reduce overflow issues (VA DEQ 2013). 

 

Table 6. Constant Properties of Bioretention Filter Retrofits 

Property Value Assumptions1 

Depth/Diameter 1.600 m Filter media: 1.219 m; 

Gravel: 0.381 m 

Initial/Bottom Elevation 670.560 m Assumed arbitrary value 

Fill Fraction 0.652 Void ratios: 

     Filter media: 0.25; 

     Gravel: 0.4 

Media Particle Diameter 0.003 m Filter media Davg: 0.325 mm 

     VDOT #57 stone D50: 12.7 mm (NRCS); 

     VDOT #78 stone D50: 9.5 mm (NRCS) 

Facility Exfiltration Rate 0 m3/s Clay lining below facility restricts exfiltration 

Surface Land Use Forest Vegetation with high canopy shading 

Media Heat Capacity 2.2x106 J/m3 °C 80% sand; 20% loam 

Media Thermal Diffusivity 1.5x10-6 m2/s 80% sand; 20% loam 
1 Assumptions from VA DEQ (2013) unless otherwise noted 

 

The tank length was varied for each retrofit based on the design storage required, which 

was determined following Virginia design guidelines by calculating the required treatment volume 

(Tv) (VA DCR 2013). Each tank length input into the model was calculated for a cylindrical tank 

retaining a storage volume equivalent to that of the prismatic bioretention filter represented. 

Increasing tank lengths increased the treatment capacity of the retrofit facilities. 

 

3.2.10 Scenario Analysis 

Model scenarios were simulated to evaluate impacts of retrofitting a watershed with 

bioretention filters on flow and temperature at the outlet. The metrics used to assess achievement 

of thermal mitigation goals were: the maximum event temperature (Tmax), the event mean 

temperature (EMT), and total heat export (H). These metrics assess short term thermal impacts of 

individual storm events. EMT is a flow averaged temperature (°C) (Wardynski et al. 2014): 
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𝐸𝑀𝑇 =  
∫ 𝑇𝑄𝑑𝑡

𝐷𝑖

0

∫ 𝑄𝑑𝑡
𝐷𝑖

0

 (4) 

where T is instantaneous flow temperature (°C), Q is instantaneous runoff rate (m3/s), and D is the 

storm event duration (s).  

 

Total heat export, H (J), is the integration of the instantaneous heat export, hexp (J/s), over 

the storm duration (Janke et al. 2009; Kieser et al. 2004; Long and Dymond 2013; Wardynski et 

al. 2014; Winston, Hunt, and Lord 2011): 

ℎ𝑒𝑥𝑝 =  𝜌𝑤𝐶𝑤𝑄(𝑇𝑜 − 𝑇𝑟𝑒𝑓) (5𝑎) 

𝐻 =  ∫ ℎ𝑒𝑥𝑝𝑑𝑡
𝐷

0

 (5𝑏) 

where 𝜌𝑤 is the density of water (kg/m3), 𝐶𝑤 is  the specific heat of water (J/kg°C), 𝑄 is 

instantaneous runoff rate (m3/s), 𝑇𝑜 is instantaneous flow temperature (°C), 𝑇𝑟𝑒𝑓 is the reference 

temperature (°C), D is the storm event duration (s), and t is time (s). A reference temperature of 

21°C was used so total heat export represents the thermal energy added to the stream by runoff 

above the acceptable standard. The EMT threshold was also defined at 21°C. The Tmax threshold 

was set at 24°C, the maximum survival temperature for rainbow trout (Brungs and Jones 1977), in 

order to make the goal more practical.  

 

The design storms (Table 3) were simulated for every scenario. First, the two control 

scenarios were simulated and compared: existing condition model and future build out model. 

Further analysis involved retrofitting the control scenarios with bioretention filters. The existing 

condition model was retrofitted with 80 bioretention filters (Figure 5) and the future build out 

condition model with 82 (Figure 6). Since it is acceptable to aggregate bioretention cells for 

modeling purposes (Elliott, Trowsdale, and Wadhwa 2009), each modeled subbasin was treated 

with one retrofit even though alternate physical configurations may be necessary in reality. A 

retrofit was added at the outlet of each subbasin with over 10% impervious area, as this is the 

accepted minimum threshold before significant stream ecological degradation occurs (Walsh et al. 

2005). Detention ponds with small drainage areas were replaced with bioretention filter retrofits 

in order to reduce runoff warming caused by flow impoundment. Drainage areas to existing 
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underground storage facilities or bioretention filters were not retrofitted because those BMPs 

already provide thermal mitigation (Long and Dymond 2013; Natarajan and Davis 2010). For the 

first iteration, the retrofits were designed to treat the computed Tv. In subsequent iterations, 

treatment volumes were incrementally increased by a percentage of the computed treatment 

volume (%Tv). 

 

 

Figure 5. Proposed Locations of Bioretention Filter Retrofits for Existing Conditions 
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Figure 6. Proposed Locations of Bioretention Filter Retrofits for Future Build Out Conditions 

 

When scenarios with retrofits were run, instability issues occurred where temperature 

calculations at certain tank elements experienced computational errors, preventing subsequent 

elements from routing. At least one instability issue occurred for every scenario iteration. One 

effective solution was adjusting maximum inflow values of the problematic tank elements until 

the instability was resolved. Sensitivity analysis had determined that maximum inflow was not a 

sensitive parameter, although the unstable elements seemed to have noticeable impacts on results. 

Although consistent adjustment of input parameters was attempted, maximum inflow values for 

problematic tank elements could not be kept constant among all iterations. However, values were 

maintained the same among all design storm simulations during each %Tv run.  

 

3.3 Results and Discussion 

3.3.1 Calibration and Validation 

The uncalibrated model resulted in flow rates that were too high. Effective impervious area 

has been proven to be a highly sensitive property in a previous case study (Janke et al. 2013) and 
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it varies based on storm intensity and duration.  This parameter was adjusted to decrease flow rate 

by decreasing the proportion of connected impervious area in each subbasin. Since the storm 

events used had small rainfall depths (less than 1-year return periods), it was logical that effective 

impervious areas were calibrated to be small for the majority of the watershed. Additionally, runoff 

surfaces were adjusted to be rougher and soil saturated hydraulic conductivity values were 

increased to promote greater infiltration. The potential presence of karst in the watershed likely 

explains the need to use hydraulic conductivity values above the accepted range to compensate for 

unaccounted underground flow losses. Finally, a fraction of disconnected roof areas were excluded 

from each subbasin with the observation that many single family houses in the area have 

downspouts connected to french drains.  

 

The flow related parameters also impacted temperature results. To finalize calibration of 

temperature, heat capacity and thermal diffusivity of asphalt were altered while maintaining the 

relationship among thermal diffusivity, heat capacity, and thermal conductivity (Bird, Stewart, and 

Lightfoot 2006): 

𝛼 =
𝑘

𝜌𝑐𝑝

(6) 

where α is thermal diffusivity (m2/s), k is thermal conductivity (W/mK), and ρcp is heat capacity 

(J/m3K). Pavement thickness also impacted runoff temperature and was decreased to account for 

the consideration of concrete sidewalks and miscellaneous paved areas included which are thinner 

than asphalt and its subgrade. Table 7 and Table 8 provide the final values of model parameters 

adjusted for the calibration of flow rate and temperature. 
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Table 7. Calibrated Values of Parameters Used to Calibrate Flow Rate and Accepted Ranges 

Parameter 
Parameter 

Characteristic 

Calibrated 

Value 
 

Accepted 

Range 
Source of Range 

Soil Saturated 

Hydraulic 

Conductivity 

(m/s) 

B soil 1.7x10-5 Above 

range 

4.0x10-6 – 

1.0x10-5 

(NRCS 2009) 

 

C soil 4.8x10-6 Above 

range 

4.0x10-7 – 

4.0x10-6 

(NRCS 2009) 

Manning’s n 

Roughness 

Grass 0.28 Above 

range 

0.10 – 0.25 (McCuen 2017) 

Brush 0.65 Above 

range 

0.15 – 0.35  

Forest 0.5 In range 0.1 – 0.5  

Asphalt 0.03 Above 

range 

0.01 – 

0.018 

 

% Initially 

Assumed 

Impervious 

Area 

Submodel 1 30%  -  

Submodel 2 30%  -  

Submodel 3 30%  -  

Submodel 4 100%  -  

Disconnected 

Roof Area 

Included 

- 40% of 

roof area 

 -  
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Table 8. Calibrated Values of Parameters Used to Calibrate Temperature and Accepted Ranges 

Parameter 
Parameter 

Characteristic 

Calibrated 

Value 
 

Accepted 

Range 
Source of Range 

Heat 

Capacity, 

ρcp (J/m3K) 

Asphalt 1.0x106 Under 

range 

1.8x106 – 

2.3x106 

(Hassn et al. 2016; 

Kavianipour and Beck 

1977) 

Thermal 

Diffusivity, 

α (m2/s) 

Asphalt 7.7x10-7 In range 4.4x10-7 – 

1.15x10-6 

(Kavianipour and Beck 

1977; Luca and 

Mrawira 2005) 

Thermal 

Conductivity, 

k (W/mK) 

Asphalt 0.77 Under 

range 

0.8 – 2.0 (FHWA 2019) 

Albedo Asphalt 0.10 In range 0.04 – 0.16 (FHWA 2019) 

Thickness 

(m) 

Asphalt 0.15 In range 0.05 m 

pavement;  

0.1-0.15 m 

variable 

subgrade  

(Hein et al. 2017) 

 

Goodness-of-fit results from calibration and validation are listed in Table 9. The validation 

simulations performed better than the calibration simulations in both discharge and temperature. 

Despite relatively low NSE values, the graphical fit of modeled results to observed results seem 

acceptable. Figure 7 provides selected simulation examples. In general, runoff hydrographs 

matched better than the thermographs. However, PBIAS and PEP values for temperature were 

consistently lower. During the events, all observed flow peaks were generated in the simulated 

hydrographs at similar peak times except for the August 7 storm (Figure 2b), where the last peak 

was missed entirely. The last peak likely occurred due to the upstream movement of the storm in 

the watershed, as no rainfall was recorded at that time. Precipitation occurred in the upstream part 

of the watershed later during the storm than the assumed uniform precipitation distribution 

modeled. This homogeneity assumption would be a significant source of error, especially for 

localized summer storms. 

 

The simulated overall diurnal temperature patterns matched the observed profiles well, 

indicating that antecedent meteorological conditions were well represented by the model. The 

more jagged profiles during these time periods, most visible in the July 27 and August 7 storms, 
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suggested strong sensitivity of MINUHET to one or more meteorological parameters such as solar 

radiation. Periods during rainfall were more volatile. While increases in temperature during rainfall 

were simulated around the observed time ranges, not all the fluctuations during that time were 

reflected. The modeled temperature peaks appear more as aggregated peaks of elevated 

temperatures. This may be a consequence of model simplification as more detailed modeling closer 

to the watershed outlet facilitates the simulation of nuanced output details (Janke et al. 2013). Also, 

the recession phase after each spike in temperature was significantly more abrupt in the simulated 

profiles than those observed. A possible explanation is that modeled elements lost heat to runoff 

quicker than actual conditions and did not retain enough energy to continue warming the water. 

This may have resulted from the lack of baseflow across the full downstream stretch of open 

channel. Moreover, Janke et al. (2013) noted that over prediction of flow rates from pervious areas 

resulted in under predicted temperatures, but that pattern was not consistently evident in the current 

results. This may be due to the storms having small rainfall depths, so runoff was mostly infiltrated 

through pervious areas. Furthermore, since stream temperature is impacted by runoff, error in 

runoff simulation also contributed to error in temperature simulation.  

 

Table 9. Calibration and Validation Goodness-of-fit Results for Runoff Flow Rates and 

Temperatures 

Storm Use1 
Runoff Flow Rate Temperature 

NSE PBIAS (%) PEP (%) NSE PBIAS (%) PEP (%) 

June 19 C 0.310 9.4 -13.2 0.691 -0.2 -7.0 to 13.6 

July 27 C 0.563 -27.6 -2.2 to 30.1 0.261 -0.1 12.1 

August 7 C 0.422 33.6 3.8 to 12.0 0.207 1.3 0.1 

July 4 V 0.503 -15.2 1.2 to 65.6 0.456 -0.9 0.1 to -12.5 

July 31 V 0.915 -21.6 7.5 0.595 1.1 2.9 
1 Abbreviations: C = calibration, V = validation 
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Figure 7. Discharge and Temperature Profiles of Select Calibration and Validation Simulations; 

Calibrated: (a) July 27, 2017 Storm, (b) August 7, 2017 Storm; Validated: (c) July 31, 2017 Storm 

 

Additional potential sources of error and uncertainty likely affected calibration results. 

Study watershed data may have been influenced by ongoing construction in the watershed, which 

led to short term changes reflected in the observed data that were not reflected in the data used to 

build the model. Sensor data also had uncertainties. Observed temperature data had a rather large 

(2°C) range of uncertainty, and most simulated values stayed within those upper and lower 

uncertainty bounds. Other error sources stemmed from model limitations. MINUHET is designed 

to model small scale watersheds and tends to be less accurate for larger watersheds (Ketabchy et 

al. 2018). There are errors from uniform subbasin property assumptions, which are inherent to a 

lumped model. Element assumptions such as trapezoidal channel cross sections and the lack of 

hydraulically relevant structural details affected flow. Also, bioretention filters were modeled with 

the underground tank element. Stability and simulation error issues arose that could only be 
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resolved by adjusting input values, which introduced deviations from observed data. All these 

sources of error likely reduced the fit between observed and modeled results. 

 

3.3.2 Sensitivity Analysis 

The runoff calibration parameters analyzed for sensitivity were soil saturated hydraulic 

conductivity, surface roughness, percent connected impervious area, and percent included 

disconnected roof area. Temperature calibration parameters analyzed included the heat capacity, 

thermal diffusivity, thickness, and albedo of asphalt. Sensitivity analysis was also performed on 

select meteorological parameters: solar radiation, wind speed, cloud cover, and air temperature. 

The most sensitive parameters for runoff volume, in descending order, were: connected impervious 

area, B soil saturated hydraulic conductivity, and C soil saturated hydraulic conductivity. Asphalt 

roughness and disconnected roof area were more sensitive for the concentrated, high intensity 

storm (Figure 8a) than for the multi-burst, low intensity storm (Figure 8b). Certain meteorological 

parameters such as solar radiation, temperature, and wind speed had small, but noticeable relative 

sensitivities for runoff volume. These parameters are factors in evaporation, which is likely the 

process causing the sensitivity.  

 

Air temperature was the most significant parameter impacting maximum stream 

temperature (Figure 8c,d). This agrees with previous MINUHET case studies which determined 

dew point temperature to be a highly sensitive parameter (Janke et al. 2013; Ketabchy et al. 2018) 

since air temperature is a factor of dew point temperature. Solar radiation, pavement thickness, 

and asphalt heat capacity were also sensitive parameters, although much less in comparison to air 

temperature (Figure 8c,d). Results emphasize the importance of having accurate air temperature 

and solar radiation measurements. Sensitivity analysis proved that certain flow parameters, 

including impervious area and soil hydraulic conductivity, also had significant impact on stream 

temperature, as observed during calibration.      
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Figure 8. Relative Sensitivities of Runoff Volume and Max. Temperature to Model Parameters; 

Runoff Volume: (a) June 19, 2017 Storm, (b) July 27, 2017 Storm;                                         

Max. Temp.: (c) June 19, 2017 Storm, (d) July 27, 2017 Storm 

 

Five bioretention filter facilities were used to conduct the sensitivity analysis of filter media 

thickness, particle size, heat capacity, thermal diffusivity, underdrain depth, and maximum inflow 

rate. Results are illustrated in Figure 9. Flow volume from the bioretention filters was most 

sensitive to media thickness and underdrain invert depth. These parameters were most sensitive 

for the bioretention filters with 31% and 66% impervious cover, and least for the more extreme 

impervious coverages. Media thickness showed a direct relationship to flow volume, but 

underdrain depth had an inverse relationship. Underdrain invert depth had minimal impact on 

maximum temperature. Filter media thickness was the most sensitive property for maximum 

temperature, followed by the media heat capacity. Both parameters are inversely related to 

maximum temperature, but as drainage area impervious coverage increased, media thickness got 

less sensitive, while heat capacity became more sensitive. Results suggested that media particle 
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size, thermal diffusivity, and maximum inflow rate have negligible impact on both flow volume 

and temperature. Field experiments are necessary to confirm these findings. 

 

 

Figure 9. Relative Sensitivities of Runoff Volume and Max. Temperature to Bioretention Filter 

Properties; Runoff Volume: (a) June 19, 2017 Storm, (b) July 27, 2017 Storm;                        

Max. Temp.: (c) June 19, 2017 Storm, (d) July 27, 2017 Storm 

 

3.3.3 Scenario Comparison 

Design storms were simulated for the two control scenarios (Table 10). Runoff volumes 

and peak discharges of the future build out scenario were larger for all return periods, typical for 

increased development. Interestingly, EMT and H values were generally lower for the future build 

out model, while Tmax values were similar for both control scenarios. These outcomes may be 

attributed to a relatively small difference in development between scenarios, as impervious cover 

only increased by about 2% of the watershed area. Pavement related temperature increases may 

have been offset by the larger proportion of storm pipes added, roughly 15% more in total length, 

attesting to the significance of runoff cooling through underground pipes. However, intensifying 
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piping of storm drainage networks is not a recommended thermal reduction practice because piping 

is associated with many symptoms of ecological degradation (Walsh et al. 2005). EMT decreased 

as return period increased, but Tmax did not follow a similar trend. The highest Tmax occurred during 

the 5-year storms. Both sets of watershed conditions yielded temperature metric values above the 

desired mitigation thresholds. 

 

Table 10. Summary of Control Scenario Runoff Characteristics and Temperature Metrics 

Scenario 

Condition 

Storm 

TR  

(yr) 

Runoff 

Volume 

(m3) 

Runoff Peak 

Discharge 

(m3/s) 

Max. 

Temp., Tmax 

(°C) 

Event Mean 

Temp., EMT 

(°C) 

Total Heat 

Export, H 

(MJ) 

Existing 

1 1017 0.191 29.7 26.3 18.3 

2 1845 0.402 29.3 24.6 31.1 

5 3847 0.887 30.1 22.3 29.4 

Future 

Build Out 

1 1420 0.366 29.7 24.3 22.4 

2 2254 0.646 29.2 22.9 23.2 

5 4392 1.296 30.1 21.5 19.2 

 

3.3.4 Retrofit Implementation Analysis 

Figure 10 and Figure 11 illustrate the impacts of implementing bioretention filter retrofits 

across the entire watershed. Retrofit analysis results were somewhat unexpected and must be 

interpreted with consideration of model limitations. Attempts to resolve model instability issues 

led to unusual variabilities in the data, evident in Figure 11. 
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Figure 10. Effects of Retrofit Analysis on Runoff Properties: (a) Volume, (b) Peak Discharge 

 

Figure 11. Effect of Retrofit Analysis on Temperature Metrics: (a) Max. Temperature, (b) Event 

Mean Temperature, (c) Total Heat Export 
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As expected, retrofits designed to treat 100% of Tv decreased runoff volumes and peaks for 

all scenarios and storms. The retrofits significantly lowered flow temperatures, confirming the 

effectiveness of bioretention filters to reduce thermal pollution, even without exfiltration. 

Maximum temperatures decreased by at least 5°C across all simulated conditions. Initial retrofit 

of the future build out model reduced Tmax values below the 24°C threshold during the 1-year and 

2-year storms. For most conditions however, initial 100%Tv retrofits were not enough to achieve 

thermal mitigation goals.  

 

In general, thermal mitigation effectiveness of the retrofits improved as increasing %Tv 

amounts were treated. Tmax of the future build out scenario was adequately mitigated for the 1-year 

storm by all treatment amounts studied, and for the 2-year storm by treatment less than 150%Tv. 

Tmax of the existing condition scenario was only sufficiently lowered for the 2-year storm by 

retrofits treating between 110% and 125% of Tv. In terms of EMT, larger TR storms produced lower 

values. No amount of treatment analyzed was adequate for meeting the EMT goal under existing 

watershed conditions. The future build out scenario under the 5-year storm produced EMT values 

less than 21°C with retrofits treating between 110% and 125% Tv. Total heat export proved difficult 

to mitigate. While increasing retrofit treatment decreased H values, the rate of H decrease decayed 

as %Tv increased. Thus, retrofitting either scenario did not prevent heat export from surpassing the 

allowed threshold set by the reference temperature of 21°C and continued increase of %Tv would 

likely be futile. As runoff is strongly related to heat export, complete removal of runoff discharge 

would be necessary to prevent heat export to the outlet. Based on scenario analysis results, 

mitigation goals seem unlikely to be met with additional retrofit treatment, if not already achieved. 

Predictions from previous studies that bioretention filters are not adequate thermal mitigation 

methods were confirmed. 

 

Results suggested that there is an equilibrium amount of treatment unique to each scenario, 

evidenced by the decline then increase in Tmax and EMT values over the increase of %Tv treated. 

The mechanics of equilibrium temperature are likely involved, where heat exchange is driven by 

temperature differentials (Edinger, Duttweiler, and Geyer 1968). After runoff temperatures 

equilibrated with filter media and surrounding ground temperatures, no more cooling in the BMPs 

occurred. Retained runoff would then be affected by heat from fresher runoff. 
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For the situations that were adequately mitigated for thermal pollution by retrofits designed 

for up to 125%Tv, implementation is feasible. In Virginia, higher level bioretention filter design 

standards for water quality require treatment of 125% Tv (VA DEQ 2013). Retrofits designed for 

treatment volumes greater than 125% Tv are less practical. As more facility surface area is needed 

for larger treatment volumes, construction becomes more challenging since buildable pervious 

areas are limited. Furthermore, more treatment is typically required in more impervious subbasins, 

which have less pervious land cover. The area requirements of bioretention filter 1-90 in Table 11 

are examples. 

 

Table 11. Required Bioretention Filter Surface Areas for Select Facilities 

Bioretention 

Filter1 

Total 

DA (m2) 

Pervious 

DA (m2) 

Facility Surface Area Required as % of Pervious DA 

(%) 

100% Tv 110% Tv 125% Tv 150% Tv 200% Tv 

1-90 3327 347 34.8 38.3 43.5 52.2 69.6 

1-81 9707 1892 17.2 18.9 21.5 25.8 34.4 

1-66 8352 2836 8.5 9.4 10.7 12.8 17.0 

1-17 21815 18185 1.0 1.1 1.2 1.5 2.0 
1 Bioretention filter label convention: [submodel #]-[% impervious area] 

 

 

3.4 Conclusions 

A MINUHET model of a 0.8 km2 watershed was developed to analyze thermal impacts of 

additional development and bioretention filter retrofits for a range of summer design storms. This 

study concluded that watershed-wide bioretention filter retrofits were able to significantly reduce 

temperature spikes resulting from storm runoff for both existing development and future build out 

conditions. In general, temperature metric values decreased as the amount of treatment volume the 

BMPS were designed for increased. However, the treatment method was unable to adequately 

reduce thermal impacts to acceptable metric thresholds under most storm conditions. The few 

scenarios under which mitigation goals were accomplished occurred within feasible treatment 

volume ranges. Scenarios for which thermal pollution could not be adequately mitigated under the 

analyzed %Tv amounts are unlikely to be mitigated via bioretention filters. Therefore, the 

bioretention filter is not considered an effective thermal mitigation method for preventing thermal 

degradation in streams.  
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Future work should analyze the effectiveness of other thermal mitigation practices at the 

watershed level, especially those which can actively remove large quantities of runoff, as well as 

methods which prolong the underground retention time of runoff. Runoff volume and peak 

decreases correlated with temperature decreases, so significant reduction of heat export would 

require hefty decreases in runoff volume. BMPs such as vegetated swales, rock cribs, or even 

underground detention facilities may be designed to have infiltrative capabilities and significant 

runoff storage, which would likely improve the BMPs’ thermal mitigation. Results demonstrated 

the potency of pipe flow cooling, so practices which bring runoff below ground might also be 

effective thermal mitigation methods. As differences in development were demonstrated to impact 

stream temperatures, the effects of various development patterns and corresponding storm sewer 

networks should also be investigated. Development configurations that balance the thermal 

benefits of having reduced and disconnected impervious areas with the efficiencies of dense 

development may be valuable. Furthermore, more case studies at the watershed scale need to be 

done so that watershed characteristics can be analyzed for their impacts on the performance of 

thermal mitigation methods. In order to conduct high quality simulated experiments, the 

limitations of existing runoff temperature models must be addressed. With better understanding of 

how to implement valid methods, solutions that can successfully reduce thermal pollution below 

accepted thresholds may be developed to help restore stream health. 

 

4 Conclusion 

4.1 Implications 

A runoff temperature model developed from existing conditions of a mid-sized watershed 

in Southwest Virginia was successfully calibrated and validated using MINUHET. Sensitivity 

analysis on model parameters revealed how influential each parameter was on simulated runoff 

volumes and maximum temperatures. Finally, bioretention basin retrofits were added to the models 

representing existing and future build out conditions in order to analyze the retrofits’ thermal 

pollution reduction potentials. Results from this study confirmed the predictions of previous 

studies that runoff thermal pollution cannot be completely lowered down to goal threshold levels, 

even though implementation of the retrofits significantly decreased runoff temperatures and heat 

exports relative to the control scenarios. Scenarios during which temperature metrics did not reach 
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target thresholds may never be successfully mitigated without significant runoff volume 

reductions, which bioretention filters cannot provide. Therefore, temperature mitigation practices 

which actively reduce runoff may be better methods.  

 

The results from this study shed light on the difficulty of restoring thermally damaged 

aquatic ecosystems, especially those with strict temperature thresholds such as trout streams. 

Thermal pollution from runoff is a comprehensive issue dependent on weather, energy fluxes, and 

flow patterns. With the many factors involved, it is reasonable that the issue has not been proven 

simple to resolve, even with a combination of several thermal mitigation practices, as attempted 

by Ketabchy et al. (2019). Furthermore, with the increasing intensity of climate change, 

stormwater management as a thermal mitigation method may simply never be adequate to prevent 

stream temperature increases. Nonetheless, more studies on alternative mitigation methods are 

needed. 

 

4.2 Future Work 

Before further research into other thermal mitigation methods can continue, existing 

models should be improved or better models need to be developed. A runoff temperature model 

should be able to accurately account for the main types of infrastructure found in an urban 

watershed such as pipes, detention and retention ponds, open channels, and both pervious and 

impervious land surfaces. A model would also need the ability to model streamflow, as 

measurement of thermal impacts in a stream is beneficial, where mixing of different flow sources 

can provide more a realistic assessment (Wardynski et al. 2014). 

 

  In terms of MINUHET specifically, it is recommended that the limitations revealed in this 

study be addressed before application to other similar case studies. For many of the calibrated 

parameters, values outside of accepted ranges were necessary in order to have acceptable 

goodness-of-fit, suggesting that the model had difficulty accounting for some of the study 

watershed’s characteristics. Due to the tedious manual data entry process, which increased the 

potential for data entry errors, and the numerous model simulation issues encountered, MINUHET 

was challenging to work with during this study. Undesired data adjustments had to be made to 

enable successful simulations, which likely impacted some of the results.  Also, MINUHET does 
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not have an element representing filtration devices such as bioretention filters and has been less 

accurate for larger watershed applications. These existing issues need to be resolved in future 

model versions.  

 

Future work should evaluate the performance of other thermal mitigation methods at the 

watershed scale and determine whether those methods would be more successful at adequately 

reducing thermal pollution to acceptable levels. In particular, methods which can actively remove 

large volumes of runoff should be investigated, as runoff volume and peak decreases correspond 

with temperature decreases. Runoff reduction can be achieved through infiltration and storage, 

which BMPs such as vegetated swales, rock cribs, infiltrative bioretention basins, and underground 

detention facilities have the ability to do. Underground detention facilities can provide additional 

runoff cooling through pipe conduction mechanisms, and are not restricted by pervious area space 

availability. 

 

Aside from SCMs, development patterns should also be analyzed for their effects on stream 

temperature. Results from this study indicated that different degrees of development and associated 

storm sewer network configurations influenced stream temperatures, enough to impact whether or 

not mitigation goals were met. Surprisingly, mitigation was more successful for the scenario with 

more development. This outcome should be further examined. One approach involves conducting 

more thermal mitigation case studies at the watershed level. Such case studies could then be 

compared to analyze how various watershed characteristics may impact the effectiveness of the 

thermal mitigation methods implemented. Perhaps one method would be more successful in a 

particular scenario than another.  

 

BMPs are implemented as methods of managing stormwater quantity and quality with the 

goal to reduce environmental degradation of downstream waters caused by development. Since 

water temperature is a critical factor of ecological stream health, stormwater management should 

address thermal pollution as well. Therefore, with better understanding of how watersheds respond 

to mitigation methods thermally, holistic stormwater management solutions can be developed to 

help achieve the ultimate goal of preserving downstream aquatic ecosystems. 
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Appendices 

Appendix A – MINUHET Model Details 

A.1 Input Data 

Table A1. Existing Condition Scenario Bioretention Filter Information 

Bioretention 

Filter 

DA 

(m2) 

Tv 

(m3) 

Length 

(m) 

Equivalent SA 

(m2) 

1-10 19732 113 161 185 

1-17 21815 110 158 181 

1-23 29045 203 291 333 

1-24a 6563 57 82 94 

1-24b 4970 44 64 73 

1-27 28213 282 403 462 

1-28 6285 58 83 95 

1-31 1005 11 16 18 

1-33 27088 306 437 502 

1-37a 16091 189 271 311 

1-37b 10197 112 160 184 

1-40 5579 69 98 113 

1-42 5385 68 98 112 

1-45 2122 28 40 45 

1-48 10165 141 201 231 

1-49 8594 122 174 200 

1-50 1452 9 13 15 

1-53 1106 17 24 27 

1-54 12574 187 268 307 

1-58 8586 138 197 226 

1-59a 5257 84 120 137 

1-59b 654 11 15 18 

1-60 5976 99 141 162 

1-62 1210 20 29 33 

1-66 8352 147 211 242 

1-68a 5239 94 135 155 

1-68b 4514 81 116 133 

1-72 597 11 16 18 

1-78a 4489 89 128 147 

1-78b 2047 41 58 67 

1-81 9707 198 283 325 

1-83 5920 124 177 203 

1-90 3327 74 105 121 

1-100 1006 24 35 40 

2-20 3710 31 44 50 

2-23 1727 13 18 21 
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2-32a 8500 87 125 143 

2-32b 8866 97 139 159 

2-32c 2931 30 42 49 

2-33 5531 54 77 88 

2-36 5682 68 97 111 

2-41a 10782 124 177 203 

2-41b 6927 87 124 143 

2-42 6798 79 114 130 

2-52 10638 158 226 259 

2-53 8983 126 180 207 

2-56 775 12 18 20 

2-57a 8083 130 185 212 

2-57b 5522 87 125 143 

2-60 4400 72 104 119 

2-61 9670 161 230 264 

2-62 5436 88 126 144 

2-63 1362 23 33 38 

2-65 5929 103 147 168 

2-67 5145 91 130 149 

2-68 2510 45 65 75 

3-30 7490 69 99 114 

3-56 5769 90 128 147 

3-68 5120 92 131 151 

4-10a 11600 61 87 100 

4-10b 19022 92 132 151 

4-11 11419 65 93 107 

4-12a 7908 59 84 96 

4-14 3852 25 36 41 

4-16 22281 160 229 262 

4-18a 3457 25 35 41 

4-18b 9366 76 109 125 

4-20 5554 39 55 63 

4-27 8281 82 117 134 

4-28 13403 130 185 213 

4-30 20208 200 286 328 

4-32a 13401 140 200 229 

4-32b 10530 112 160 183 

4-34 18713 207 295 339 

4-37 4001 49 70 81 

4-38a 18584 223 319 366 

4-38b 9849 123 176 202 

4-40 9140 113 162 186 

4-41 3547 45 64 74 

4-43 8247 111 159 182 
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4-46 5732 76 109 125 

4-56 5059 80 114 131 

4-61 3722 62 89 102 

4-64 2756 48 68 78 

4-68 2637 47 67 77 

4-69 2185 40 57 65 

4-90 4164 93 133 152 

 

 

Table A2. Future Build Out Scenario Bioretention Filter Information 

Bioretention 

Filter 

DA 

(m2) 

Tv 

(m3) 

Input Length 

(m) 

Equivalent SA 

(m2) 

1-10 16617 88 126 145 

1-19 6471 51 73 84 

1-23 21711 169 241 277 

1-24 4970 44 64 73 

1-28 6285 58 83 95 

1-36 16201 187 267 307 

1-37 10473 121 173 199 

1-40a 5579 69 98 113 

1-40c 4369 54 77 88 

1-42 5385 68 98 112 

1-44 14064 187 268 307 

1-48 10165 141 201 231 

1-49 8594 122 174 200 

1-50a 1452 9 13 15 

1-50b 624 9 13 15 

1-54a 12574 187 268 307 

1-54b 7642 116 166 191 

1-56 11937 187 268 307 

1-57 11688 186 265 304 

1-58 8586 138 197 226 

1-59a 5257 84 120 137 

1-59b 654 11 15 18 

1-60 5976 99 141 162 

1-62 1210 20 29 33 

1-66 8352 147 211 242 

1-67 8305 147 210 242 

1-68a 5239 94 135 155 

1-68b 4514 81 116 133 

1-69a 8804 159 228 262 

1-69b 3997 72 103 119 

1-69c 1487 27 38 44 
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1-72 597 113 161 185 

1-78a 4489 89 128 147 

1-78b 2047 41 58 67 

1-81 9707 198 283 325 

1-83 5920 124 177 203 

1-90 3327 74 105 121 

1-100 1006 24 35 40 

2-20 3710 31 44 50 

2-23a 1727 13 18 21 

2-23b 7834 73 105 120 

2-32a 8500 87 125 143 

2-32b 2931 30 42 49 

2-33 5531 54 77 88 

2-36 5682 68 97 111 

2-41a 10782 124 177 203 

2-41b 6927 87 124 143 

2-42 6798 79 114 130 

2-51 5243 76 109 125 

2-53 8983 126 180 207 

2-56 775 12 18 20 

2-57a 8083 130 185 212 

2-57b 5522 87 125 143 

2-60 4400 72 104 119 

2-61 9670 161 230 264 

2-62 5436 88 126 144 

2-63 1362 23 33 38 

2-66 5544 97 138 158 

2-67 5145 91 130 149 

2-68 2510 45 65 75 

3-30 7490 69 99 114 

3-56 5769 90 128 147 

3-68 5120 92 131 151 

4-10a 19022 92 132 151 

4-10b 9836 51 73 83 

4-11 11419 65 93 107 

4-14 3852 25 36 41 

4-16 22103 161 231 265 

4-18a 3457 25 35 41 

4-18b 9366 76 109 125 

4-20a 5554 39 55 63 

4-20b 14200 123 177 203 

4-27 8281 82 117 134 

4-28 13403 130 185 213 

4-30 20208 200 286 328 
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4-32a 13401 140 200 229 

4-32b 10530 112 160 183 

4-34 18713 207 295 339 

4-37 4001 49 70 81 

4-38a 18584 223 319 366 

4-38b 9849 123 176 202 

4-40 9140 113 162 186 

4-41 3547 45 65 74 

4-43 8247 111 159 182 

4-46 5732 76 109 125 

4-56 5059 80 114 131 

4-61 3722 62 89 102 

4-64 2756 48 68 78 

4-68 2637 47 67 77 

4-69 2185 40 57 65 

4-90 4164 93 133 153 

 

A.2 Model Simplification 

Detailed and simplified model versions of the study watershed were compared to verify the 

validity of simplifying the runoff and temperature models of MINUHET. Two storm events, a 

concentrated, high intensity storm (June 19, 2017) and a multi-burst, low intensity storm (July 27, 

2017), were simulated to highlight any differences in results caused by varying storm 

characteristics, but the varied storm characteristics did not result in obvious differences between 

each model version’s performances. Small sections of the full model with various defining 

characteristics were investigated, as summarized in Table A3.  Table A4 lists the comparison 

results evaluated with the Nash Sutcliffe Efficiency Coefficient (NSE) (Nash and Sutcliffe 1970), 

percent bias (PBIAS) (ASCE 1993; Moriasi et al. 2007), or percent error in volume for flow rate, 

and percent error in peak (PEP) (ASCE 1993). Most sections analyzed produced well matching 

flow rate and temperature results (NSE>0.8, PBIAS and PEP <±10%). In general, model 

simplification effected temperature outputs more than flow rate outputs. Simplification of the full 

watershed model resulted in very small differences between the detailed and simplified model 

(NSE>0.99). Temperature PBIAS and peak errors of the full model flow rate were all less than or 

equal to ±1.0%. However, volume and peak errors for flow rate were more substantial. Overall 

consideration of the comparison results determined that use of the simplified watershed model was 

acceptable for this study. 
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Table A3. Summary of Notable Characteristics of Individual Model Sections Analyzed to Verify 

Model Simplification 

Model 

Section 

Defining 

Characteristics 

Subbasin 

Simplification 

Pipe 

Simplification 

(m) 

Number of 

SWM 

Facilities 

Land Use 

1 Most simplified 

section; drains to 

detention pond 

9 to 2 8 to 3 1 Low density 

residential (single 

family homes) 

2 Very dense 

development; 

bioretention filters; 

significant 

simplification of 

small subbasins 

67 to 11 36 to 14 4 High density 

residential (multi-

resident units) 

3 Highly impervious 

roadway; long, 

linear subbasin areas 

and pipes 

17 to 3 16 to 7 0 Roadway 

4 Both pipe and open 

channel flowpaths; 

drains to detention 

pond 

8 to 5 4 to 4 1 Medium density 

residential 

(townhomes) 

5 Open channel 

network; lots of 

pervious area 

36 to 19 49 to 40 2 Riparian area and 

open space; some 

low density 

residential 

 

 

 

Table A4. Goodness-of-fit Comparison between Detailed and Simplified Models and Sections 

Output 

Property 

Model 

Section 

NSE PBIAS (%) Median PEP (%) 

June 19 

Storm 

July 27 

Storm 

June 19 

Storm 

July 27 

Storm 

June 19 

Storm 

July 27 

Storm 

Runoff  

Flow Rate 

Full Model 0.993 0.998 6.3 0.6 10.4 -1.0 

1 0.935 0.997 17.8 -1.8 26.3 -5.5 

2 0.995 0.974 -6.3 -12.3 -6.5 -12.0 

3 1.000 1.000 0.2 0.1 -0.3 3.8 

4 0.901 0.966 -3.6 -9.0 0.6 -13.6 

5 0.886 0.928 -6.7 -2.9 15.9 9.7 

Temperature Full Model 0.996 0.998 0.0 0.0 0.9 -0.4 

1 0.600 0.934 -0.6 -0.7 -1.7 -2.8 

2 0.820 0.906 -0.5 0.2 0.1 -0.6 

3 0.905 0.986 -0.4 -0.4 -0.6 -0.5 

4 0.970 0.956 0.0 -0.1 -1.2 0.5 

5 0.995 0.999 0.0 0.0 0.0 0.0 
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A.3 Submodel Routing 

The watershed was divided into submodels. Division of the submodels were restricted by 

program requirements. An upstream submodel must directly flow into the immediately 

downstream model in order to be connected. So the submodels were divided based on inflow and 

outflow through the two retention ponds intersecting the main channel of the watershed’s storm 

sewer network. Each pond had to serve as a submodel outlet in order to properly run the pond 

program DOS shell. 

 

To obtain output results at the point of interest, the watershed outlet, the 4 submodels were 

routed together with stand-alone DOS shells of MINUHET’s routing and pond programs in the 

following steps, as illustrated in Figure A1: 

1. Run Submodel 1, Submodel 2, Submodel 3, and Submodel 4 

2. Add Submodel 1 output results to Submodel 2 

3. Run Pond Program at Retention Pond 1 

4. Run Routing Program at Weir between Retention Pond 1 and Retention Pond 2 

5. Add routed output results to Submodel 3 

6. Run Pond Program at Retention Pond 2 

7. Add routed output results to Submodel 4 

8. Run Routing Program at Watershed Outlet 

 

 
Figure A1. Schematic of the Process Used to Route Submodels Together to Obtain Output at the 

Watershed Outlet Point 
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A.4 Simulation Instabilities of Bioretention Filter Facilities  

Table A5. Inconsistent Input Values of Max. Qin Adjusted for Iterations to Resolve Instability of 

Bioretention Filters which Experienced Issues 

Model Facility 
Max. Qin Values Input (m3/s) 

100% Tv 110% Tv 125% Tv 150% Tv 200% Tv 

Existing 

Condition 

1-60 0.028 0.028 0.028 0.02 0.028 

1-83 0.055 0.055 0.055 0.05 0.055 

2-32b 0.010 0.010 0.010 0.004 0.010 

2-52 0.029 0.029 0.035 0.035 0.035 

2-65 0.032 0.032 0.032 0.035 0.032 

4-10b 0.010 0.010 0.010 0.010 0.015 

4-27 0.021 0.021 0.021 0.021 0.03 

4-28 0.030 0.03 0.03 0.035 0.03 

4-32a 0.015 0.015 0.015 0.016 0.015 

4-32b 0.030 0.03 0.03 0.035 0.03 

4-34 0.018 0.022 0.022 0.022 0.022 

4-38b 0.020 0.03 0.058 0.06 0.058 

4-40 0.028 0.028 0.028 0.028 0.029 

4-43 0.045 0.045 0.045 0.055 0.045 

4-46 0.012 0.012 0.012 0.012 0.02 

4-48 0.040 0.040 0.040 0.035 0.040 

4-90 0.041 0.041 0.041 0.041 0.055 

Future Build 

Out 

1-37 0.013 0.013 0.013 0.005 0.013 

1-48 0.026 1.026 2.026 0.030 2.026 

1-54a 0.075 0.025 0.025 0.025 0.025 

1-60 0.028 0.028 0.028 0.020 0.028 

1-83 0.055 0.055 0.055 0.050 0.055 

2-41a 0.020 0.020 0.020 0.010 0.020 

2-51 0.080 0.080 0.080 0.080 0.035 

2-66 0.027 0.027 0.027 0.029 0.027 

4-10a 0.010 0.010 0.010 0.010 0.015 

4-27 0.021 0.021 0.021 0.021 0.030 

4-28 0.030 1.030 2.030 0.035 2.030 

4-32a 0.011 0.013 0.011 0.010 0.011 

4-32b 0.030 0.030 0.030 0.035 0.030 

4-34 0.018 0.022 0.022 0.022 0.022 

4-38b 0.020 0.030 0.040 0.060 0.058 

4-40 0.028 0.028 0.028 0.028 0.029 

4-43 0.045 0.045 0.045 0.055 0.045 

4-46 0.012 0.012 0.012 0.012 0.020 

4-90 0.041 0.041 0.041 0.041 0.060 
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Appendix B – Calibration and Validation Results 

B.1 Calibration and Validation Figures Not Included in Research Paper 

 
Figure A2. Discharge and Temperature Profile of Calibrated June 19, 2017 Storm 

 

 
Figure A3. Discharge and Temperature Profile of Validated July 4, 2017 Storm 
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B.2 Additional Storms Simulated by Model 

Table A6. Goodness-of-fit Results for Runoff Flow Rates and Temperatures of Additional  

Storms Simulated 

Storm 
Runoff Flow Rate Temperature 

NSE PBIAS (%) PEP (%) NSE PBIAS (%) PEP (%) 

June 4, 2017 0.349 -23.2 -13.2 0.308 -2.0 0.3 to -6.97 

July 24, 2017 0.060 -160.4 -0.7 0.521 1.1 2.8 to 3.9 

Aug. 4, 2017 -0.880 -97.2 -18.6 0.524 1.1 -2.7 to 22.8 

Aug. 13, 2017 0.175 -33.0 24.0 0.701 0.5 0.6 to -1.3 

 

 
Figure A4. Discharge and Temperature Profile of June 4, 2017 Storm 
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Figure A5. Discharge and Temperature Profile of July 24, 2017 Storm 

 

 
Figure A6. Discharge and Temperature Profile of August 4, 2017 Storm 
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Figure A7. Discharge and Temperature Profile of August 13, 2017 Storm 
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Appendix C – Supplemental Results 

 
Figure A8. Comparison of Runoff Hydrographs and Thermographs between Existing Condition 

and Future Development Control Scenarios for Design Storms 
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Table A7. Numerical Results from Simulations of %TV Iterations 

Storm 

TR 
Scenario Iteration 

RO Volume 

(m3) 

RO Qpeak 

(m3/s) 
Tmax (°C) EMT(°C) H (MJ) 

1-yr Existing 

Dev. 

Control 1017 0.191 29.7 26.3 18.3  
100% Tv 914 0.160 24.1 23.0 7.47  
110% Tv 921 0.162 24.6 23.1 7.55  
125% Tv 908 0.158 24.4 22.9 6.72  
150% Tv 859 0.157 24.4 22.8 5.79  
100% Tv 838 0.151 24.1 22.4 4.31 

1-yr Future 

Dev. 

Control 1420 0.366 29.7 24.3 22.4  
100% Tv 1208 0.293 23.1 22.4 7.36  
110% Tv 1217 0.304 22.9 22.3 6.57  
125% Tv 1166 0.294 23.1 22.4 6.68  
150% Tv 1155 0.296 23.1 22.3 6.20  
100% Tv 1134 0.295 23.7 22.8 4.75 

2-yr Existing 

Dev. 

Control 1845 0.402 29.3 24.6 31.1  
100% Tv 1542 0.338 24.2 22.9 12.5  
110% Tv 1389 0.330 24.0 22.8 10.9  
125% Tv 1382 0.315 24.0 22.7 9.87  
150% Tv 1519 0.315 24.2 22.4 8.65   
100% Tv 1497 0.340 24.4 22.0 6.24 

2-yr Future 

Dev. 

Control 2254 0.646 29.2 22.9 23.2  
100% Tv 2013 0.561 23.9 21.6 6.72  
110% Tv 2035 0.570 23.8 21.5 5.44  
125% Tv 1994 0.542 23.8 21.7 6.88  
150% Tv 1983 0.523 24.2 21.3 3.42  
100% Tv 1948 0.505 24.4 21.3 2.82 

5-yr Existing 

Dev. 

Control 3847 0.887 30.1 22.3 29.4  
100% Tv 3496 0.765 24.7 21.3 9.76  
110% Tv 3497 0.765 24.7 21.3 8.85  
125% Tv 3494 0.755 24.5 21.2 7.09  
150% Tv 3450 0.736 24.6 21.3 7.92  
100% Tv 3328 0.698 25.0 21.3 7.69 

5-yr Future 

Dev. 

Control 4392 1.296 30.1 21.5 19.2  
100% Tv 4051 1.128 24.6 21.1 8.02  
110% Tv 4169 1.146 24.6 21.0 5.40  
125% Tv 4072 1.108 24.5 21.0 3.43  
150% Tv 3959 1.093 24.7 21.4 9.94  
100% Tv 3948 1.044 25.0 21.1 4.63 
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Figure A9. Simulated Thermographs of Existing Condition Scenario for %Tv Iterations for      

(a) 1-year TR, (b) 2-year TR, and (c) 5-year TR 

 

 
Figure A10. Simulated Thermographs of Future Development Scenario for %Tv Iterations for 

(a) 1-year TR, (b) 2-year TR, and (c) 5-year TR 
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Appendix D – Design Storm Input Files 

Table A8. Partial Sample of Design Storm Meteorological Data Input for 1-year Storm, Starting 

24 Hours before Storm (Rainfall Depth Varies for other Return Periods) 

Time 
Air Temp. 

(°C) 

RH 

(%) 

Solar Radiation 

(W/m2) 

Wind Speed 

(m/s) 

Rainfal

l (cm) 

Cloud Cover 

Fraction 

7/21/2017 18:00 30.06 55.74 305.06 1.96 0 0.45 

7/21/2017 18:15 29.69 57.735 257.08 1.60 0 0.45 

7/21/2017 18:30 29.32 59.73 208.46 1.24 0 0.45 

7/21/2017 18:45 29.26 60.795 159.32 0.62 0 0.225 

7/21/2017 19:00 29.2 61.86 109.78 0.00 0 0 

7/21/2017 19:15 27.835 68.665 59.96 0.18 0 0 

7/21/2017 19:30 26.47 75.47 10.00 0.36 0 0 

7/21/2017 19:45 25.395 78.635 0 0.76 0 0 

7/21/2017 20:00 24.32 81.8 0 1.16 0 0 

7/21/2017 20:15 23.985 82.35 0 1.24 0 0 

7/21/2017 20:30 23.65 82.9 0 1.32 0 0 

7/21/2017 20:45 22.86 86.6 0 0.84 0 0 

7/21/2017 21:00 22.07 90.3 0 0.36 0 0 

7/21/2017 21:15 21.615 92.3 0 0.18 0 0 

7/21/2017 21:30 21.16 94.3 0 0.00 0 0 

7/21/2017 21:45 21.025 95.05 0 0.22 0 0 

7/21/2017 22:00 20.89 95.8 0 0.44 0 0 

7/21/2017 22:15 20.39 96.95 0 0.22 0 0 

7/21/2017 22:30 19.89 98.1 0 0.00 0 0 

7/21/2017 22:45 19.685 98.65 0 0.00 0 0 

7/21/2017 23:00 19.48 99.2 0 0.00 0 0 

7/21/2017 23:15 19.39 99.6 0 0.26 0 0 

7/21/2017 23:30 19.3 100 0 0.52 0 0 

7/21/2017 23:45 19.1 100 0 0.26 0 0 

7/22/2017 0:00 18.9 100 0 0.00 0 0 

7/22/2017 0:15 18.93 100 0 0.46 0 0 

7/22/2017 0:30 18.96 100 0 0.92 0 0 

7/22/2017 0:45 18.58 100 0 0.46 0 0 

7/22/2017 1:00 18.2 100 0 0.00 0 0 

7/22/2017 1:15 18.345 100 0 0.00 0 0 

7/22/2017 1:30 18.49 100 0 0.00 0 0 

7/22/2017 1:45 18.23 100 0 0.00 0 0 

7/22/2017 2:00 17.97 100 0 0.00 0 0 

7/22/2017 2:15 18.15 100 0 0.00 0 0 

7/22/2017 2:30 18.33 100 0 0.00 0 0 

7/22/2017 2:45 18.165 100 0 0.00 0 0 

7/22/2017 3:00 18 100 0 0.00 0 0 

7/22/2017 3:15 17.88 100 0 0.00 0 0 

7/22/2017 3:30 17.76 100 0 0.00 0 0 
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7/22/2017 3:45 17.6 100 0 0.00 0 0 

7/22/2017 4:00 17.44 100 0 0.00 0 0 

7/22/2017 4:15 17.405 100 0 0.00 0 0 

7/22/2017 4:30 17.37 100 0 0.00 0 0 

7/22/2017 4:45 17.335 100 0 0.00 0 0 

7/22/2017 5:00 17.3 100 0 0.00 0 0 

7/22/2017 5:15 17.045 100 0 0.00 0 0 

7/22/2017 5:30 16.79 100 20.00 0.00 0 0 

7/22/2017 5:45 17.025 100 69.94 0.00 0 0 

7/22/2017 6:00 17.26 100 119.71 0.00 0 0 

7/22/2017 6:15 17.985 100 169.18 0.00 0 0 

7/22/2017 6:30 18.71 100 218.23 0.00 0 0 

7/22/2017 6:45 19.52 100 266.73 0.30 0 0 

7/22/2017 7:00 20.33 100 314.57 0.60 0 0 

7/22/2017 7:15 21.155 100 361.62 0.30 0 0 

7/22/2017 7:30 21.98 100 407.76 0.00 0 0 

7/22/2017 7:45 23.28 94.4 452.89 0.26 0 0 

7/22/2017 8:00 24.58 88.8 496.88 0.52 0 0 

7/22/2017 8:15 25.005 86.7 548.02 0.56 0 0 

7/22/2017 8:30 25.43 84.6 589.14 0.60 0 0 

7/22/2017 8:45 26.035 82.65 628.79 1.24 0 0 

7/22/2017 9:00 26.64 80.7 666.87 1.88 0 0 

7/22/2017 9:15 27.115 78.655 703.28 1.16 0 0 

7/22/2017 9:30 27.59 76.61 744.64 0.44 0 0 

7/22/2017 9:45 28.155 74.585 777.07 0.80 0 0 

7/22/2017 10:00 28.72 72.56 807.56 1.16 0 0 

7/22/2017 10:15 28.97 70.195 836.03 1.80 0 0 

7/22/2017 10:30 29.22 67.83 857.30 2.44 0 0 

7/22/2017 10:45 29.71 65.67 881.96 2.56 0 0 

7/22/2017 11:00 30.2 63.51 900.10 2.68 0 0 

7/22/2017 11:15 30.57 60.655 916.80 2.12 0 0 

7/22/2017 11:30 30.94 57.8 932.04 1.56 0 0 

7/22/2017 11:45 30.955 60.53 942.49 1.56 0 0 

7/22/2017 12:00 30.97 63.26 948.98 1.56 0 0 

7/22/2017 12:15 30.755 61.84 955.10 1.84 0 0 

7/22/2017 12:30 30.54 60.42 955.10 2.12 0 0 

7/22/2017 12:45 28.64 69.995 955.10 2.04 0 0.225 

7/22/2017 13:00 26.74 79.57 948.98 1.96 0 0.45 

7/22/2017 13:15 28.79 72.875 939.10 2.12 0 0.725 

7/22/2017 13:30 30.84 66.18 928.37 2.28 0 0.8 

7/22/2017 13:45 31.55 61.36 912.76 2.36 0 0.8 

7/22/2017 14:00 32.26 56.54 895.70 2.44 0 0.8 

7/22/2017 14:15 32.335 54.25 877.20 2.92 0 0.8 

7/22/2017 14:30 32.41 51.96 852.11 3.40 0 0.8 
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7/22/2017 14:45 32.66 51.38 824.89 3.00 0 0.8 

7/22/2017 15:00 32.91 50.8 795.60 2.60 0 0.8 

7/22/2017 15:15 33.02 49.26 764.33 2.20 0 0.8 

7/22/2017 15:30 33.13 47.72 731.15 1.80 0 0.8 

7/22/2017 15:45 32.985 47.72 696.14 1.96 0 0.8 

7/22/2017 16:00 32.84 47.72 659.38 2.12 0 1 

7/22/2017 16:15 32.595 50.675 620.99 1.28 0 1 

7/22/2017 16:30 32.35 53.63 572.87 0.44 0 1 

7/22/2017 16:45 32.525 51.22 531.19 2.04 0 1 

7/22/2017 17:00 32.7 48.81 488.18 3.64 0 1 

7/22/2017 17:15 32.18 52.58 443.95 2.20 0 1 

7/22/2017 17:30 31.66 56.35 398.61 0.76 0 1 

7/22/2017 17:45 31.39 55.965 352.27 1.36 0 1 

7/22/2017 18:00 31.12 55.58 295.52 1.96 0 1 

7/22/2017 18:15 31.075 55.73 247.40 1.88 0.34 1 

7/22/2017 18:30 31.03 55.88 198.67 1.80 1.34 1 

7/22/2017 18:45 30.655 55.935 149.44 1.80 0.69 1 

7/22/2017 19:00 30.28 55.99 99.83 1.80 0.20 1 

7/22/2017 19:15 29.72 57.925 59.96 1.16 0 1 

7/22/2017 19:30 29.16 59.86 10.00 0.52 0 1 

7/22/2017 19:45 28.515 65.545 0 0.96 0 1 

7/22/2017 20:00 27.87 71.23 0 1.40 0 1 

7/22/2017 20:15 27.505 72.59 0 0.70 0 1 

7/22/2017 20:30 27.14 73.95 0 0.00 0 1 

7/22/2017 20:45 27.445 71.53 0 0.22 0 1 

7/22/2017 21:00 27.75 69.11 0 0.44 0 0.9 

7/22/2017 21:15 27.5 70.815 0 0.68 0 0.8 

7/22/2017 21:30 27.25 72.52 0 0.92 0 0.45 

7/22/2017 21:45 26.955 73.515 0 1.04 0 0.225 

7/22/2017 22:00 26.66 74.51 0 1.16 0 0 

7/22/2017 22:15 26.28 75.885 0 1.08 0 0.45 

7/22/2017 22:30 25.9 77.26 0 1.00 0 0.45 

7/22/2017 22:45 25.7 78 0 1.08 0 0.45 

7/22/2017 23:00 25.5 78.74 0 1.16 0 0.45 

7/22/2017 23:15 24.705 82.17 0 1.00 0 0.45 

7/22/2017 23:30 23.91 85.6 0 0.84 0 0.45 

7/22/2017 23:45 23.42 88 0 0.42 0 0.45 

7/23/2017 0:00 22.93 90.4 0 0.00 0 0.45 

7/23/2017 0:15 23.93 85.9 0 0.30 0 0.45 

7/23/2017 0:30 24.93 81.4 0 0.60 0 0.45 

7/23/2017 0:45 24.825 82 0 0.52 0 0.225 

7/23/2017 1:00 24.72 82.6 0 0.44 0 0 

7/23/2017 1:15 24.37 84.2 0 0.22 0 0 

7/23/2017 1:30 24.02 85.8 0 0.00 0 0 
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7/23/2017 1:45 23.835 86.85 0 0.18 0 0 

7/23/2017 2:00 23.65 87.9 0 0.36 0 0 

7/23/2017 2:15 23.765 87.55 0 0.52 0 0 

7/23/2017 2:30 23.88 87.2 0 0.68 0 0 

7/23/2017 2:45 24.32 85.55 0 0.88 0 0 

7/23/2017 3:00 24.76 83.9 0 1.08 0 0 

7/23/2017 3:15 24.505 84.95 0 0.72 0 0 

7/23/2017 3:30 24.25 86 0 0.36 0 0 

7/23/2017 3:45 24.115 86.45 0 0.18 0 0 

7/23/2017 4:00 23.98 86.9 0 0.00 0 0 

7/23/2017 4:15 23.845 87.65 0 0.30 0 0 

7/23/2017 4:30 23.71 88.4 0 0.60 0 0 

7/23/2017 4:45 23.485 89.6 0 0.76 0 0 

7/23/2017 5:00 23.26 90.8 0 0.92 0 0 

7/23/2017 5:15 24.205 85.5 0 3.12 0 0.45 

7/23/2017 5:30 25.15 80.2 20.00 5.32 0 0.8 

7/23/2017 5:45 24.97 80.55 69.94 3.52 0 0.9 

7/23/2017 6:00 24.79 80.9 119.71 1.72 0 1 

7/23/2017 6:15 24.415 80.5 159.32 2.68 0 0.8 

7/23/2017 6:30 24.04 80.1 208.46 3.64 0 0.45 

7/23/2017 6:45 23.445 79.875 257.08 3.84 0 0.625 

7/23/2017 7:00 22.85 79.65 314.57 4.04 0 0.8 

7/23/2017 7:15 22.835 79.235 361.62 3.36 0 1 

7/23/2017 7:30 22.82 78.82 407.76 2.68 0 1 

7/23/2017 7:45 23.005 80.16 452.89 2.04 0 0.725 

7/23/2017 8:00 23.19 81.5 496.88 1.40 0 0.45 

7/23/2017 8:15 23.24 80.135 539.63 2.84 0 0 

7/23/2017 8:30 23.29 78.77 589.14 4.28 0 0 

7/23/2017 8:45 23.59 78.03 628.79 2.88 0 0.225 

7/23/2017 9:00 23.89 77.29 666.87 1.48 0 0.45 

7/23/2017 9:15 24.145 76.935 703.28 1.28 0 0.45 

7/23/2017 9:30 24.4 76.58 737.93 1.08 0 0 

7/23/2017 9:45 24.98 73.99 770.74 1.04 0 0 

7/23/2017 10:00 25.56 71.4 801.62 1.00 0 0 

7/23/2017 10:15 25.79 69.285 830.50 1.72 0 0 

7/23/2017 10:30 26.02 67.17 857.30 2.44 0 0 

7/23/2017 10:45 26.535 67.91 881.96 2.48 0 0 

7/23/2017 11:00 27.05 68.65 900.10 2.52 0 0 

7/23/2017 11:15 27.935 63.62 916.80 3.24 0 0 

7/23/2017 11:30 28.82 58.59 932.04 3.96 0 0 

7/23/2017 11:45 29.805 58.405 942.49 2.76 0 0 

7/23/2017 12:00 30.79 58.22 948.98 1.56 0 0 

7/23/2017 12:15 30.265 55.89 952.09 1.60 0 0.45 

7/23/2017 12:30 29.74 53.56 955.10 1.64 0 0.45 
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7/23/2017 12:45 29.71 53.7 952.09 2.16 0 0.225 

7/23/2017 13:00 29.68 53.84 948.98 2.68 0 0 

7/23/2017 13:15 29.69 53.315 939.10 3.04 0 0.45 

7/23/2017 13:30 29.7 52.79 928.37 3.40 0 0.45 

7/23/2017 13:45 29.69 51.855 912.76 3.56 0 0.45 

7/23/2017 14:00 29.68 50.92 895.70 3.72 0 0.45 

7/23/2017 14:15 29.59 51.57 872.36 2.88 0 0.45 

7/23/2017 14:30 29.5 52.22 852.11 2.04 0 0.45 

7/23/2017 14:45 29.4 52.655 824.89 1.80 0 0.225 

7/23/2017 15:00 29.3 53.09 795.60 1.56 0 0 

7/23/2017 15:15 29.3 52.445 764.33 2.00 0 0.45 

7/23/2017 15:30 29.3 51.8 731.15 2.44 0 0.45 

7/23/2017 15:45 28.84 53.585 696.14 2.44 0 0.225 

7/23/2017 16:00 28.38 55.37 659.38 2.44 0 0 

7/23/2017 16:15 28.43 55.425 613.12 2.36 0 0 

7/23/2017 16:30 28.48 55.48 572.87 2.28 0 0 

7/23/2017 16:45 28.155 56.8 531.19 1.60 0 0 

7/23/2017 17:00 27.83 58.12 488.18 0.92 0 0 

7/23/2017 17:15 28.34 55.095 443.95 1.36 0 0 

7/23/2017 17:30 28.85 52.07 389.42 1.80 0 0 

7/23/2017 17:45 28.925 50.84 342.90 1.36 0 0 

7/23/2017 18:00 29 49.61 295.52 0.92 0 0 

7/23/2017 18:15 28.395 50.875 247.40 0.46 0 0 

7/23/2017 18:30 27.79 52.14 198.67 0.00 0 0.45 

7/23/2017 18:45 26.705 61.15 149.44 0.00 0 0.725 

7/23/2017 19:00 25.62 70.16 99.83 0.00 0 1 

7/23/2017 19:15 25.23 72.23 49.98 0.22 0 1 

7/23/2017 19:30 24.84 74.3 10.00 0.44 0 1 

7/23/2017 19:45 24.375 76.6 0 0.22 0 1 

7/23/2017 20:00 23.91 78.9 0 0.00 0 1 

7/23/2017 20:15 23.56 81.2 0 0.00 0 1 

7/23/2017 20:30 23.21 83.5 0 0.00 0 1 

7/23/2017 20:45 22.45 85.45 0 0.22 0 0.9 

7/23/2017 21:00 21.69 87.4 0 0.44 0 0.8 

7/23/2017 21:15 21.87 87.2 0 0.52 0 0.8 

7/23/2017 21:30 22.05 87 0 0.60 0 1 

7/23/2017 21:45 23.405 80.935 0 1.88 0 0.9 

7/23/2017 22:00 24.76 74.87 0 3.16 0 0.8 

7/23/2017 22:15 24.455 78.535 0 3.08 0 1 

7/23/2017 22:30 24.15 82.2 0 3.00 0 1 

7/23/2017 22:45 23.14 89.6 0 1.50 0 1 

7/23/2017 23:00 22.13 97 0 0.00 0 1 

7/23/2017 23:15 21.44 98 0 2.30 0 1 

7/23/2017 23:30 20.75 99 0 4.60 0 1 
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7/23/2017 23:45 20.17 99.5 0 2.72 0 1 

7/24/2017 0:00 19.59 100 0 0.84 0 1 

 


