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ABSTRACT 
 

The population of Denver, Colorado is expected to nearly double by 2050, raising concerns of 

local and regional decision makers regarding water supply and water quality. Urban redevelopment 

trends in the Denver metro area have been focusing on higher density development and infrastructure 

that support increased populations, typical of many cities undergoing similar changes. These 

redevelopment trends, referred to as infill redevelopment, typically include reducing the pervious lawn 

space and increasing impervious surface with building coverage. Urban redevelopment distinctly 

increases stormwater runoff quantity, but little work has been conducted on quantifying the effects on 

stormwater runoff quality. The focus of this project is to correlate water quality effects to urban 

redevelopment in order to aid data driven decision-making by local planners. 

In collaboration with the City of Denver, this study has been monitoring stormwater quality at 

three sites in a neighborhood of northwestern Denver that is undergoing rapid urban and commercial 

redevelopment. Each site is representative of a different stage of redevelopment, providing a 

redevelopment gradient. Stormwater sampling was conducted over 18 months:  the first period started in 

May 2018 and continued through August 2019. A total of 15 wet-weather events were sampled and 

results indicate that phosphorous, total nitrogen, total dissolved solids, total recoverable copper and zinc 

concentrations are predominantly higher than previously reported values, which are currently used by 

local stormwater managers for water quality planning. While our goal to understand infill development 

impacts on water quality could not be realized, we did show that neighborhood scale sampling is likely to 

produce significantly different results than city-wide EMC averages. The City of Denver aims to use this 

locally collected data to inform new regulations associated with urban redevelopment, and potentially in 

the design of distributed green infrastructure or a regional stormwater treatment facility on City Parks and 

Recreation land near the study area. It is believed that locally focused stormwater monitoring can provide 

useful information for decision-making related to green infrastructure and water quality planning. 
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CHAPTER 1: INTRODUCTION AND RESEARCH QUESTIONS 

1.1 Project Background 

The Berkeley Neighborhood is located in northeast Denver, CO, Figure 1. This area has 

historically been a middle-income area with mostly single-family residential homes. As the population 

increases, there have been increased redevelopment of traditional single-family lots into higher square 

footage multi-family units, condominiums, and slot homes (Hamm, 2019). This redevelopment has mainly 

occurred in the areas surrounding Tennyson Street, a hotbed of retail shops, bars, and restaurants. 

Patterns of redevelopment in Berkeley follow similar trends that have reshaped the nearby Highlands 

neighborhood (Simpson, 2019). 

 
Figure 1.1 Berkeley Neighborhood location 

From a hydrologic perspective, increased urban redevelopment or infill redevelopment tends to 

increase impervious coverage. Developers attempt to maximize residential square-footage in order to 

increase real estate value (Figure 1.2). This impervious coverage increase has the side effect of 

increasing the quantity of stormwater runoff due to less area available for soil infiltration. This effect is well 

characterized in the Berkeley neighborhood due to undersized stormwater infrastructure (Panos et al. 

2018).  
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A significant amount of work has been conducted on assessing the effects of increased 

impervious coverage on water quantity (e.g., Brabec et al. 2002; Hatt et al. 2004) but little has been 

published assessing the effects on water quality. Studies have shown that increased impervious coverage 

increases stormwater volume and sediment loads, which results in more stream bank erosion and loss of 

riparian habit. Furthermore, impervious surfaces prevent infiltration into the subsurface and inhibits 

natural pollutant processing in soils (Arnold & Gibbons, 1996).  The purpose of this project is to conduct 

wet-weather urban stormwater sampling in the Berkeley neighborhood and attempt to correlate water 

quality parameters with increases in infill redevelopment.  

The data collected in this project are intended for use by local stormwater managers to drive 

decision-making regarding modifications to stormwater control policy and guide their implementation in 

residential areas. Historically, urban drainage infrastructure has been designed to cheaply and effectively 

transport the largest amount of water away from urban areas in the shortest amount of time in order to 

reduce flooding and damage to buildings and city infrastructure (Ellis & Hvitved-Jacobsen, 1996). 

Modifications to federal non-point source pollution permits and Municipal Separate Stormwater Sewer 

System (MS4) regulations have increased the requirement for municipalities to control surface water 

quality using institutional methods and infrastructure. The most proven method of improving water quality 

is using properly designed best management practices (BMPs) that can passively treat stormwater prior 

to entering a water body. However, best-practices are typically not informed by actual water quality data, 

although there is widespread belief among engineers and stormwater program managers that data-driven 

decisions regarding stormwater green infrastructure will result in improved performance and will enable 

better justification for any new regulations intended to improve the quality of stormwater runoff that 

reaches urban waterways.  This project intends to provide data that can assist stormwater managers in 

designing BMPs and guide institutional improvements to water quality.    

Figure 1.2 Redevelopment increasing impervious coverage. Photo on the left is pre-redevelopment in 
2014 and the photo on the right is post-redevelopment in 2017. Image: Google Earth. 
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Data-driven decision-making requires spatially and temporally relevant data for the site under 

investigation. The relevancy of the urban stormwater data may diminish over time due to changing land 

use, changes in development trends, climate change, or changing stormwater management practices. 

These are all attributes that effect the water quality conditions in a given stormwater basin. Thus, 

managers may often only have access to older data sets that do not reflect current runoff or water quality 

conditions, which could skew the decision-making process and divert the technical focus from the most 

relevant issues. Therefore, a major goal of this project is to determine how useful a current site-specific 

urban sampling program is to stormwater managers and engineers, relative to historic data. In addition, 

the project will collect data at the scale of redevelopment, which typically occurs in Denver at the 

“neighborhood” scale, as neighborhoods become desirable for redevelopment. Typically, managers have 

access to city-wide data, which includes conditions that may not be highly relevant to the specific 

neighborhood undergoing redevelopment. To maximize the applicability and implementation feasibility of 

the research, stormwater managers and engineers at the City and County of Denver have provided 

extensive input during the development of this project.   

To meet this project’s objectives, three sampling locations in the Berkeley Neighborhood of 

Denver were used to monitor stormwater during wet weather events and during dry weather conditions. 

Stormwater samples collected during runoff events were then analyzed for various constituents including: 

nutrients, metals, fecal indicator bacteria (FIB), total suspended solids (TSS), and organic carbon. 

Automated sampling was used to assess contaminant concentrations changing over the course of a 

runoff event and composite samples provided neighborhood-scale (or local-scale) event mean 

concentrations (EMC’s). A suite of statistical methods was used to compare data collected in the Berkeley 

neighborhood to previously reported EMC values relevant to the entire city of Denver. The overall goal 

was to assess changes in water quality and local-scale EMCs due to infill redevelopment. 

1.2 Research Questions 

 The primary research questions for this project include the following: 

• Can the effect of increasing infill redevelopment on urban stormwater be quantified through 

sampling and comparison with established city-wide EMCs? 

• Is the Berkeley neighborhood contributing contaminants in exceedance of CDPHE in-stream 

water quality standards? 

• Can urban stormwater quality data provide useful information for stormwater managers and aid in 

data-driven decision making?  

1.3 Chapter Outline 

 Chapter One will introduce the background of the project. Chapter Two includes a relevant 

literature review of urban stormwater research. Chapter Three discusses the methods used to complete 

this project. Chapter Four presents the data collected and statistical analysis results. Chapter Five 

includes a discussion of these results. Chapter Six focuses on the main conclusions drawn from the 

collected data.  
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CHAPTER 2: LITERATURE REVIEW 

 A thorough literature review provided a background of the previous work conducted in the field of 

urban stormwater quality. Previous relevant work in urban stormwater sampling, established sampling 

strategies, typical water quality trends, stormwater nutrients and metals, and recent findings related to 

infill redevelopment and water quality are presented in this section.  

2.1 Urban Runoff Sampling 

Water quality monitoring has traditionally been conducted for research, analysis, or planning 

objectives. The most significant driver of monitoring has been regulatory pressure through various 

amendments to the Clean Water Act. In 1972, congress passed legislation that established the National 

Pollutant Discharge Elimination System (NPDES), which made point discharge sources to surface 

waterways illegal without a formal permit (USEPA 1991). While NPDES established a system to prevent 

industrial wastewater and municipal sewage from entering surface waters, non-point sources such as 

urban runoff were still not regulated.  

The EPA’s National Urban Runoff Program (NURP), which ran from 1978-83, was the first 

federally funded project to investigate urban runoff quality (USEPA 1983). This program gave regulatory 

and practical relevance to stormwater quality monitoring. Results from this project indicated significant 

contributions of metals, organic contaminants such as petroleum products, fertilizers and herbicides, and 

suspended sediments to surface waters. Follow up reports, such as the bi-annual National Water Quality 

Inventory (USEPA 1992b), as well as increasing public awareness of water quality issues spurred even 

more legislation to control urban runoff. The Water Quality Act of 1987 established a phased method to 

control the discharge of certain pollutants from municipal stormwater systems. This act mandated a 

permitting process, under the existing NPDES, that would apply to municipal separate stormwater sewer 

systems (MS4) in cities with populations of over 100,000 people (Phase I) or over 250,000 people (Phase 

II) (USEPA 1992a). The MS4 permitting system established a methodology to improve water quality 

sampling programs and included requirements on antecedent dry weather conditions (72-hours) and 

rainfall duration and depth limitations, which are discussed below.   

The MS4 permitting process has greatly increased water quality sampling programs in urban 

areas. Water quality characterization of urban runoff is a permit requirement for qualifying contributions of 

contaminants to surface water bodies from metropolitan areas. The NURP program established sampling 

procedures that would ensure municipalities would meet NPDES permitting requirements for water quality 

characterization (USGS, 1998). The focus of NPDES permit sampling is to collect enough representative 

data to pinpoint which urban basins require water quality control measures or institutional controls. Dry 

weather sampling must be conducted to determine if any illicit discharges are entering the stormwater 

system. Wet-weather sampling is also required to determine surface water loading of certain 

contaminants.  
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The NPDES permit requirements for water quality data stipulates what is determined to be a 

“representative” storm event for wet-weather monitoring. The permit stipulates that wet-weather 

monitoring should be conducted (USEPA 1991): 

• When a storm event occurs after 72-hours of antecedent dry weather conditions 

• When total rainfall depth exceeds 0.1-inches 

• When the storm event is within 50 percent of the median rainfall volume and duration for 

the region (i.e. a representative storm is within 50% of the median rainfall volume and 

duration for the region) 

These criteria have been used for planning and permitting sampling and  have been followed in 

many urban runoff studies (USGS et al. 1998). Monitoring procedures typically include planning sampling 

events around storm events that will produce a representative runoff response. Monitoring personnel 

typically include municipal employees or contracted workers, who initiate automatic sampling units or 

collect grab samples, depending on the selected method. A more through discussion of typical sampling 

strategies follows.  

Objective sampling programs are performed when attempting to verify or calibrate contaminant 

transport models. Research objective sampling may also be performed to construct or calibrate 

mathematical models but is often conducted in an attempt to understand the processes of contaminant 

buildup and wash-off, as well as determining the sources of particular contaminants (Malmqvis 1986). 

The objectives of sampling determine most attributes of the sampling plan, including how many samples 

are collected, what sample method is used (i.e. grab, time-weighted, flow-weighted), which contaminants 

are to be analyzed, and the overall cost and required effort. It is therefore of the utmost importance to 

determine the objectives and purpose of a sampling regimen prior to establishing procedures.  

2.2 Established Sampling Strategies 

Determining the sampling plan is strongly dependent on the project goals. Cost and personnel 

requirements are the most common restrictions to comprehensive runoff characterization (USEPA 1991, 

1992a). A proper sampling plan should account for labor and budgetary constraints and determine the 

least amount of effort required to collect an adequate amount of water quality data. Because of the need 

for rapid deployment, stormwater runoff sampling can be highly personnel intensive and costly. The most 

flexible yet important variable in the sampling plan is the frequency and duration of storm sampling. The 

majority of sampling programs aim to estimate contaminant loads to surface waters, typically using event 

mean concentrations (EMC) (USGS et al. 1998). These values are storm volume-weighted averages that 

characterize contaminant concentrations based on contaminant concentrations and stormwater flowrate. 

EMC values are highly site-specific and reflect drainage area characteristics such as imperviousness and 

land use. Urban runoff concentrations may vary by multiple orders of magnitude during a storm, making 

weighted-average values beneficial to ensure accuracy (Sansalone & Buchberger 1997b).    

Typical sampling strategies can be broken down into a few categories: grab sampling, flow-

weighted sampling, time-weighted sampling, and simple random sampling. A grab sample is the 
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collection of a single composite sample during a rain event. Simple random sampling involves collecting 

grab samples at irregular intervals. Flow-weighted sampling involves collecting samples at regular 

intervals and weighting the sample value based on the flow volume for the specific sampling interval. 

Time-weighted sampling involves collecting samples at set time durations. Grab and simple random 

sampling are typically labor intensive but require limited specialized equipment. Flow and time-interval 

sampling are typically conducted with automatic samplers with connections to flow meters and/or 

precipitation gauges which trigger the sampling events during storms and are considered more accurate 

methods of determining EMC values (McCarthy et al. 2018).  

A significant amount of work has been completed to determine the most efficient methods for 

runoff characterization (Driver and Tasker 1990; Leecaster et al. 2002; McCarthy et al. 2018). Previous 

work has shown a significant amount of uncertainty associated with each sampling method, with up to 

31% uncertainty for simple measurements such as TSS (Huang et al. 2010). Natural variability in 

precipitation, contaminant dispersal, storm frequency and intensity, impervious coverage, and many other 

factors vary drastically between urban areas, making correlations between effective monitoring 

techniques difficult (Leecaster et al. 2002). While there is no accepted standard method to determine 

EMC values, previous research provides insight into the level of effort required to minimize uncertainty.  

Leecaster et al. (2002) determined that flow-weighted sampling provided the least amount of 

uncertainty compared to grab sampling and time-weighted sampling. This paper also concluded that 

sampling seven storm events yielded satisfactory confidence intervals in estimates of EMCs when 12 or 

more samples are collected per event. The use of flow-weighted sampling has been confirmed by 

additional studies (Harmel et al. 2006; H. Lee et al. 2007; USEPA 1983). McCarthy et al. (2018) showed 

that simple random sampling of one sample per event was sufficient to determine EMCs for TSS and TN 

for the most common storm conditions but additional sampling is suggested for arid areas or regions that 

receive inconsistent rainfall. This paper suggests that the number of events to be sampled to determine 

EMCs was contaminant dependent, with TSS requiring the largest number of events and nutrients the 

least. In order to achieve acceptable confidence intervals (>90% for EMC values) an average of 11-27 

storm events may be required, depending on the contaminant.  

Regardless of which sampling method is utilized, the raising limb of the hydrograph must be 

sampled to capture the first flush effect. Certain areas, especially areas that receive intermittent 

precipitation such as Denver, have notable build-up of contaminants, especially metals and oils mainly 

from automotive wear and building material degradation. During rain events these contaminants often 

occur at higher concentrations in the initial stages of runoff (Lee & Bang 2000; Sansalone & Buchberger 

1997b). Failure to capture the first flush will likely result in EMC values that are not representative of the 

storm event. This is a major drawback to single point random sampling and grab sampling where 

contaminant concentrations are dependent on the timing of collection (H. Lee et al. 2007).  

Sampling microbiological constituents provides insight into enteric diseases associated with 

recreating in surface waterways that receive stormwater runoff or when using urban runoff as an 
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alternative water source for irrigation. It has been reported that fecal indicator bacteria (FIB) and E. coli 

are associated with fine particulates and that sampling in stormwater systems with moderate turbulence 

should provide representative samples for microbial analysis (Davies & Bavor 2000). McCarthy et al. 

(2008) investigated common sources of uncertainty in sampling E. coli and found typical uncertainty 

values of between 10-52% for estimates of EMC values, with an average combined uncertainty of 33%. 

Considerable emphasis has traditionally been placed on the timing of sampling collection for microbial 

analysis. McCarthy et al. (2008) determined minimal trends between E. coli values and the amount of 

hours between sample collection and analysis up to 24 hours. Consistent with other reports on 

uncertainty, EMC values will have less associated uncertainty when more events are sampled and 

analyzed.  

Additional uncertainties in stormwater sampling include flow measurement uncertainties, 

representative location issues, laboratory and experimental uncertainties, and storage and transportation 

uncertainties (Huang et al. 2010). Flow measurement uncertainty, mainly an issue during low flow 

conditions, can be mitigated with frequent calibration according to the manufacturer’s specifications for 

each flow measurement unit. Huang et al. (2010) showed that the placement of the suction line for an 

automatic sampler could alter EMC values for TSS by 21-40%. Huang et al. (2010) also showed an 

increase in COD EMC values when storage time was increased from two to six hours. Following best 

operating procedures for each specific analysis method can mitigate sample storage and transportation 

uncertainty.  

To reduce uncertainty in a stormwater quality-monitoring program, the best strategy is to capture 

all possible wet-weather events for the period of interest using flow-weighted composite sampling (if 

resources permit). Best operating procedures for laboratory analysis methods should guide sample 

container cleaning methods, storage and transport protocols, and sterilizing sampling equipment. Even 

with proper standard operating procedures, a certain amount of unquantified uncertainty exists for any 

stormwater-monitoring program. Table 2.1 shows typical average uncertainty values that can be expected 

from a properly designed stormwater sampling program.  

 

Table 2.1 Typical uncertainty in analyzing stormwater for selected contaminants (Harmel et al. 2006) 

 Flowrate NO3-N NH4-N Total N Diss. P Total P TSS 
Typical 

Uncertainty 
10% 17% 31% 29% 23% 30% 18% 

 

2.3 Reported Trends in Stormwater Quality 

As mentioned previously, the National Urban Runoff Program (NURP) was the first 

comprehensive federal program organized by the EPA to characterize stormwater discharge throughout 

the United States. The goal of this program was to provide representative water quality data from 

stormwater systems to be used by federal, state, and local decision makers for guiding runoff 

management programs at various scales. 28 locations throughout the States were selected for monitoring 
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to represent a range of receiving water bodies, precipitation patterns, and urban characteristics such as 

varying population density, impervious coverage, and distribution of land uses. Program-specific sampling 

of outfalls was conducted at each site to determine EMC values between 1978-83. Aggregated results 

from this study specific to the Denver area are presented in Table 2.2 along with updated values from 

1999. 

 

Table 2.2 NURP results for Denver residential land use and comparisons with other reported values 
(Smullen et al. 1999; USEPA 1983) 

Analyte 
Median 

EMC value 
for all sites 

Updated Median 
EMC Values 

(Smullen et al., 
1999) 

Median EMC 
values for 

Residential Land 
Use in Denver, CO 

TSS (mg/L) 100 54.5 197 
BOD (mg/L) 9 11.5 NA 
COD (mg/L) 65 44.7 104 
Total Phosph. (mg/L) 0.33 0.259 0.445 
Soluble Phosph. (mg/L) 0.12 0.103 0.178 
TKN (mg/L) 1.50 1.47 2.27 
NO2+3 as Nitrogen (mg/L) 0.68 0.533 0.58 
Total Cu (ug/L) 34 11.1 23 
Total Pb (ug/L) 144 50.7 174 
Total Zn (ug/L) 160 129 158 

 

As seen in the results from NURP and Smullen et al. (1999), values vary significantly but show 

general agreeance between sources.  The NURP project concluded that EMC values follow a lognormal 

statistical distribution among sites, and that wide-ranging variability caused statistical difficulties when 

attempting to correlate various concentrations of contaminants with land uses. Metals, mainly copper, 

lead, and zinc, as well as coliform bacteria were found in high concentrations in urban runoff, sometimes 

exceeding that of wastewater effluent. Nutrients were found to exist at concentrations lower than other 

permitted sources discharging to surface waterways but still at significant concentrations.   

The most significant data products resulting from the NURP is the National Stormwater Quality 

Database (NSQD) and the International Stormwater BMP Database, where both contain results from 

municipal permit investigations and BMP performance data. This database now contains data from over 

9,100 urban runoff events from over 200 municipalities (Pitt et al. 2018). The main source of data has 

been ongoing monitoring of BMPs to assess performance and help guide their design. Uses for the data 

include statistical analysis for land use trends and planning future monitoring efforts by the NPDES. 

Multitudes of comprehensive urban runoff sampling programs have been completed since the 

completion of the NURP program. Significant studies have been undertaken in Dallas-Fort Worth, Texas 

(USGS et al. 1998), Madison, Wisconsin (Bannerman et al. 1993), Pheonix, Arizona (Lopes et al. 1995), 

Colorado Springs and Denver, Colorado (Ellis and Mustard 1985; Guerard and Weiss 1995; UDFCD 

2013), among others. The majority of federally supported sampling programs were focused on 
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determining city-wide contributions of contaminants from stormwater systems in preparation of applying 

for an MS4 permit through NPDES.  

Results of these studies show extreme variability and results from one locality is not 

representative of another due to variations in hydrologic conditions, urbanization and industrialization 

patterns, and land use variations. This lack of transferability applies between cities and also between 

neighborhoods within a city where these factors differ significantly. The Denver metropolitan area has 

been the focus of many federal and academic urban runoff and water quality investigations. Denver was 

selected as one of the 28 sites of the original NURP study and one of the few large urban centers within 

EPA rain zone 9, making it a unique study area with a long record of urban runoff data (USEPA 1983). 

Urban runoff monitoring in Denver began in 1968 and initially included stormwater quantity 

measurements to assist in flood forecasting and modeling (Ellis and Mustard 1985). 

The earliest stormwater quality investigation in the Denver area occurred from 1974-1979, called 

the Denver Urban Runoff Study, and the results of which were later included in the NURP report. 

Conclusions from these early studies included the following: antecedent precipitation or dry periods had 

no significant effect on rainfall-runoff quality; Denver did not show a notable first flush effect; and runoff 

contributes significant loads of TSS, total nitrogen, copper, lead, and zinc to the South Platte River (Ellis 

and Mustard 1985). An additional runoff characterization report was required in order for Denver to apply 

for the NPDES MS4 permit. This monitoring was conducted in 1992 and included eight monitoring sites 

each collecting data for three storm events (UDFCD 2013). The Colorado Department of Transportation 

(CDOT) was also required to conduct wet-weather monitoring of runoff from highway surfaces in the 

Denver area in order to apply for a separate MS4 permit. CDOT sampling took place from 2009-2012 and 

included a significant amount of monitoring locations in Denver.  

Around this time, urban runoff monitoring began to emphasize monitoring the effectiveness of 

runoff quality management techniques, namely best management practices (BMPs). Most of these 

studies have been conducted through municipal or academic organizations and many results have been 

included in the International Stormwater BMP Database or NSQD.  

In a significant database effort, Denver’s Urban Drainage and Flood Control District (UFDCD) 

compiled a significant portion of all available urban runoff quality data applicable to Colorado. This effort 

compiled EMC values for various contaminants and land use categories applicable to areas in Colorado 

(UDFCD 2013). The City and County of Denver are currently using these values in most water quality 

models, BMP design and placement models, and NPDES permitting models.  However, due to 

differences in development trends, and potentially decadal changes in climate, data collected during a 

specific time-period may not be transferrable to future time-periods within a city or neighborhood.   

Academic groups, attempting to improve modeling efforts or to learn more about contaminant 

build-up and wash-off, have completed additional studies. For example, significant studies have been 

completed in Queensland, Australia to address high urban contaminant loading to coastal areas. 

Conclusions from multiple urban runoff quality studies in the literature relevant to this research include: 
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• Contaminant build-up and wash-off are significantly influenced by land use patterns, impervious 

coverage extent, urban form, and impervious connectedness (A. Liu et al. 2013).  

• FIB concentrations may be significantly higher than expected during storm events and may 

present a health risk associated with recreating in surface waters after storm events (Nan Chong 

et al. 2011).   

• Stormwater quality is not linearly associated with rainfall intensity but more closely resembles a 

step-wise relationship with storm intensity and duration (A. Liu et al. 2013).  

• A study conducted on contaminants from roadway surfaces in California suggested that EMC 

values generally increase with increasing antecedent dry days. EMC values were also seen to 

decrease with increased total rainfall and runoff (Kim, Kayhanian, and Stenstrom 2004).  

• A study of the sources of common contaminants in stormwater in Madison, Wisconsin showed 

streets, parking lots, and driveways to be the greatest source zones for solids and many metals. 

Roofs in commercial and industrial areas were shown to be sources of zinc from galvanized 

roofing material (Bannerman et al. 1993).  

 

Each of these conclusions may only be relevant to the physical, hydrologic, and chemical 

conditions present at each study site. In general, studies suggest that EMC values may be proportionally 

correlated to land use, impervious coverage, antecedent dry days, and storm intensity and duration.   

2.4 Statistical Analysis and Applied Regression 

Data collecting during water quality investigations is typically subjected to a multitude of statistical 

analyses. The most widely used methods are correlation and regression analysis to connect water quality 

effects with other explanatory variables such as land use, impervious surface area, and antecedent dry 

conditions, and others. Common uses for regression models include, for example, the ability to estimate 

surface water pollutant loading for a given storm event, without the need for sample collection. However, 

the variability of stormwater constituents mentioned earlier often precludes the creation of predictive 

regression models for large spatial scales due to variations in hydrologic, climatic, and physical conditions 

between sites. Regression models are typically developed for specific metropolitan areas or regionally. 

Driver and Tasker (1990) presented typical explanatory variables, which include: 

• Total contributing drainage area 

• Impervious area 

• Industrial, commercial, residential, and nonurban land use 

• Population density 

• Total storm rainfall 

• Duration of each storm 

• Precipitation intensity 

• Mean annual rainfall 
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The application of regression models is to apply local or regional knowledge to unmonitored 

areas or to areas where data is not available (Hoos and Sisolak 1993). Regression or stochastic models 

are typically more accurate than existing deterministic models, which attempt to simulate the physical 

processes that lead to contaminants in urban runoff (Obropta and Kardos 2007).  The current state of 

urban water quality runoff models requires significant local data for accurate validation and calibration. 

Applicants to the NPDES MS4 permit application process still requires results from manual sampling 

programs and not modeled results, even if the models are calibrated and verified (USEPA 1992a).  

Statistical approaches used in stormwater monitoring studies aim to quantify and justify 

conclusions that are qualitatively drawn from the data. Three common approaches used in stormwater 

quality studies include descriptive statistics, hypothesis testing, and correlation analysis. Descriptive 

statistics includes the number of samples, concentration means, standard deviations, variance, and 

quartile distributions. This information is typically displayed in box-plots, normal and cumulative 

distribution plots, and scatter plots. Visually displaying water quality data can provide insight into 

correlations between variables, time-series trends, and for comparing values against other data-sets.  

Hypothesis testing involves statistical tests which aim to test null hypotheses. In the context of 

urban stormwater quality, these tests aim to determine whether or not a given EMC is significantly 

different from another at a different location or point in time. Hypothesis tests could attempt to determine if 

water quality is statistically different at locations with different land uses. Common hypothesis tests 

applied to stormwater quality include t-tests, analysis of variance (ANOVA), chi-squared tests, and non-

parametric tests such as the Mann-Whitney or Kruskal-Wallis Tests. Correlation analysis is used in 

stormwater quality studies to determine if there are any relationships between measured or assessed 

parameters. 

2.5 Infill Development and Effects on Water Quality 

Infill development is an urban planning term for the redevelopment of under-utilized or vacant lots 

within an urban area. Within Denver, infill development is occurring in older, typically single-family 

residential neighborhoods where there is high demand for additional housing. Infill redevelopment has the 

tendency to increase impervious coverage due to expansion of roof space, driveways, sidewalks, and 

structures and reduction of lawns and empty lots. Infill redevelopment increases the quantity of water 

delivered to the stormwater system and also causes an increased hydrologic response from smaller rain 

events (Panos et al. 2018). Increased imperviousness is also considered to be a contributor to increased 

contaminant mobilization and has been strongly correlated to stream degradation (Barnes et al. 1996). 

From a water quality perspective, higher rates of contaminant mobilization are a result of the 

increased hydrologic response. However, studies have not been published that can relate infill 

redevelopment to increased pollutant loads. Contaminants that are common to stormwater runoff include 

conventional pollutants such as nutrients, bacteria, natural organic matter, and metals from automotive 

wear. A portion of contaminants that may have been captured within soils and infiltrated or naturally 

treated is instead routed to the stormwater system and eventually to a surface water body. Additionally, 
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larger quantities of organic matter from pet wastes, garbage, and landscaping are mobilized and 

contribute to the oxygen-demand of the receiving waterbody, further deteriorating aquatic ecosystem 

health (Brabec et al. 2002). Common sources of stormwater contaminants are summarized in Table 2.3, 

all of which may increasingly mobilize as imperviousness continues to increase. 

 

Table 2.3 Stormwater contaminant sources, modified from (Bannerman et al. 1993) 

Contaminant Type Parameter Potential Sources 

Bacteria 
Fecal Indicator 
Bacteria, E. coli 

Bird, pet, and human feces 

Organic 
Contaminants 

Petroleum 
hydrocarbons, 

herbicides, pesticides 
Gasoline, landscaping amendments 

Inorganic 
Contaminants 

Total suspended 
solids, Total dissolved 

solids 

Erosion from landscaping, street and 
parking lot dust, construction sites, street 

garbage 

Nutrients 
Nitrogen and 

phosphorus species 
Fertilizers, gasoline additives, feces, 

atmospheric deposition 

Metals 
Arsenic, cadmium, 

chromium, zinc, lead 

Automotive component wear-and-tear, 
pavement material, motor oil additives, 

building material degradation 
 

It has been well researched that increased impervious coverage effects stormwater quantity and 

quality, leading to stream degradation, increased sediment loads to streams, and increased pollutant load 

to streams (Bannerman et al. 1993). Infill reduces infiltration areas such as lawns and sidewalk buffer 

zones that had previously allowed infiltration and partial treatment from microorganisms. The percentage 

of impervious coverage required before a notable decrease in stormwater quality is as low as 10-15% 

imperviousness (Schueler 1994), considerably lower than typical values of urban areas. 

Aquatic impacts from increased imperviousness and infill redevelopment are significant. Unless 

adequate BMP’s are constructed and maintained within an urban basin and imperviousness is limited 

through building permits, stormwater contaminant loading will increase to surface waters and impair in-

stream water quality. There are limits to the effectiveness of BMP’s at removing various contaminants. 

Once imperviousness reaches a certain threshold, BMP’s may not be able to remove contaminants to 

background in-stream levels (Schueler 1994). Imperviousness also greatly effects local stream 

temperatures. Increased impervious coverage is also one of the strongest controlling factors for 

amplifying stream temperatures in urban areas, more so than vegetation loss (Sabouri et al. 2013).  

Stream macroinvertebrate diversity is also greatly affected by increased imperviousness. One 

major effect is a population shift to more pollution tolerant species, reducing the population of 

macroinvertebrates that aid in shredding leaf litter, grazing rock surfaces, and filtering organic matter 

(Klein 1979). The biodiversity of aquatic insects is scale dependent on the extent of imperviousness 

within an urban watershed. Within a coastal watershed in Delaware, good to fair biodiversity was noted in 

watersheds with less than 10% imperviousness but at 12% imperviousness biodiversity dropped to poor 

(Shaver et al. 1994). Decreased macroinvertebrate diversity related to degraded stream quality and 
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decreased fish populations. The negative impacts of imperviousness to fish populations mirrors the 

biodiversity decline in macroinvertebrates and occurs at between 10-15% imperviousness (Schueler 

1994).  

Percent imperviousness thresholds for other water quality impact measures have been 

determined in many different studies. Nutrients are shown to drastically increase at over 42% 

imperviousness, stream and lake eutrophication increases at 30%, metals concentrations increase at 

50%, and TSS concentrations increase between 20-50% (Brabec et al. 2002). Most of these percentages 

are still below currents levels typical of Denver urban watersheds, which are around 39%, as determined 

in this study. Due to the large and increasing imperviousness within Denver, water quality is likely to be 

strongly impacted and unless mitigation strategies are implemented, significant stream degradation is 

possible. It has not yet been reported if there are additional stream degradation effects if imperviousness 

is increased even higher past the reported thresholds (i.e. moving from 50% to 60%).  

Mitigating the effects of increased imperviousness requires maintaining this important goal while 

also addressing the water quality and quantity impacts. The implications of further reduced water quality 

from increased imperviousness should be addressed in an integrated manner. Zoning restrictions, 

construction stormwater management, maintaining BMP’s, greenways, and riparian buffers should all be 

implemented to counteract the negative impacts of increased imperviousness. The low imperviousness 

thresholds for water quality require a multi-faceted approach to stormwater management to offset the 

effects. The City of Denver is considering implementing a plan to require redeveloped smaller lot parcels 

to build water quality detention systems (Personal communication with Denver engineers, 2018). These 

systems will also alter the water quality coming from infill development neighborhoods with the intention 

of TSS and nutrient reduction.  

Changing land-use, meteorological factors, and newly emerging development practices all 

contribute to the difficulties in estimating event-based surface water contaminant loading. These factors 

limit water managers and engineers’ abilities to properly design and implement green infrastructure and 

BMPs, inhibit accurate and conservative stream total maximum daily loads (TMDLs), and complicate the 

assessment of urban non-point source pollution. Models could be applied for this purpose but require 

large amounts of site-specific data to be calibrated and validated (Tsihrintzis and Hamid 1997). Even 

then, site conditions will change if the area is undergoing infill development or land-use change, 

necessitation additional model calibration. Site-specific stormwater sampling campaigns can provide the 

most accurate information but require investments in equipment, laboratory analysis, and labor 

(Leecaster et al. 2002). 

2.6 Metals in Stormwater: sources, types, and forms 

Metals are the third leading cause of water body impairment in the United States (USEPA 2019) 

and can exist at potentially harmful concentrations in surface water bodies (Clary et al. 2011). These 

contaminants are regulated in the United States under the Clean Water Act to protect biotic diversity and 

human health effects from drinking and recreating in surface water. Metals enter water bodies mainly from 
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geologic deposits, mineral weathering, and stormwater runoff (Shaver et al. 2007). Stormwater runoff 

treatment using BMP’s is the primary avenue for stormwater managers to mitigate metals from entering 

waterbodies and is typically the only option municipalities have to meet federal and state discharge 

regulations. Proper characterization and monitoring of metals in dry and wet weather stormwater flow is 

required to effectively design BMP’s for metals treatment (UDFCD 2010).  

Metals in urban stormwater runoff originate primarily from automotive sources, weathering of 

building materials, and natural degradation of geologic formations and soil (Clary et al. 2011). The most 

commonly discussed metals, mainly due to effects on human and aquatic health, include copper (Cu), 

zinc (Zn), lead (Pb), arsenic (As), chromium (Cr) and cadmium (Cd). Automobiles can contribute metals 

from wear-and-tear on vehicle components, leaking automotive fluids, and atmospheric fallout from 

gasoline combustion. Building materials can also contribute metals due to weathering and urban 

stormwater concentrations and vary by land use due to variations of building materials in different urban 

districts (i.e. industrial versus residential). A summary of the sources of metals in stormwater is shown in 

Table 2.4. 

 

Table 2.4 Sources of metals in urban stormwater runoff (Clary et al., 2011; Niwa et al., 2005; Shaver et 
al., 2007) 

Metal Common Sources 
Copper Building Materials, herbicides, paints, wood 

preservatives, brake pads, plumbing, industrial 
activities, atmospheric deposition from fuel 
combustion 

Zinc Tires, galvanized building materials, roofing, 
gutters, paints, industrial activities, atmospheric 
deposition from fuel combustion 

Lead Weathering of old paint, industrial activities, 
plumbing, gasoline (prior to leaded gas phase-
out), batteries 

Chromium Electro-plated automotive parts, paint, wood 
preservatives 

Cadmium Electro-plated automotive parts, paint, wood 
preservatives 

Arsenic Weathering of geologic deposits 
 

Metals exist in stormwater runoff as a combination of dissolved, particulate, and colloidal forms, 

depending on water quality parameters such as pH, redox conditions, and additional present dissolved 

species such as carbonate species or sulfides (Weiner 2013). Dissolved metals can exist as free ions, 

dissolved complexes with various ligands, and dissolved organometallics. Particulate bound metals include 

mineral sediments such as carbonates, clays, and silicates, hydroxides, sulfides, as well as ions or 

complexes that are bound the surface of minerals or organic matter (Weiner 2013). Colloids are small (1-

1,000 nm) insoluble particles suspended in another substance that will never settle due to gravity (Moore 

1999). Many colloids form from clay minerals, mineral precipitates, organic biopolymers, and from biologic 
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material from bacteria and protozoa. Colloids have the ability to sorb and transport metals in natural water 

due to surface charge interactions and high specific surface area (Kretzschmar and Schafer 2005).  

Metals in stormwater are typically associated with particulates such as organic matter but dissolved 

and colloidal metals also exist and can contribute heavily to metals loading to surface waters. The degree 

of metals binding to particulates or colloids is strongly dependent on pH, average runoff travel time, and the 

composition and quantity of solids present in the stormwater (Sansalone and Buchberger 1997a) . Metal 

toxicity is more significant for dissolved metals but fine particulates have been shown to contribute toxicity 

as well (Johnson et al. 2003). It is important to understand the composition of metals in stormwater for 

effective BMP treatment. Particulate associated metals may be effectively treated in systems that can 

remove small sediment, but the removal efficiency will be poor if metals are mainly dissolved or colloidal 

(Johnson et al. 2003). Additionally, some federal discharge regulations relate to total recoverable metals 

(particulate and dissolved) and some relate to dissolved metals (USEPA 1991).  

The composition of stormwater runoff is site dependent and strongly depends on land use and 

development practices. For metals concentrations, industrial areas typically have higher concentrations in 

stormwater than in residential, commercial, or agricultural areas, likely related to the composition of 

industrial building materials and industrial activities (Stein 2008).   

2.7 Nutrients: Sources, Types, and Forms  

Nutrients, including various species of nitrogen (N) and phosphorus (P), are significant drivers of 

degraded surface water quality. Increased nutrient loading to rivers, lakes, and coastal areas leads to 

eutrophication, complicates drinking water treatment, and reduces aquatic biodiversity (Jarvie et al. 

2010). Nutrients are the second most common reason for EPA water body impairment classification in the 

United States (USEPA 2019). While agriculture and wastewater treatment effluent are some of the most 

significant sources of nutrients to surface water bodies, non-point release of nutrients from urban 

stormwater systems also contributes substantial loads (Kaushal et al. 2011). Improved wastewater 

treatment and bans on certain nutrient containing detergents have significantly reduced N and P from 

entering surface waters but eutrophication remains an issue. Urban stormwater is estimated to be the 

main source of nutrient impairment for 13% of assessed rivers, 18% of assessed lakes, and 32% of 

coastal estuaries (NRC 2008).  Therefore, watershed managers should reduce non-point sources of 

nutrients, such as stormwater runoff in urban basins. Proper characterization, trends, and wet weather 

loading analysis can provide valuable information to stormwater managers regarding mitigation 

strategies.  

Nitrogen and phosphorus in storm water can exist in many different forms such as organic or 

inorganic and can be dissolved or associated with particulates. The relative concentrations of organic and 

inorganic nutrient species is dependent on site-specific land use, basin hydraulics, and geology (Jarvie et 

al. 2010). The most common inorganic forms of nitrogen include ammonia (NH4), nitrite (NO3), and 

nitrate (NO2) while the organic forms include dissolved organic nitrogen (DON) and particulate-associated 

organic nitrogen (PON). Common inorganic forms of phosphorus include dissolved orthophosphate (PO4) 
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and dissolved organic phosphorus. Particulate and organic matter associated phosphorus is also very 

common in stormwater as well as surface waters (Yang and Lusk 2018).  

Sources of nutrients in stormwater includes atmospheric deposition, degrading organic matter, 

animal feces, and fertilizers. Atmospheric deposition can be a major source of wet weather N and P. A 

study in Baltimore, MD used stable isotope analysis to trace atmospheric deposition as the source of 

around 50% of total nitrogen loads (Kaushal et al. 2011). Additional studies have also found atmospheric 

deposition to be a major source of N and P loads to urban stormwater (Hobbie et al. 2017; Riha et al. 

2014; Yang and Toor 2016). Nitrogen and phosphorus can also enter stormwater through the decay of 

plant material and soil erosion. Decomposing leaf litter was found to be the largest contributor (80%) of 

total dissolved P during snowmelt events during a study in Saint Paul, MN (Bratt et al. 2017). Fertilizer 

application to lawns, parks, and gardens also contribute significantly to N and P stormwater loading and is 

one of the most studied and accepted sources of nutrients to surface waters (Yang and Lusk 2018). 

Additional sources of nutrients to stormwater include animal and human wastes, with leaking septic 

systems and illicit sanitary connections to stormwater systems providing the majority of nutrients (Kaushal 

et al. 2011; Pennino et al. 2016).  

Additional factors add variability to nutrient concentrations in stormwater. Site characteristics such 

as land use, surface imperviousness, and hydrologic conditions significantly affect the accretion and 

transport of nutrients in urban areas. Imperviousness is frequently cited as one of the major factors 

influencing concentrations of nutrients in stormwater (Li et al. 2015; Walsh et al. 2005). Many studies 

have found that EMC’s of nutrients are positively correlated to increased imperviousness in urban areas  

likely due to an increased efficiency of transport associated with impervious surfaces and less available 

area for infiltration (Li et al. 2015; A. Liu et al. 2013). Secondary to impervious coverage, land use also 

greatly effects nutrient concentrations in urban runoff (Schueler et al. 2009; UDFCD 2013). The Colorado 

Regulation 85 Data Gap Report (UDFCD, 2013) shows TP and TN EMC’s to be substantially higher in 

residential areas than in commercial, industrial, and open space areas. 

Rain event conditions that effect nutrient concentrations in stormwater include rainfall intensity, 

antecedent dry days prior to a rain event, and the runoff volume or depth (Yang and Lusk 2018). Nutrient 

build-up can occur during dry periods, allowing higher concentrations to be transported in stormwater 

during rain events. Miguntanna et al. (2013) describe nutrient wash-off as being either source limiting or 

transport limiting. Nitrogen, typically in dissolved or organic forms, can be easily transported in runoff 

during low-intensity or low-volume rain events and is considered source limited. Phosphorous, typically 

associated with larger particulates (>75um), requires higher intensity rain events and is considered 

transport limited.  

Managing non-point source nutrients comes from both structural and non-structural techniques. 

Municipal or regional stormwater quality management plans typically incorporate nutrient reduction 

strategies and utilize a mixture of structural and non-structural techniques. Non-structural management 

commonly include education and awareness campaigns. These campaigns aim to increase awareness 
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about the effects of unmitigated pet waste, excessive fertilizer application, and illicit stormwater 

connections. Many municipalities have regulatory controls that ban or limit fertilizer applications during 

wet-weather months and most have steep fines for leaking septic systems and illegal sanitary 

connections (Hartman et al. 2008). Another simple and effective non-structural method to mitigate 

nutrients is a street-sweeping program that aims to reduce grass clippings, leaf litter, and sediment from 

entering the stormwater system during rain events (Fore 2013).  

Structural methods for nutrient management include conventional and alternative BMPs, often 

implemented in accordance with regional or municipal stormwater quality management plans. BMP’s 

associated with nutrient reduction include dry, wet, and bioretention ponds, grass swales, constructed 

wetlands, pervious pavement, and porous landscape detention (Yang and Lusk 2018).  
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CHAPTER 3: METHODS 

 The proceeding chapter outlines the methods used for field data collection, laboratory analysis, 

and data analysis. Standard operating procedures (SOPs) for field and lab methods are provided in 

Appendix A.  

3.1 GIS Delineation 

GIS files of Denver’s stormwater network and a high resolution DEM over the Berkeley 

neighborhood provided the information required to delineate the drainage basins for each sampling location 

(City of Denver 2018). The pipe networked was “burned” into the DEM using the start and end depths of 

each pipe segment using ArcGIS and the Spatial Analyst Toolbox. This allowed each sampling location’s 

drainage basin to be representative of the stormwater network and local topography.   

3.2 Impervious Area Determination 

The City of Denver provided shape files for impervious coverage for years 2004, 2011, 2014, and 

2018 (City of Denver, 2018; Unpublished Data from City of Denver, 2018). The 2018 data set provided 

the most recent impervious coverage information. All four data sets were used to determine the location 

and extent of impervious coverage change from 2004-2018 using the Symmetry Difference function in 

ArcMap and the Geospatial Toolbox. Verification with historic aerial imagery from Google Earth Pro 

further refined this data set and provided quality assurance.   

Delineated basin extents and the impervious area data set provided values of total impervious 

area (TIA) for each sampling location. TIA includes all surface cover that is not able to transmit water into 

the subsurface. Effective impervious area (EIA) includes all impervious area that is connected with the 

stormwater network. TIA may include impervious coverage that is intercepted by pervious coverage, but 

EIA is a measure of the land cover that directly connects with the stormwater network and eventually a 

surface waterway or water body. EIA is determined using the log-linear relationship with TIA developed 

by Alley and Veenhuis (1983) for the Denver region. This equation, Equation 3.1, was developed using 

data from 14 urban basins in the Denver metro area.  

 

𝐸𝐼𝐴 = 0.15 ∗ 𝑇𝐼𝐴+.,+          (3.1) 

 

EIA provides a more quantitative value for impervious coverage and is typically used more 

frequently in urban hydrologic modeling than TIA (Brabec et al. 2002).  

3.3 Zoning Distribution 

The Denver Open Data Catalog (City of Denver 2018) provided up-to-date spatial data on the 

distribution of zoning classifications throughout Denver County. The percentage of zoning classifications 

in each basin was determined using each delineated basin’s boundary. Relevant zoning classifications 

within the Berkeley neighborhood include Commercial Corridor (CC), Main Street (MS), Mixed-Use (MX, 

M-GMX), Multi-Unit (MU, RH, RO, TH), Open-Space/Public Parks (OS-A), Single Unit (SU), and Two-Unit 
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(TU). The Commercial Corridor and Main Street classifications include mostly retail businesses and 

restaurants. Mixed Use includes residential and commercial land use. Multi-unit, two-unit, and single unit 

zones are residential land use only.  

3.4 Rainfall Estimation 

The RainVieux application developed by Vieux and Associates, Inc. provided rainfall depths, 

timing and intensity (Vieux & Associates 2019). The RainVieux application supports depth-duration-

frequency (DDF) analysis of individual rain events based on UDFCD sub-basins within the Denver area. 

DDF analysis provides the frequency interval of each storm and is based on the depth and duration of the 

rain event. RainVieux determines rainfall statistics by compiling local rain gauge and meteorological data 

into an estimate for each delineated sub-basin. Local weather radar provides a quality assurance check 

to account for gauge bias and measurement error. 

3.5 Sampling Locations 

Three sampling locations were selected based on their representative location on the stormwater 

network in the Berkeley neighborhood and are referred to as the West basin, Central basin, and East 

basin. Each sampling site is located at a manhole that provides access to the stormwater system and can 

be accessed easily during regular business hours without interrupting the flow of traffic. The basin under 

investigation drains to an outlet structure on Clear Creek, which is a tributary of the South Platte River, a 

significant source of drinking water for the Denver metro area (Denver Water 2019). 

These three sites were selected due to the differences in the extent of infill redevelopment in 

each basin. The East basin is relatively unchanged since the neighborhood was originally established. 

The Central basin has undergone heavy infill redevelopment in the period from 2014-2018 while the West 

basin is an intermediate case.  The West basin has significant infill redevelopment occurring close to 

Tennyson Street and less changes moving south and west within the drainage area. Each sampling 

location, showing drainage boundaries, is shown in Figure 4.1.  

3.6 Field Collection Procedures 

Each sampling location is outfitted with battery powered ISCO 2160 flow level modules connected 

to a no-contact laser that provides the level of flow at each location in the stormwater network. The water 

level is then converted internally into a flow rate using Manning’s equation for open channel flow with user 

provided pipe shape, size, slope, and roughness values. Units were calibrated according to the 

manufactures instructions to ensure accurate flow measurements. Measurements were set to record 

water level and flow every five-minutes, which are collected in the field using a computer, USB connection 

cable, and ISCO’s FlowLink software (Teledyne ISCO 2019).  

Prior to beginning storm sampling efforts in July of 2018, the ISCO flow meters collected enough 

data to establish baseflow at each sampling location. Baseflow at any location in a stormwater network 

can be variable due to a number of different sources: groundwater infiltration, basement sump pumping 

(allowed by City ordinances to be discharged to the stormwater network), lawn irrigation, street-side car 

washing, illegal sanitary taps, or any other potential vector for water to enter the piping network. ISCO 
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2105 interface units, connected to the flow meter units, were programmed using the upper bound for 

baseflow as a triggering threshold. Once this threshold is met or exceeded for a period of time longer than 

the predetermined hysteresis period (five-minutes), the interface module will send a signal to the ISCO 

autosampler to begin sampling.  

Compact automatic sampling units (ISCO 3700C) were deployed prior to storm events. Each 

sampling unit contained 24 500mL polyethylene bottles that were cleaned with phosphorous free soap 

and acid washed for 24-hours in a 5% nitric acid solution prior to deployment. All associated tubing and 

suction components were sterilized by running five gallons of Contrad 70 solution through the tubing 

followed by flushing with five gallons of deionized (DI) water to prevent cross-contamination between 

sampling events. A field blank consisting of one 500mL bottle filled with DI water using deployed suction 

line and tubing, provided quality assurance at each location for each sampling event.   

Each auto-sampling unit was programmed to collect time-weighted samples during the length of 

each runoff event. The programmed sample schedule is shown in Table 3.1. 

 

Table 3.1 Auto-sampler sampling schedule 

Sampling 
Period 

Sampling Protocol 

Hours 1-4 
150mL sample every 5 

minutes 
3 samples 
per bottle 

16 bottles filled, 1 
every 15 minutes 

Hours 5-8 
150mL sample every 10 

minutes 
3 samples 
per bottle 

7 bottles filled, 1 
every 30 minutes 

 

After each individual 150mL sample the ISCO unit purges the suction line with air to prevent 

cross contamination between samples. The extended sampling schedule during hours five-eight allows 

for longer runoff events to be captured as well as providing samples for when the flow rate declines to 

baseflow level.  

Samples collected after each runoff event were labeled and capped using clean, acid-washed 

caps and placed in an iced cooler for transport back to the laboratory. Samples were collected within 24-

hours to prevent holding issues associated with nutrient, FIB, and E. coli analysis. Flow level and flow 

rate measurements are also collected from the flow meters at the same time samples are collected to 

allow for a flow-weighted average EMC value to be determined. 

 
The standard operating procedures for wet weather monitoring fieldwork is as follows: 

1. Weather forecasts provided anticipated timing and duration of storms 

2. Prior to the runoff event, samplers were mobilized to the sampling locations and connected to 

flow meters 

3. Within 24-hours of the end of the runoff event, field personnel collected the samples and flow 

data and transported the samples on ice to the laboratory. 
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4. Laboratory analysis at the Colorado School of Mines for selected analytes 

5. Autosampler units are decontaminated and sterilized with a cleaning solution and DI water 

 

The standard operating procedures for dry weather monitoring fieldwork is as follows: 

1. Monitor weather conditions to ensure 72-hours or greater without rain or snowfall 

2. Using acid-washed dip-cups, collect two 500mL samples from each location and store in an iced 

cooler 

3. Collect flow meter data at each location 

4.  After collection, return to perform laboratory analysis and complete within 24-hours 

3.7 Lab Analysis Methods 

Upon arrival at the lab, each sample set was either analyzed as discrete samples or combined 

into composite flow-weighted samples using the collected flow data and sample schedule. Discrete 

sample analysis provided information regarding how various concentrations varied throughout the runoff 

event and allowed for assessment of the first-flush effect. Flow data and discrete sample concentrations 

were then converted into EMC’s using Equation 3.2 (McCarthy et al. 2018).  

 

𝐸𝑀𝐶 =
∑ 0121
3
145
∑ 01
3
145

           (3.2) 

 

Where n is the number of samples collected, 𝑉7 is the runoff volume associated with each sample, 

and 𝐶7 is the concentration of the analyzed sample. Calculated EMC’s with Equation 3.2 allows discrete 

samples to be compared accurately with composited flow-weighted samples.  

Compositing time-weighted samples to flow-weighted samples is completed by determining the 

volume each sample represents, shown in Equation 3.3.  

 

𝑅𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑎𝑡𝑖𝑣𝑒	𝑆𝑎𝑚𝑝𝑙𝑒	𝑉𝑜𝑙𝑢𝑚𝑒 = ∑ 𝑛 ∗ 𝑄I
7J+               (3.3) 

 

Where n is the number of flow measurements recorded during each sampling period and Q is the 

flow rate. The entire runoff volume during the storm event is then calculated as the sum of the flow rates 

after the flow increases above baseflow levels, divided by the duration of the runoff period, Equation 3.4. 

 

𝑇𝑜𝑡𝑎𝑙	𝑅𝑢𝑛𝑜𝑓𝑓	𝑉𝑜𝑙𝑢𝑚𝑒 =	∑ L3
MN

I
7J+            (3.4) 

 

Where n is the number of flow rate measurements during the runoff event, 𝑄I is the flow rate at n, 

and 𝑡O is the duration of the runoff event. The volume of each individual sample used for the composite is 

then calculated as each representative sample volume divided by the total runoff volume times the 

volume of composite sample required, Equation 3.5. 
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𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙	𝑆𝑎𝑚𝑝𝑙𝑒	𝑉𝑜𝑙𝑢𝑚𝑒 =	 QRSTRORIMUM7VR	WUXSYR	0ZY. [ZMUY	Q\IZ]]	0ZY.
⁄

2ZXSZO7MR	0ZY.QR_\7TR`
         (3.5) 

 

For the required analysis, 600mL of composite volume was required. Compositing samples in this 

manner allow for fewer samples to be analyzed while still providing an EMC value for each runoff event. 

After each sample set is composited, samples are analyzed according to each method’s standard 

operating procedure (SOP). SOP’s can be found in Appendix A and each method is summarized in Table 

3.2.  

Table 3.2 Analytical methods and hold times 

Water Quality Analyte Lab Method/Analysis 
Equipment 

Max. Sample 
Hold Time 

TSS EPA Standard Method 2540D 7 days 
TDS and Conductivity Cole-Parmer Traceable 24 hours 
pH Accumet AB15 24 hours 

Total recoverable metals 
EPA Standard Method 
3015A/ICP-AES 

7 days 

Total dissolved metals ICP-AES 7 days 
Phosphorous Hach TNT 843 24 hours 
Ammonia Hach TNT 831 24 hours 
Nitrate Hach TNT 835 24 hours 
Nitrite Hach TNT 839 24 hours 
FIB and E. coli Idexx Colilert 24 hours 
DOC/TOC Shimadzu TOCV-TNM-LCSH 24 hours 
Total Nitrogen (TN) Shimadzu TOCV-TNM-LCSH 24 hours 

 

The selected analytes were selected based on ease of analysis, cost, and ability to provide data 

that is comparable to urban stormwater quality literature and UDFCD established EMC values. A subset 

of samples was additionally analyzed for total, unfiltered nutrients to assess the relative proportion of 

dissolved and particulate-associated nutrients.  

3.8 Load Comparisons 

Load calculations performed on mean EMC values for dry and wet weather flow provide a means 

to assess the loading of contaminants to surface waters during each condition. Comparing contamination 

loads from dry weather conditions and wet weather conditions provides additional information regarding 

the origins of contaminants in surface water bodies.  

For wet weather events, the storm flow volume of a single storm, multiplied by each EMC value, 

provides a mass load relevant to that storm. The storm flow volume is the volume of stormwater above 

base flow that occurred during the storm, based on flowmeter readings. For dry weather conditions, the 

average flow rate at each location, multiplied by the analyte concentration, yields a mass per time loading 

rate. The issue with comparing the two values is the dry weather condition loading is in units of mass per 

time while the wet weather event values are in units of mass per storm. In order to compare these values, 

a timeframe of one-month was selected for the dry weather loading values. These values are compared 
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to one month of average stormwater contaminant loading based on the average rain event frequency 

during summer months, 5 rain events.  

3.9 CDPHE Water Quality Standards 

The stormwater piping network in the Berkeley area eventually discharges into CDPHE Segment 

15 of Clear Creek, a tributary of the South Platte River. The segment identifier for this reach of Clear 

Creek is COSPCL15A: Mainstem of Clear Creek from Youngfield Street in Wheat Ridge, Colorado to the 

confluence with the South Platte River (CDPHE 2016). This reach of Clear Creek is federally listed on the 

EPA’s 303(d) Impaired Waterbody List and has been since 1998 (EPA 2019). Due to this impairment, 

point-sources of contaminants require TMDL permits that limit the load of contaminants that can be 

discharged. Since 2016, this segment of Clear Creek has TMDLs for ammonia, E. coli, sediment, and 

temperature (EPA 2019). In addition to TMDL permits for point-sources, for this segment to be removed 

from the 303(d) impaired list, CDPHE has established in-stream water quality standards specific to this 

reach of stream. These standards are listed in Table 3.4.  

Additionally, Denver’s stormwater system is permitted through the NPDES MS4 permit system. 

Under this stormwater discharge permit, certain urban drainage basins are classified as priority basins if 

discharge from the stormwater network significantly contributes contaminants to impaired waterbodies. 

The study area, including all three sampling locations, falls within the Berkeley Lake drainage basin 

(UDFCD ID: 4309-01) and is not currently a priority basin under Denver’s MS4 permit (Denver Public 

Works 2014).  

Although the study area is not considered a priority basin, it is beneficial to understand how water 

quality parameters and EMC values compare to in-stream water quality values. It is important to note that 

CDPHE standards are in-stream concentrations and are not regulated limits on discharge concentration 

for non-point sources such as stormwater drainage. The EMC values determined during wet weather 

events and the dry weather condition concentrations will undergo significant dilution prior to outfall 

discharge to Clear Creek. Directly downstream of each sampling location, significant dilution occurs in the 

stormwater network through discharges from Rocky Mountain Lake, Berkeley Lake, and Rocky Mountain 

Ditch, a local irrigation ditch within the Berkeley Lake basin. Wet weather outfall sampling would provide a 

more direct means of assessing a basin’s total contribution of contaminants to a receiving water body.  

In order to compare in-stream water quality table value standards (TVS) values with dry weather 

concentrations and wet weather EMC values, average pH, hardness, and stream temperatures from the 

closest USGS gaging station are used (USGS station: 06719505). Water quality values were averaged 

over all available data from this gaging station and is displayed in Table 3.3. Table 3.4 shows the CDPHE 

standards determined using the average pH, hardness, and temperature values.  

 

 



 24 

Table 3.3 Average water quality parameters used to calculate CDPHE standards. Average values 
determined using data from USGS gage 06719505. 

Parameter Value Unit 

Avg. Hardness 67.6 mg/L as CaCO3 

Avg. Temp 7.49 *C 

Avg. pH 7.66 pH units 

 

Table 3.4 In-stream water quality standards for Segment 15 of Clear Creek (CDPHE 2016, 2019). Metals 
concentrations are dissolved values unless otherwise noted. 

Analyte Std. Type Value Unit Regulation 

Temperature Mar-Nov 28.6 *C CDPHE Reg. 38 

Dec-Feb 14.3 *C CDPHE Reg. 38 

pH Acute 6.5-9.0 - CDPHE Reg. 38 

E. coli Chronic 126 CFU/100mL CDPHE Reg. 38 

Ammonia Acute 15.4 mg/L CDPHE Reg. 31 

Chronic 3.7-5.9 mg/L CDPHE Reg. 31 

Nitrate Acute 10 mg/L CDPHE Reg. 38 

Nitrite Chronic 0.5 mg/L CDPHE Reg. 38 

Total Nitrogen Interim Value 2.01 mg/L CDPHE Reg. 38 

Total Phosphorus Interim Value 0.17 mg/L CDPHE Reg. 38 

Arsenic Acute 340 ug/L CDPHE Reg. 38 

Chronic (Total) 0.02 ug/L CDPHE Reg. 38 

Cadmium Acute (Total) 5 ug/L CDPHE Reg. 38 

Acute 1.95 ug/L CDPHE Reg. 38 

Chronic 0.32 ug/L CDPHE Reg. 38 

Copper Acute 9.29 ug/L CDPHE Reg. 38 

Chronic 6.41 ug/L CDPHE Reg. 38 

Lead Acute (Total) 50.0 ug/L CDPHE Reg. 38 

Acute 42.0 ug/L CDPHE Reg. 38 

Chronic 1.64 ug/L CDPHE Reg. 38 

Zinc Acute 175.9 ug/L CDPHE Reg. 38 

Chronic 133.2 ug/L CDPHE Reg. 38 

 

3.10 Statistical Methods 

All relevant water quality data and storm characteristics were input into a database compatible 

with Matlab for statistical analysis. Statistical methods utilized include a suite of descriptive statistics, 

Anderson-Darling test for normality, Pearson correlation, Box-Cox transformation where applicable, one-

way Analysis of Variance (ANOVA), and Analysis of Covariance (ANCOVA) all conducted in Matlab. All 

Matlab scripts used in this project are included as supplemental files in Appendix D.  

3.10.1 Summary Statistics 

The water quality database and Matlab provided summary statistic values including sample 

mean, median, maximum values, minimum values, quartile distribution, variance, and standard deviation. 

This analysis was conducted on the complete data-set as well as sub-sets based on sampling location. 

Box-plots provide a graphical method to display descriptive statistics. 
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3.10.2 Anderson-Darling test for normality 

The Anderson Darling test was used to determine if collected data fits a normal distribution to 

ensure the applicability of ANOVA and ANCOVA. The Anderson Darling test is a statistical method of 

determining if a grouping of data adheres to a given probability distribution. The Anderson-Darling test can 

determine if a group of data is from a normal, lognormal, exponential, or Weibull distribution and is 

considered to be an alternative to the chi-square goodness-of-fit test (Stephens 1974). A common 

application for this test is to determine whether or not a set of data is normally distributed and therefore 

applicable to apply additional statistical methods that require the data to be normally distributed, such as 

ANOVA.  

The Anderson-Darling has the null hypothesis that the data or group of data comes from a 

specified distribution, with the alternative hypothesis that it does not follow the specified distribution at a 

set significance level. A significance level is 0.05 was selected for this project due to its customary use in 

statistical analysis. The test statistic used in the Anderson-Darling test is shown in Equation 3.7.  

 

𝐴a = −𝑛 −∑ (a7d+)

I
[ln 𝐹(𝑌7) + lnl1 − 𝐹(𝑌mn+d7)o]

I
7J+          (3.7)  

 

Where n is the number of data points and F is the cumulative distribution function of the specified 

distribution, in the case of testing for normality, Equation 3.8 can be used. The data must be ordered and 

𝑌7 referrers to the i-th ordered data point.  

 

𝐹(𝑥) = ∫ 𝑓(𝜇)	𝑑𝜇t
du              (3.8)  

 

The null hypothesis is rejected if the test statistic, 𝐴a, is greater than a tabulated critical value or 

for simplicity, if the test statistic is less than the test significance level. The Matlab function “adtest” was 

utilized with a 0.05 significance level to perform the Anderson-Darling test.  

3.10.3 Pearson Correlation 

The Pearson Correlation method provided a means to determine how correlated water quality 

parameters were with rainfall and land use properties. A Pearson correlation matrix provided a measure 

of the linear correlation between all combinations of dependent and independent variables. Pearson 

correlation is a bivariate correlation method that outputs a coefficient (r-value) that describes the extent of 

correlation between two variables. An r-value near +1 or -1 shows a perfect positive or negative 

correlation, respectively. An r-value of zero shows no linear correlation between the two variables. P-

values assess the statistical significance of the relationship and account for the strength of the correlation 

(r-value) and the sample size. A correlation with a low P-value (P<0.05) represents a statistically 

significant correlation while a high P-value (P>0.05) represents a situation where there is not enough 

evidence of a statistically significant correlation between the two variables (Townend 2002).  
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Variables considered in the Pearson correlation include all of the water quality parameters from 

Table 3.2, storm characteristics such as total rainfall volume, rainfall intensity, antecedent dry days, and 

physical basin characteristics such as zoning class area and impervious coverage. A correlation matrix 

provides a graphical method of displaying all bivariate combinations between the independent and 

dependent variables. The “corrcoef” function in Matlab was utilized to perform Pearson Correlation and 

provided R and P-values. 

3.10.4 Box-Cox Transformation 

A Box-Cox transformation allows non-normally distributed data to be modified to fit a normal 

distribution and allow additional statistical testing such as ANOVA and ANCOVA. The Box-Cox 

transformation is a power transform method used to convert data to a normal distribution. Many statistical 

tests have the requirement that the data fits a normal distribution and the Box-Cox transformation allows 

non-normalized data to be used in these statistical methods. The Box-Cox transformation has the form 

shown in Equation 3.9. 

 

𝑌 = (𝑋 + 𝛿)x         (3.9) 

 

Where X is the response variable, Y is the transformed or normalized response variable, 𝜆 is the 

power, 𝛿 is a shift amount that is added whenever X is zero or negative (Box and Cox 1964). The goal of 

the transform is to find a 𝜆 which best fits a normal distribution using maximum likelihood estimation and a 

95% confidence interval.  

The Pearson correlation matrix and Principle Component analysis each utilize the transformed 

data. Using the raw data and transformed data allows for an additional view into potential trends and 

correlations between variables that would not be possible or conclusive using the raw, non-normalized 

data. An open source function called “boxcoxlm.m” was utilized to run the Box-Cox transformation in 

Matlab (Dror 2006). 

3.10.5 One-Way Analysis of Variance (ANOVA) 

The purpose of one-way ANOVA is to determine whether there is a statistically significant 

difference between the means of three or more independent variables or groups. ANOVA tests the null 

hypothesis that there is no significant difference between the groups. The alternative hypothesis is that 

there is a significant difference between two or more groups. One-way ANOVA is considered an omnibus 

test statistic that requires additional testing if the null hypothesis is rejected and does not specify which 

groups are different. A post-hoc test, such as Tukey’s honestly significant difference test, is required to 

specify which groups differ from each other (Townend 2002). In order to satisfy ANOVA’s assumptions, 

the following criteria must be met: 

 

• The dependent variables must be normally distributed in each group being compared 

• The population variances in each group must be equal 
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• Observations or dependent variable values must be independent 

If the data is not normally distributed, as determined by the Anderson-Darling test for normality, it 

can be transformed using a Box-Cox transformation. If the group variances are not equal, as determined 

by either the Welch or Brown and Forsythe test, one-way ANOVA may not be appropriate, and the non-

parametric equivalent Kruskal-Wallis test is suggested. The third assumption, that all observations are 

independent, is controlled through experimental design (Townend 2002).  

Related to this project, one-way ANOVA is used to determine if there are significant differences 

between each of the sampling locations based on collected EMC values. Additional ANOVA testing is 

performed on the three sites as well as the UDFCD EMC values as reported in the Urban Storm Drainage 

Criteria Manual Vol. 3 (UDFCD 2010). This manual lists descriptive statistics for EMC values collected 

from a verity of land uses, including residential. One-way ANOVA provides a means to compare collected 

EMC values to Denver regional values. The regional values, reported in the Criteria Manual Vol. 3, were 

collected from all relevant urban stormwater quality studies conducted in residential areas in Denver and 

are considered pre-infill redevelopment quantities. By comparing the locally collected EMC values and 

these regional values using ANOVA, differences in their means can be identified. The descriptive 

statistics used for comparison in ANOVA are shown in Table 3.5. 

 

Table 3.5 UDFCD comparison values. Values for residential land use and n represents sample size 
(UDFCD 2010). 

Analyte Unit n 
Mean 

(Std. Dev.) 

TN mg/L 204 4.74 (2.88) 

TKN mg/L 192 3.33 (2.33) 

Nitrate+Nitrite mg/L 238 1.02 (0.83) 

Phos as P, Total mg/L 254 0.52 (0.37) 

Phos as P, Dis mg/L 233 0.24 (0.19) 

Phos, Oroth-P mg/L 97 0.22 (0.28) 

TSS mg/L 270 221 (297.6) 

TDS mg/L 7 146 (134.3) 

COD mg/L 140 120 (93.6) 

DOC mg/L 55 17 (15.1) 

TOC mg/L 80 27 (18.3) 

Cd, Total mg/L 119 Not Reported 

Cu, Total mg/L 182 0.022 (0.021) 

Pb, Total mg/L 126 0.014 (0.017) 

Zn, Total mg/L 181 0.115 (0.110) 
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The process for running one-way ANOVA is as follows: 

1. Test each group (East, Central, West) for normality using Anderson-Darling test 

2. If a group is not considered normally distributed at the 5% significance level, transform data using 

the Box-Cox transformation 

3. Run one-way ANOVA test on three site grouping to identify differences between sites, using 

transformed data where appropriate 

4. Run one-way ANOVA test on three sites and UDFCD values (Table 3.5) to identify differences 

between sites and regional EMC values 

5. If significant differences are suggested by ANOVA, run Tukey’s honest significant difference test 

to determine which groups are different 

One-way ANOVA was performed in Matlab using the “anova1” function (Hogg and Ledolter 

1987). The null hypothesis was rejected (i.e. significant differences exist) if the p-value was below 0.05. 

Tukey’s honest significant difference test was performed in Matlab using the “multcompare” function with 

a ‘CType’ of ‘hsd’.  

3.10.6 Analysis of Covariance (ANCOVA) 

An additional complication related to urban stormwater monitoring is the presence of multiple 

uncontrolled confounding variables that indirectly effect water quality. These confounding variables 

include the length of the antecedent dry period, rainfall intensity, and total rainfall depth. Between storm 

variability of these factors could have a confounding effect on EMC values and conclusions drawn from 

the dataset. Analysis of Covariance (ANCOVA) provides a method to assess the variance related to the 

confounding variables and determine if ANOVA results may by skewed due to these uncontrollable 

factors. The purpose of this analysis is to assess whether or not the confounding variables significantly 

affect potential statistical significances between the different sites. 

ANCOVA is a general linear model that mixes ANOVA with applied linear regression. This 

method assess statistical significance between groups, while controlling for the effects from covariates or 

confounding variables that are not of primary interest (Keppel 1991). ANCOVA has the following 

assumptions: 

• The regression between dependent variables and covariates is linear 

• The error is a random variable  

• The errors are uncorrelated 

• The error terms are normally distributed 

• Regression lines should be parallel or near parallel between groups 

The Matlab function “aoctool” was used to conduct ANCOVA. Dependent variables include the 

water quality analytes, sampling locations were the independent variables or treatments, and covariates 

include antedent dry days, rainfall intensity, and rainfall depth. Output from ANCOVA provides regression 

coefficients, a prediction plot that displays the fit regression, and a standard ANOVA table with related F-
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test statistics. A p-value of 0.05 is used to determine if mean EMC values differ significantly between sites 

after accounting for the confounding variable. Tukey’s honest significant difference test, using the 

“multcompare” function in Matlab, was used to determine which sites differ significantly after running 

ANCOVA.  

Effect sizing using Eta Squared quantifies how much variability is attributed in each confounding 

variable. The Eta Squared value is calculated using Equation 3.10. 

 

𝜂a =
WW{||}~�
WW�����

        (3.10) 

 

Where 𝜂a is the partial eta-square test static, 𝑆𝑆�]]R�M is the sum of squares for a specific 

covariate – dependent variable combination, and 𝑆𝑆[ZMUY is the sum of squares for the total error 

determined in the regression. Cohen’s guidelines (Cohen et al. 2003) were used to assess the extent of 

the effect of each confounding variable on each analyte. Cohen’s guidelines suggest a small effect 

𝜂a~0.2, a medium effect 𝜂a~0.5, and a large effect 𝜂a~0.8. The partial eta-square test static is considered 

the amount of variability in the spread of data that can be attributed to the confounding variable.  
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CHAPTER 4: RESULTS 

 Results from GIS analysis, dry weather sampling, wet weather sampling, and corresponding 

statistical analysis are presented in this chapter the results. Supplemental data and materials can be 

found in Appendix B and C.  

4.1 GIS Analysis 

The three sampling locations were used as points in order to delineate each contributing 

catchment area. The delineated catchments are shown in Figure 4.1. 

 

 
Figure 4.1 Map of delineated sampling basins 

 
Impervious coverage data from the City of Denver provided the means to determine where 

impervious coverage increased from 2004 – 2018 (City of Denver, 2018; Unpublished Data from City of 
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Denver, 2018). Impervious increases are shown in Figure 4.2, Table 4.1 shows a breakdown of 

catchment area and impervious coverage, and Table 4.2 shows impervious surface increases by basin 

from 2004-18.  

 
Figure 4.2 Map of the locations of increased impervious coverage from 2004-2018. Increased impervious 

coverage shown in red. 

 
Table 4.1 Catchment area and imperviousness by basin 

 
West 
Basin 

Central 
Basin 

East 
Basin 

Catchment Area (Acres) 328 79 393 
Total Impervious Area (Acres) 184 47 182 

Total Imperviousness (%) 56% 59% 46% 
Effective Impervious Area (Acres) 108 16 106 
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Table 4.2 Impervious surface increases by basin from 2004-2018. Percentage of Impervious Surface 
Increase by Type refers to the percentage of total impervious coverage change broken down by what 

type of new development caused the increase. 

 West 
Basin 

Central 
Basin 

East 
Basin 

Area of Impervious Increase (Acres) 12.6 4.0 3.3 
Percent Change in Imperviousness 3.8% 5.0% 0.8% 

Percentage of Impervious Surface Increase by Type 
Building 51% 66% 68% 
Driveway 9% 12% 13% 
Parking 19% 0% 2% 
Sidewalk 13% 12% 9% 
Other 8% 10% 9% 

 

Zoning data from the City of Denver provided a breakdown of each basin by zoning type. Zoning 

classifications are shown in Figure 4.3 and Table 4.3 displays land coverage information by basin.  

 

 
Figure 4.3 Map of zoning categories for each sampling basin. Zoning types are shown in the legend. 
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Table 4.3 Zoning areas by basin and zoning category 

 

West Basin Central Basin East Basin  

Single Unit (Acres) 194.3 18.0 284.0 

Multi Unit (Acres) 1.5 2.7 2.8 

Mixed Use (Acres)  52.8 8.8 31.7 

Two Unit (Acres) 51.6 40.2 6.9 

Open Space/Parks (Acres) 6.3 1.0 61.4 

Main Street (Acres) 13.0 8.7 5.8 

 

4.2 Dry Weather Urban Water Quality 

A total of 8 dry weather sampling events occurred between May 13th, 2018 and June 27th, 2019. 

Flow was present at each sampling location year during the entire sampling program. Table 4.4 shows 

the dry weather flow rates and Table 4.5 shows descriptive statistics for the dry weather water quality. 

Average weekly loading of each analyte is shown in Table 4.6. Dry weather samples were collected with 

at least 72-hours of dry conditions prior to sampling and only during the spring, summer, and fall seasons. 

Selected water quality analytes are shown as boxplots in Figures 4.4-4.8.  

 

Table 4.4 Dry weather flow rates 

 
Mean Flow Std. Dev. 

 
m�/s m�/s 

East 0.0038 0.0199 
Central 0.0001 0.0008 
West 0.0039 0.0229 

 
 

Table 4.5 Dry weather water quality descriptive statistics 

 
 Mean (±95% CI) 

Analyte Unit West Central East 

Phosphorus, Diss. mg/L 0.15 (±0.06) 0.20 (±0.24) 0.24 (±0.09) 
Ammonia, Diss. mg/L 0.022 (±0.018) 0.016 (±0.012) 0.114 (±0.057) 
Nitrite, Diss. mg/L 0.030 (±0.01) 0.011 (±0.04) 0.134 (±0.116) 
Nitrate, Diss. mg/L 7.27 (±2.97) 8.20 (±3.39) 3.28 (±2.72) 
TSS mg/L 5.81 (±8.79) 3.44 (±4.08) 5.25 (±3.86) 
TDS mg/L 733 (±47) 820 (±47) 416 (±100) 
Total Coliforms MPN/100mL 13,900 (±18,800) 1,320 (±830) 5,790 (±7,010) 
E. coli MPN/100mL 820 (±1,510) 720 (±1,540) 3,290 (±5,210) 
Cu, Dissolved ug/L 8.0 (±2.0) 6.0 (±1.0) BDL 
Cu, Total ug/L 13.0 (±4.0) 13.0 (±2.0) 13.0 (±4.0) 
Pb, Dissolved ug/L 11.0 (±43.0) 9.0 (±12.0) 8.0 (±10.0) 
Pb, Total ug/L 9.0 (±10.0) 7.0 (±41.0) BDL 
As, Dissolved ug/L 24.0 (±8.0) 26.0 (±7.0) 20.0 (±7.0) 
As, Total ug/L 14.0 (±4.0) 18.0 (±6.0) 13.0 (±2.0) 
Zn, Dissolved ug/L 27.0 (±4.0) 27.0 (±6.0) 21.0 (±4.0) 
Zn, Total ug/L 28.0 (±5.0) 29.0 (±7.0) 25.0 (±5.0) 
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Table 4.6 Average weekly loading during dry weather conditions 

Analyte Unit West Central East 

Phosphorous, Diss. kg/week 0.37 0.01 0.55 
Ammonia, Diss. kg/week 0.05 <0.01 0.26 
Nitrite, Diss. kg/week 0.07 <0.01 0.31 
Nitrate, Diss. kg/week 17.3 0.59 7.6 
TSS kg/week 13.8 0.25 12.2 
TDS kg/week 1,750 58.9 968 
Total Coliforms MPN/wk 33,140 95 13,450 
E. coli MPN/wk 1,960 52 7,650 
Cu, Diss. kg/week BDL BDL BDL 
Cu, Total kg/week 0.026 0.001 0.027 
Pb, Diss. kg/week BDL BDL BDL 
Pb, Total kg/week BDL BDL BDL 
As, Diss. kg/week 0.063 0.002 0.049 
As, Total kg/week 0.036 0.001 0.033 
Zn, Diss. kg/week 0.064 0.002 0.051 
Zn, Total kg/week 0.026 0.001 0.027 

 
 

 
Figure 4.4: Dry weather water quality – Nutrient boxplots. All nutrients are dissolved. Red plus signs 

indicate outliers and triangles represent CDPHE in-stream standards, where relevant. 
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Figure 4.5: Dry weather water quality - TSS & TDS boxplots. Red plus signs indicate outliers. 

 

 
Figure 4.6: Dry weather water quality - Total Coliforms and E. coli boxplots. Red plus signs indicate 

outliers and triangles represent CDPHE in-stream standards, where relevant. 
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Figure 4.7: Dry weather water quality - Arsenic & Zinc boxplots. Red plus signs indicate outliers and 

triangles represent CDPHE in-stream standards, where relevant. 

 

 
Figure 4.8: Dry weather water quality - Lead & Copper boxplots. Red plus signs indicate outliers and 

triangles represent CDPHE in-stream standards, where relevant. 
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4.3 Snowmelt Results 

A single snowmelt event was captured on 1/25/2019. A larger snowmelt data set could not be 

collected due to frequent equipment malfunction in low temperatures. Mean values of each analyte is 

shown in Table 4.7.  

 

Table 4.7 Snowmelt event water quality 

Analyte Unit West Central East 
Phosphorus, Diss. mg/L 0.075 0.211 0.125 
Ammonia, Diss. mg/L 0.805 1.22 0.63 
Nitrite, Diss. mg/L 0.591 0.679 0.663 
Nitrate, Diss. mg/L 2.055 1.78 3.045 
TSS mg/L 123 154.5 49 
TDS mg/L 2,075 2,265 4,140 
Total Coliforms MPN/100mL 6,010 13,040 113,240 
Cu, Dissolved ug/L 13.0 16.0 15.0 
Cu, Total ug/L 25.0 32.0 19.0 
Pb, Dissolved ug/L BDL BDL BDL 
Pb, Total ug/L 7.0 15.0 BDL 
As, Dissolved ug/L BDL BDL BDL 
As, Total ug/L BDL 10.0 18.0 
Zn, Dissolved ug/L 62.0 61.0 59.0 
Zn, Total ug/L 176 233 111 

 

4.4 Wet Weather Results 

A total of 15 rain events were sampled between July 2018 and July 2019. Due to equipment 

deployment issues and sporadic malfunctions, not all rain events were captured at each sampling 

location.  Nine sampling events were captured and analyzed at the Central location, 13 at the Western 

location, and 12 at the Eastern location. Each sampled wet-weather event is less than a 2-year storm 

according to Denver’s precipitation-duration-frequency diagrams. Table 4.8 shows the dates and rain-

event characteristics of the storms analyzed, while and Table 4.9 presents the descriptive statistics of the 

water quality analyses. Table 4.10 shows the average surface water loading of each contaminant during a 

storm event. Boxplots illustrate the distributions of each water quality analyte and are shown in Figures 

4.9-4.13. Cadmium was excluded from results because values were predominantly below the ICP-AES 

detection limit. Additional barplots of the relative proportions of dissolved and particulate-associated 

species are shown in Figures 4.14-4.15. Figure 4.16 shows the proportion of nitrogen-containing species 

broken down by contributions of ammonia, nitrite, nitrate, and total kjeldahl nitrogen (TKN).  
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Table 4.8 Rain event characteristics for each sampling event 

Date Ant. Dry 
Days 

Storm 
Duration 

Rainfall 
(in.) 

Peak Rainfall 
Intensity (in/5mins) 

7/2/18 8 30 min 0.02 0.002 
7/7/18 5 2 hr 0.24 0.056 
7/15/18 8 2 hr 0.39 0.023 
7/23/18 7 10 min 0.11 0.014 
7/24/18 1 10 min 0.03 0.019 
8/18/18 3 10 min 0.20 0.136 
8/21/18 2 30 min 0.05 0.011 
9/5/18 5 1 hr 0.40 0.098 
10/5/18 2 10 min 0.12 0.051 
4/10/19 4 2 hr 0.03 0.004 
4/21/19 8 10 min 0.06 0.200 
4/29/19 8 2 hr 0.04 0.050 
5/20/19 2 2 hr 0.09 0.010 
5/28/19 2 10 min 0.10 0.002 
6/17/19 6 2 hr 0.12 0.043 

 

Table 4.9 Wet weather water quality descriptive statistics 

 
 Mean (±95% CI) 

Analyte Unit West Central East 

Phosphorus, Diss. mg/L 0.995 (±0.417) 0.949 (±0.511) 0.877 (±0.312) 
Ammonia, Diss. mg/L 1.28 (±0.478) 0.803 (±0.447) 0.982 (±0.450) 
Nitrite, Diss. mg/L 0.385 (±0.349) 0.453 (±0.360) 0.363 (±0.266) 
Nitrate, Diss. mg/L 2.54 (±1.06) 2.97 (±1.84) 2.31 (±0.980) 
TSS mg/L 115.6 (±74.1) 126.9 (±74.7) 113.0 (±88.3) 
TDS mg/L 228.0 (±95.9) 242.0 (±137.2) 306.0 (±101.4) 

Total Coliforms MPN/100mL 
1,750,000 

(±1,860,000) 
578,000  

(±432,000) 
720,000  

(±370,000) 

E. coli MPN/100mL 
403,000 

 (±414,000) 
40,200  

(±69,800) 
243,600 

 (±224,400) 
Cu, Dissolved ug/L 17.0 (±5.0) 15.0 (±6.0) 15.0 (±4.0) 
Cu, Total ug/L 37.0 (±14.0) 29.0 (±14.0) 28.0 (±13.0) 
Pb, Dissolved ug/L 7.0 (±4.0) BDL BDL 
Pb, Total ug/L 12.0 (±8.0) 9.0 (±6.0) 8.0 (±7.0) 
As, Dissolved ug/L 10.0 (±1.0) 12.0 (±58.0) 17.0 (±14.0) 
As, Total ug/L 17.0 (±8.0) 14.0 (±9.0) 13.0 (±6.0) 
Zn, Dissolved ug/L 82.0 (±32.0) 62.0 (±21.0) 58.0 (±16.0) 
Zn, Total ug/L 171 (±77.0) 165 (±82.0) 124 (±67.0) 
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Table 4.10 Average wet weather loading during typical rain events. Values are one-month averages 
based on flow and storm frequency.  

Analyte Unit West Central East 
Phosphorus, Diss. kg 0.13 0.05 0.25 
Ammonia, Diss. kg 0.15 0.04 0.26 
Nitrite, Diss. kg 0.04 0.02 0.11 
Nitrate, Diss. kg 0.29 0.12 1.15 
TSS kg 14.9 4.18 43 
TDS kg 27.8 10.6 160 
Total Coliforms MPN 378,000 19,600 183,000 
E. coli MPN 79,300 604 62,000 
Cu, Dissolved kg 0.002 0.001 0.004 
Cu, Total kg 0.005 0.001 0.01 
Pb, Dissolved kg 0.001 <0.001 <0.001 
Pb, Total kg 0.001 <0.001 0.001 
As, Dissolved kg <0.001 <0.001 0.007 
As, Total kg 0.001 <0.001 0.005 
Zn, Dissolved kg 0.011 0.003 0.02 
Zn, Total kg 0.019 0.007 0.042 

 

 
Figure 4.9 Wet weather water quality – Dissolved Nutrient boxplots. Red plus signs indicate outliers and 

triangles represent CDPHE in-stream standards, where relevant. 
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Figure 4.10 Wet weather water quality - TSS & TDS. Red plus signs indicate outliers. 

 

 
Figure 4.11 Wet weather water quality - Total coliforms & E. coli. Red plus signs indicate outliers and 

triangles represent CDPHE in-stream standards, where relevant. 
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Figure 4.12 Wet weather water quality - Arsenic & Zinc boxplots. Red plus signs indicate outliers and 

triangles represent CDPHE in-stream standards, where relevant. 

 

 
Figure 4.13 Wet weather water quality - Copper & Lead boxplots. Red plus signs indicate outliers and 

triangles represent CDPHE in-stream standards, where relevant. 
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Figure 4.14 Distribution barplot of dissolved and particulate associated nutrient concentrations 

 

 
Figure 4.15 Distribution barplot of dissolved and particulate-associated metals concentrations 
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Figure 4.16 Nitrogen species comparison between sites 

 

 
Figure 4.17 Discretely analyzed storm showing evidence of first-flush effect for phosphorous at the 

Central basin for the storm occurring on Sept. 5th, 2018. The blue line represents the hydrograph and the 
orange line represents the phosphorus concentration. 
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Figure 4.18 Discretely analyzed storm showing evidence of first-flush effect for ammonia at the Central 

basin for the storm occurring on Sept. 5th, 2018. Blue line represents the hydrograph and the orange line 
represents the ammonia concentration. 

 

 
Figure 4.19 Discretely analyzed storm showing evidence of first-flush effect for TSS at the West basin for 
the storm occurring on July 7th, 2018. Blue line represents the hydrograph and the orange line represents 

the TSS concentration. 
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Figure 4.20 Discretely analyzed storm showing no evidence of first-flush effect for TDS at the East basin 

for the storm occurring on Aug. 18th, 2018. Blue line represents the hydrograph and the orange line 
represents the TDS concentration. 

 

4.5 Loading Comparison Results 

Results showing monthly average surface water loading for dry weather flow and wet weather 

flow are shown in Table 4.11.  

 

Table 4.11 Surface water loading comparisons between wet and dry conditions. All values shown are 
monthly averages. 

 Phoshorus (kg) Ammonia (kg) Nitrite (kg) Nitrate (kg) 

 Wet Dry Wet Dry Wet Dry Wet Dry 

West 0.64 1.84 0.73 0.26 0.18 0.35 1.45 86.56 

East 1.23 2.76 1.28 1.32 0.54 1.55 5.74 38.10 

Central 0.23 0.07 0.19 0.01 0.10 <0.01 0.62 2.95 

         

 TSS (kg) TDS (kg) Total Coliforms (MPN) E. coli (MPN) 

 Wet Dry Wet Dry Wet Dry Wet Dry 

West 74.3 69.2 139 8737 1889942 165679 396626 9811 

East 215.1 61.0 797 4838 914390 67235 310055 38242 

Central 20.9 1.2 53 295 98010 474 3020 259 
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Table 4.11 Continued: Surface water loading comparisons between wet and dry conditions. All values 
shown are monthly averages. 

 Arsenic, Diss. (kg) Copper, Diss. (kg) Lead, Diss. (kg) Zinc, Diss. (kg) 

 Wet Dry Wet Dry Wet Dry Wet Dry 

West 0.002 0.315 0.011 BDL 0.003 BDL 0.054 0.319 

East 0.037 0.247 0.019 BDL BDL BDL 0.099 0.253 

Central 0.001 0.009 0.003 BDL 0.001 BDL 0.013 0.011 

         

 Arsenic, Total (kg) Cu, Total (kg) Pb, Total (kg) Zn, Total (kg) 

 Wet Dry Wet Dry Wet Dry Wet Dry 

West 0.003 0.182 0.024 0.128 0.006 BDL 0.094 0.129 

East 0.023 0.165 0.052 0.136 0.004 BDL 0.208 0.133 

Central 0.002 0.006 0.007 0.004 0.002 BDL 0.035 0.004 
 

4.6 Correlation Results 

 Results from the Pearson’s Correlation analysis are presented in Tables 4.12-4.13. These results 

show the R-values that correspond to the strength of the linear relationship between two variables. 

 

Table 4.12 Person's Correlation R-values for wet weather water quality, excluding metals. 
Highlighted values are R-values that are statistically significant at the 5% significance level. 
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Phos. 1.0            

Ammonia 0.86 1.0           

Nitrite 0.49 0.40 1.0          

Nitrate 0.31 0.35 0.55 1.0         

TN 0.37 0.39 0.70 0.98 1.0        

TSS 0.58 0.53 0.18 0.06 0.09 1.0       

TDS 0.28 0.24 0.71 0.66 0.72 0.00 1.0      

Total 
Coli. 

-0.06 0.06 -0.09 -0.03 -0.04 0.10 -0.16 1.0     

E. coli 0.06 0.34 -0.10 -0.07 -0.09 0.21 -0.21 0.52 1.0    

Dry Days 0.66 0.56 0.36 0.02 0.10 0.38 0.31 -0.18 0.20 1.0   

Rainfall  
Intensity 

0.72 0.57 0.12 0.12 0.13 0.75 0.06 -0.09 -0.14 0.44 1.0  

Total 
Rainfall 

-0.12 -0.04 -0.20 -0.16 -0.19 0.09 -0.46 0.07 0.30 0.04 0.10 1.0 

Impervi-
ousness 

0.11 -0.01 0.07 0.16 0.16 0.03 -0.20 0.10 -0.06 0.09 0.03 0.05 
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Table 4.13 Person's Correlation R-values, continued, for wet weather water quality, including metals. 
Highlighted values are R-values that are statistically significant at the 5% significance level. 

R
-V

a
lu

e
s
 

A
s
, 
T

o
ta

l 

C
u
, 
T

o
ta

l 

P
b
, 
T

o
ta

l 

Z
n
, 
T

o
ta

l 

A
s
, 
D

is
s
. 

C
u
, 
D

is
s
. 

P
b
, 
D

is
s
. 

Z
n
, 
D

is
s
. 

D
ry

 D
a
y
s
 

R
a
in

fa
ll 

In
te

n
s
it
y
 

T
o
ta

l 
R

a
in

fa
ll 

As, Total 1.0           

Cd, Total -0.07           

Cu, Total 0.62 1.0          

Pb, Total 0.64 0.84 1.0         

Zn, Total 0.62 0.96 0.84 1.0        

As, Diss. 0.14 -0.19 -0.19 -0.26 1.0       

Cd, Diss. 0.37 -0.18 -0.03 -0.18 0.08       

Cu, Diss. 0.55 0.91 0.74 0.87 -0.22 1.0      

Pb, Diss. -0.26 -0.02 -0.10 -0.11 -0.07 -0.07 1.0     

Zn, Diss. 0.21 0.76 0.57 0.68 -0.04 0.84 0.11 1.0    

Dry Days 0.49 0.37 0.57 0.41 -0.32 0.42 0.00 0.18 1.0   

Intensity 0.52 0.64 0.56 0.75 -0.35 0.51 -0.22 0.21 0.44 1.0  

Total 
Rainfall 

-0.42 -0.33 -0.30 -0.24 -0.10 -0.35 0.36 -0.21 0.04 0.10 1.0 

Impervi-
ousness 

-0.01 0.07 0.12 0.13 -0.32 0.07 0.27 0.07 0.09 0.03 0.05 

 

4.7 ANOVA and Comparison Results 

 The following section displays the results from the ANOVA analysis. This statistical method 

provides a means to determine significant differences between concentration values between sites for dry 

weather conditions and wet weather events. Additionally, this method provides a means to compare 

collected data to UDFCD city-wide EMC values to determine if EMCs in the Berkeley neighborhood are 

significantly different.  

4.7.1 Dry Weather Site Comparisons 

One-way ANOVA was completed for each analyte sampled during dry weather conditions. 

Results, comparing site concentrations, is shown in Table 4.14. Supplemental ANOVA figures and 

comparison figures from Tukey analysis are shown in Appendix B. Dry weather water quality data was 

normally distributed (Anderson-Darling, 5% significance level) and did not require transformation using 

Box-Cox. An addition analysis using Kruskal-Wallis, the non-parametric equivalent of ANOVA, was 

conducted to double check the conclusions from ANOVA. The results from Kruskal-Wallis conferred the 

results shown in Table 4.14. 
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Table 4.14 One-way ANOVA for dry weather samples, comparing concentrations between sampling 
locations. Significant differences between groups exist if analyte p-value is less than 0.05. 

Analyte 

Degrees 
of 

Freedom, 
Between 
Groups 

Degrees 
of 

Freedom, 
Within 
Groups 

F-
ratio 

p-
value 

Notes 

Phosphorus, Diss. 2 21 0.41 0.67 No significant differences 

Total Nitrogen 2 18 4.48 0.03 
Central values significantly 

above East values 

Ammonia, Diss. 2 21 14.1 0.00 
East values significantly above 

Central and West values 

Nitrite, Diss. 2 21 5.32 0.01 
East values significantly above 

Central and West values 

Nitrate, Diss. 2 18 4.39 0.03 
Central values significantly 

above East values 

TDS 2 21 52.8 0.00 
East values significantly above 

Central and West values 

TSS 2 18 0.25 0.78 No significant differences 

Tot Coliforms 2 15 2.01 0.17 No significant differences 

E Coli 2 15 1.33 0.30 No significant differences 

Copper, Total 2 19 0.01 0.99 No significant differences 

Lead, Total 2 3 0.65 0.48 No significant differences 

Arsenic, Total 2 17 2.69 0.10 No significant differences 

Zinc, Total 2 21 0.58 0.57 No significant differences 

Copper, Diss. 2 4 1.68 0.30 No significant differences 

Lead, Diss. 2 5 0.28 0.77 No significant differences 

Arsenic, Diss. 2 18 1.15 0.34 No significant differences 

Zinc, Diss. 2 18 4.19 0.03 
Central values significantly 

above East values 
  

4.7.2 Comparison between Sites 

An initial ANOVA test was run on collected EMC values from the three sampling locations, 

transformed using a Box-Cox transformation where applicable, to determine if results were statistically 

significant from each other. These results are shown in Table 4.15. Results from the Anderson-Darling 

test for normality, Box-Cox transformation results, and supplemental ANOVA figures can be found in 

Appendix B. The majority of contaminants were normally distributed, whichever did not pass the 

Anderson-Darling test for normality were transformed using a Box-Cox transformation.  
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Table 4.15 One-way ANOVA results for site concentration comparisons. Significant differences between 
groups exist if analyte p-value is less than 0.05. 

Analyte 

Degrees 
of 

Freedom, 
between 
Groups 

Degrees of 
Freedom, 

within 
Groups 

F-ratio p-value Notes 

Phosphorus, Diss. 2 31 0.11 0.89 No significant differences 
Total Nitrogen 2 9 0.20 0.82 No significant differences 
Ammonia, Diss. 2 31 1.25 0.30 No significant differences 
Nitrite, Diss. 2 31 0.09 0.92 No significant differences 
Nitrate, Diss. 2 31 0.32 0.73 No significant differences 
TDS 2 31 0.77 0.47 No significant differences 
TSS 2 31 0.04 0.96 No significant differences 
Total Coliforms 2 27 1.40 0.26 No significant differences 
E Coli 2 24 1.66 0.21 No significant differences 
Copper, Total 2 28 0.83 0.44 No significant differences 
Lead, Total 2 23 0.53 0.60 No significant differences 
Arsenic, Total 2 10 0.51 0.61 No significant differences 
Zinc, Total 2 28 0.61 0.55 No significant differences 
Copper, Diss. 2 28 0.87 0.43 No significant differences 
Arsenic, Diss. 2 8 0.64 0.55 No significant differences 
Zinc, Diss. 2 29 1.89 0.17 No significant differences 

 

4.7.3 Comparison with UDFCD Values 

A secondary ANOVA test was ran using UDFCD values (Table 3.5) to compare collected EMC 

values to regional values to determine if water quality has significantly changed over time. These results 

are shown in Table 4.16. Supplemental ANOVA figures and comparison figures from Tukey analysis are 

shown in Appendix B.  

 

Table 4.16 One-way ANOVA results for comparison with UDFCD concentrations. Significant differences 
between groups exist if analyte p-value is less than 0.05. 

Analyte 

Degrees of 
Freedom, 
between 
Groups 

Degrees of 
Freedom, 

within 
Groups 

F-
ratio 

p-
value 

Tukey Result Notes 

Phosphorus, 
Diss. 

3 76 7.79 0.0001 
East, West, and Central levels 
are significantly above UDFCD 

values 

Total Nitrogen 3 76 2.51 0.065 
Central levels are significantly 

above UDFCD values 

TDS 3 76 3.58 0.018 
East levels are significantly 

above UDFCD values 

TSS 3 76 0.22 0.885 No significant differences 

Copper, Total 3 76 4.52 0.006 
West levels are significantly 

above UDFCD values 

Lead, Total 3 76 3.47 0.020 
Central levels are significantly 

below UDFCD values 

Zinc, Total 3 76 3.53 0.018 
Central levels are significantly 

above UDFCD values 
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4.8 ANCOVA Results 

Selected ANCOVA results are shown in Tables 4.17-4.19 and include an analysis of the effects of 

peak rainfall intensity, antecedent dry days, and rainfall depth.  

 

Table 4.17 ANCOVA results with rainfall intensity as the confounding variable 

Analyte 

Degrees of 
Freedom, 
between 
Groups 

Degrees of 
Freedom, 

within 
Groups 

F-ratio p-value 
Partial 

Eta-
Squared 

Phosphorus, Diss. 2 28 0.25 0.78 0.02 
Ammonia, Diss. 2 28 1.73 0.20 0.12 
Nitrite, Diss. 2 28 0.05 0.95 <0.01 
Nitrate, Diss. 2 28 0.36 0.70 0.03 
Total Nitrogen 2 6 0.07 0.94 0.02 
TDS 2 28 0.30 0.74 0.02 
TSS 2 28 2.80 0.08 0.20 
Total Coliforms 2 24 0.24 0.79 0.02 
E. coli 2 21 0.69 0.51 0.07 
Arsenic, Total 2 7 0.41 0.68 0.12 

Arsenic, Diss. 2 5 0.63 0.57 0.25 
Lead, Total 2 20 0.42 0.66 0.04 
Lead, Diss. 2 BDL BDL BDL BDL 
Copper, Total 2 25 0.12 0.89 0.01 
Copper, Diss. 2 25 2.10 0.14 0.17 
Zinc, Total 2 25 1.34 0.28 0.11 
Zinc, Diss. 2 26 1.88 0.17 0.14 

 

Table 4.18 ANCOVA results with antecedent dry days as the confounding variable 

Analyte 

Degrees 
of 

Freedom, 
between 
Groups 

Degrees 
of 

Freedom, 
within 

Groups 

F-ratio p-value 
Partial 

Eta-
Squared 

Phosphorus, Diss. 2 28 0.29 0.75 0.02 
Ammonia, Diss. 2 28 0.04 0.96 <0.01 
Nitrite, Diss. 2 28 0.3 0.74 0.02 
Nitrate, Diss. 2 28 0.91 0.41 0.07 
Total Nitrogen 2 6 4.15 0.07 0.02 
TDS 2 28 0.11 0.90 0.01 
TSS 2 28 0.24 0.79 0.02 
Total Coliforms 2 24 0.07 0.93 0.01 
E. coli 2 21 0.28 0.76 0.03 
Arsenic, Total 2 7 0.51 0.62 0.15 
Arsenic, Diss. 2 5 0.09 0.92 0.04 
Lead, Total 2 20 0.49 0.62 0.05 
Lead, Diss. 2 BDL BDL BDL BDL 
Copper, Total 2 25 0.09 0.92 0.01 
Copper, Diss. 2 25 1.1 0.35 0.09 
Zinc, Total 2 25 0.02 0.98 <0.01 
Zinc, Diss. 2 26 0.2 0.82 0.02 
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Table 4.19 ANCOVA results with total rainfall depth as the confounding variable 

Analyte 

Degrees 
of 

Freedom, 
between 
Groups 

Degrees 
of 

Freedom, 
within 

Groups 

F-ratio p-value 
Partial 

Eta-
Squared 

Phosphorus, Diss. 2 28 0.02 0.98 <0.01 
Ammonia, Diss. 2 28 0.08 0.92 0.01 
Nitrite, Diss. 2 28 0.31 0.73 0.02 
Nitrate, Diss. 2 28 0.13 0.88 0.01 
Total Nitrogen 2 6 0.12 0.89 0.04 
TDS 2 28 0.46 0.63 0.03 
TSS 2 28 0.85 0.44 0.06 
Total Coliforms 2 24 2.7 0.09 0.22 
E. coli 2 21 0.65 0.53 0.06 
Arsenic, Total 2 7 0.39 0.69 0.11 
Arsenic, Diss. 2 5 0.51 0.63 0.20 
Lead, Total 2 20 0.77 0.48 0.08 
Lead, Diss. 2 BDL BDL BDL BDL 
Copper, Total 2 25 0.69 0.51 0.06 
Copper, Diss. 2 25 0.04 0.97 <0.01 
Zinc, Total 2 25 0.08 0.92 0.01 
Zinc, Diss. 2 26 0.12 0.89 0.01 
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CHAPTER 5: DISCUSSION 

 This section is a discussion of the results and presents potential implications for stormwater 

management related to water quality.  

5.1 GIS Delineation and Land Use 

Basin delineations, as shown in Figure 4.1, very closely matched  basins delineations in Denver’s 

Stormwater Master Plan for basin 4309-01 (Denver Public Works 2014). The West and East basins drain 

comparable areas at 328 and 393 acres, respectively. The Central basin is substantially smaller at only 

79 acres. Impervious coverage is substantial within the study area. As Table 4.1 shows, the Central basin 

has the highest total impervious coverage at 59% and the East basin the lowest coverage at 47%, which 

is still high even for many urban residential areas (White et al. 2013) and significantly higher than the city-

wide average for Denver which is 39%.  

Figure 4.3 illustrates where infill redevelopment has been occurring since 2004. There is a 

significant contrast in where the redevelopment is occurring between the three sampling basins. The East 

basin has undergone relatively little change during this period while the Central basin has relatively 

uniform increases in imperviousness across the basin. The West basin shows a significant gradient, with 

more infill occurring closer to Tennyson Street and less infill occurring west and south. While the 

increases in impervious coverage since 2004 are considerable, it still is a relatively low percentage of 

total land cover. As shown in Table 4.2, from 2004-2018 the Central basin increased imperviousness by 

5%. During this same period, the East basin only increased imperviousness by 0.8%. The main 

contributor to increased imperviousness is increased building footprints; between 51-68% of increased 

imperviousness is due to larger building coverage.  

Zoning classifications, shown in Figure 4.3 and Table 4.3, provide additional information related 

to infill redevelopment trends. The majority of infill redevelopment and increases in imperviousness occur 

in areas zoned as Two-Unit residential. Developers commonly purchase a single-family home, rebuild the 

home with increased impervious coverage and rezone the lot as Two-Unit residential. The Central basin 

is dominantly Two-Unit, as is the area just to the west of Tennyson Street in the East basin, as shown in 

Figure 4.3. These areas have experienced the largest impervious coverage increase. It is likely that 

additional infill redevelopment will occur in the remaining Single Unit zoning areas as limited housing 

options and real estate economics justify rezoning to Two-Unit or Multi-Unit classifications. The transition 

to Two-Unit, Mixed Use, and Multi Unit zoning seems to be a significant driver for increased impervious 

coverage mainly due to the economic incentives to build more housing near popular commercial areas.   

5.2 Dry Weather Water Quality 

Each sampling location had consistent dry weather flow throughout the study period but some 

seasonal trends in flowrate are present. The source of this flow is likely shallow aquifer groundwater 

intruding through broken stormwater pipe casings, as well as residential sump pumps, lawn irrigation 

water, and other outdoor residential water use. As shown in Table 4.4, dry weather flowrates varied from 
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a low of 0.0035 CFS in the Central basin to 0.134 and 0.138 CFS in the East and West basins, 

respectively. Dry flowrates seem to scale with contributing basin size and is also dependent on the depth 

of the stormwater piping network. The West and East basins have substantially deeper pipes than the 

Central basin; shallower pipes are less likely to receive substantial groundwater intrusion.  

Dry weather contaminant concentrations, as shown in Table 4.5 and Figures 4.4-4.8, show high 

levels of variability between sampling events at each sampling location.  No significant differences in 

concentrations between sites exist for phosphorus, TSS, total coliforms, E. coli, or any total or dissolved 

metals with the exception of dissolved zinc, where the Central basin had significantly higher values than 

in the Eastern basin (one-way ANOVA, P>0.05, Table 4.14), possibly due to increased zinc in building 

panels used frequently in redevelopment (Bannerman et al. 1993). Significant differences exist between 

the East basin and the other two sampling locations for all nitrogen species and TDS (one-way ANOVA, 

P<0.05). The East basin has significantly higher concentrations of ammonia but significantly lower 

concentrations of nitrite, nitrate, and TDS. It is possible that the high levels of ammonia are related to 

lawn fertilizer application in the East basin, where there is more lawn space than in the other two basins. 

Overall, the dry weather results do not allow for many conclusions to be drawn from the available data 

set. Since there were limited significant differences in contaminant concentrations between sites, no 

significant relationships can be determined between land use and water quality. Additional dry weather 

sampling and data analysis could potentially expound these results and clarify the variability. The addition 

of local groundwater sampling would provide a means of relating dry weather water quality concentrations 

to groundwater concentrations in order to track the source of contaminants. 

E. coli values are significantly above the MS4 regulation of 126 CFU/100mL, ranging from of 720-

3,290 MPN/100mL. This is likely due to the growth of biofilms on the surface of the stormwater network, 

leaking sanitary sewer lines contaminating groundwater, or animal waste. There is also the possibility of 

biofilm disturbance during sampling due to the dip-cup method of collection, which may cause FIB in 

biofilms to be mobilized into the dry weather flow (McCarthy et al. 2008). In order to quantify this 

uncertainty, confined space entry would be required at each sampling location.  Currently, this basin is 

not classified as a priority E. coli basin under Denver’s MS4 permit. Regulations on E. coli are end-of-pipe 

concentrations, measured at the outfall prior to the stormwater network discharging to surface water. 

Significant dilution, from overflow from Berkeley and Rocky Mountain Lakes, occurs down system from 

the sampling locations.  

Nutrient loading to surface waters, shown in Table 4.6, is considerable during dry weather 

conditions with 17.3 kg/week of nitrate coming from the West basin. Phosphorus loading is considerable 

with 0.01-0.55 kg/week entering Clear Creek from this sampling area. Arsenic loading during dry weather 

conditions is also substantial at between 0.001-0.063 kg/week. Comparison of mean dry weather 

contaminant concentrations with CDPHE in-stream standards for Clear Creek, as show in Table 3.4, 

show some contaminants should be of concern to stormwater managers. The mean values for 

phosphorus, E. coli, chronic arsenic, and chronic lead are in exceedance of CDPHE standards. All 
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nitrogen species are substantially below the CDPHE standards for dry weather flow. While these 

concentrations undergo significant dilution prior to discharge into Clear Creek via discharge from Rocky 

Mountain and Berkeley Lakes, the drainage area does contribute substantial quantities of regulated 

contaminants to surface waters.  

5.3 Wet Weather Water Quality 

The captured rain events, shown in Table 4.8, were all less than 2-year events and only up to 2-

hours in duration. This consistency allows the data collected to be relatively easy to compare due to 

limited ranges in rainfall intensity and total rainfall volume. Antecedent dry days prior to rain events fell in 

a range between 1-8 days. Rainfall depths ranged from 0.02-0.40 inches during the captured rain events, 

again relatively consistent.  

A total of seven storms were analyzed as discrete, time weighted samples that show how 

contaminant concentrations change over the course of the storm. Hydrographs of these discretely 

analyzed samples can be found in Figures 4.17-4.20 and Appendix C. This analysis provided agreeable 

evidence of the first-flush effect for nutrients (Figure 4.17-4.18) and TSS (Figure 4.19), which is contrary 

to the conclusions in the Denver Urban Runoff Study (Ellis and Mustard 1985). TDS (Figure 4.20), 

conductivity, pH, and fecal indicator bacteria did not show a consistent first-flush effect. TDS, conductivity, 

and pH could be influenced by variable water quality factors, such as temperature and dissolved oxygen, 

that change during the course of a rain event. There were occasions where nutrient concentrations 

increased after the peak of the hydrograph, which could be related to these contaminants requiring time 

to dissolved or mobilize into the surface runoff during a rain event.  

There were no statistically significant differences between EMCs for any analyte between the 

three sampling locations. Wet weather water quality showed very high levels of variability between 

storms, as shown in the spread of data in the boxplots in Figure 4.9-4.13. Due to this variability, there 

were no statistically significant differences in EMC values between the three sampling locations for any 

tested analyte (one-way ANOVA, P>0.05, Table 4.15). This variability complicates correlating EMC 

values with changing impervious coverage because there are no significantly higher or lower values 

between basins that have substantially different rates of infill redevelopment. The ANOVA results suggest 

there isn’t a significant difference in the mean EMC values regardless of differences in impervious 

coverage, zoning classifications, or infill redevelopment. It is possible that the percentage impervious 

coverage between each sampling basins is not substantial enough to significantly effect water quality. As 

mentioned previously, each sampling basin already has very high imperviousness with relatively small 

increases due to infill redevelopment. More significant conclusions may be drawn from a similar study that 

utilizes sampling locations with a larger range of imperviousness. 

While there are no significant differences between sites for the analytes considered in this study, 

there are significant differences when collected EMC values are compared against UDFCD regional EMC 

values for residential land use. One-way ANOVA results for comparison against UDFCD values is shown 

in Table 4.16 with supporting figures shown in Appendix B. Phosphorus values at each sampling location 
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were significantly higher than the UDFCD values (ANOVA, F(2,76)=7.79, p<0.01). Total nitrogen was 

significantly higher than UDFCD values in the East basin (F(2,76)=2.51, p=0.06), also a potential result of 

increased impervious coverage. Metal concentrations also showed increases, with copper (p=0.006), lead 

(p=0.02), and zinc (p=0.02) all showing significantly higher observed concentrations than the UDFCD 

values. These results agree with the Denver Urban Runoff Study, which showed TSS, total nitrogen, 

copper, lead, and zinc to contribute heavily to surface waters during rain events (Ellis and Mustard 1985). 

While it is difficult to pin point the exact reason EMCs from the three sampling locations are 

significantly higher than UDFCD values, it is likely due to recent changes in development patterns, land 

cover, and imperviousness. The UDFCD values utilized a dataset comprised of stormwater studies 

conducted in Denver with a range of imperviousness, type of residential development, and overall 

outdated land coverage. Many of the data points used for the UDFCD values were from studies 

conducted over two decades prior, which may not be representative of current land cover conditions in 

residential areas in Denver that have experienced infill redevelopment. The changes in land coverage 

should have a substantial effect on stormwater quality, rendering the application of the UDFCD values 

useful for certain areas of Denver that have undergone limited infill redevelopment or substantially altered 

land cover. The EMC values determined in this study should be considered more applicable to areas of 

high imperviousness (i.e. between 46-59%) that have undergone similar levels of infill redevelopment. 

Average loads of contaminants during rain events, shown in Table 4.10, indicates substantial 

loading of fecal indicator bacteria, nutrients, TDS, and TSS. Loading of fecal indicator bacteria is between 

1-2 orders of magnitude higher during an average rain event than for a week of dry weather flow. 

Comparing dry weather loading with wet weather loading, shown in Table 4.11, illustrates which analyte 

contributes more heavily in which condition. Dry weather flow contributes higher loads of metals, TDS, 

and nitrate while wet weather events produce substantially more coliform bacteria, E. coli, and TSS. The 

Central basin contributes more TSS, phosphorus, total coliforms, and nitrate during rain events than the 

East and West basins, which might relate to increased impervious coverage, type of zoning classification, 

and type of development. The higher metals loading during dry weather conditions could be a result of 

groundwater intrusion into the stormwater piping network. Shallow groundwater within the Denver Aquifer 

has naturally high amounts of some metals due to regional geology (USGS, 2014).  

Peak rainfall intensity showed significant but weak correlations with phosphorus (R=0.72), 

ammonia (R=0.57), TSS (R=0.75), total arsenic (R=0.52), total copper (R=0.64), total lead (R=0.56), total 

zinc (R=0.75), and dissolved copper (R=0.51), as seen in Tables 4.12-4.13. Total rainfall depth showed 

significant but weak negative correlations with TDS (R=-0.46) and total arsenic (R=-0.42). The negative 

linear correlation is likely linked to TDS and arsenic concentrations being diluted with increasing rainfall 

volume. These relatively weak correlations may be related to non-linearity between concentrations and 

rainfall intensity, as reported by Liu et al. (2013). Correlation with antecedent dry days showed similar 

results to peak rainfall intensity but correlation coefficients were very weak. Highest significant 

correlations occurred with phosphorus (R=0.66) and total lead (R=0.57). These results agree with the 
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Denver Urban Runoff Study conducted from 197401979, which did not show significant effects of water 

quality on antecedent dry conditions (Ellis and Mustard 1985). Correlations with imperviousness did not 

prove illustrative due to the limited amount of sampling locations. Imperviousness did not have significant 

correlations with any of the analytes. Results from direct correlation of EMC values and impervious 

coverage would be more conclusive if a wider range of sampling sites with more variable coverage 

percentages were utilized.  

Some correlation relationships that were expected proved not to be significant. Namely, it was 

expected that total coliforms and E. coli should positively correlate with TSS concentration. This was not 

supported by the correlation analysis, with R-values of 0.10 for total coliforms and 0.21 for E. coli. It is 

likely that fecal indicator bacteria is more influenced by local site conditions and biofilm growth than with 

TSS and antecedent dry periods. The lack of strong and significant correlations between EMC values and 

antecedent dry days was unexpected due to conclusions presented in previously reported studies (Kim et 

al. 2004; A. Liu et al. 2013). Liu et al. (2013) concluded that stormwater quality is not linearly associated 

with rainfall intensity, but a correlation should exist if both rainfall intensity and duration are accounted for. 

It is possible that additional relationships exist within the collected dataset but are not simiple linear 

relationships that can be illustrated using Pearson Correlation. The pervasive variability between sites 

and storms also complicates finding statistically significant correlations (Leecaster et al. 2002).  

Results from ANCOVA, as seen in Tables 4.17-4.19, clarified the effects of peak rainfall intensity, 

antecedent dry days, and total rainfall depth on the conclusions from ANOVA. The ANCOVA results show 

limited variability is explained by the selected confounding variables due to partial eta-squared values 

being near or lower than 0.2. It was possible for any of those uncontrolled factors to influence 

comparisons between sites, but this test conclusively shows limited variability can be explained by these 

factors alone. This result agrees with findings from the Denver Urban Runoff Program (Ellis and Mustard 

1985), which showed antecedent dry conditions did not significantly affect water quality. Liu et al. (2013) 

also reported similar findings that the relationship between water quality and rainfall intensity is a non-

linear relationship and the intensity may not explain water quality variability. These results also illustrate 

that the data variability must come from other unquantified sources.  

The high rates of variability seen in this dataset is due to highly variable local conditions and non-

systematic causes. Many complicated factors contribute to this variability but most of it is likely due to 

small changes in the drainage area that affect water quality. Examples of actions or variables that effects 

water quality includes pet waste distribution, frequency and intensity of lawn fertilization, lawn care and 

leaf litter, improper disposal of consumer waste, car washing in streets using various automotive cleaning 

supplies, local traffic patterns and traffic control devices, building material degradation, leaking 

automotive fluids, and many others (Walsh et al. 2005). These variables are not systematic and a proper 

method to assess them does not yet exist.  

Metals analysis provided a means to assess which metals are mainly dissolved and which are 

associated with particulates and mean EMCs for particulate and dissolved metals are shown in Figure 
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4.15. Arsenic exists in stormwater predominantly as a dissolved species, with only limited loading from 

particulate associated arsenic. Arsenic is highly toxic, but a very costly metal to treat, even with traditional 

water treatment methods. This is unfortunate since there is a current CDPHE in-stream water quality 

standard for dissolved and total recoverable arsenic in the receiving stretch of Clear Creek (CDPHE 

2016) and BMP treatment in this area would be beneficial for stream quality. Copper, lead, and zinc all 

exist in nearly equal concentrations as both dissolved and particulate forms. BMPs that utilize fine 

filtration have the potential to reduce surface water loading of these three metals.  

Three storms were analyzed to assess the relative proportion of dissolved and particulate-

associated nutrients, and the results are displayed in Figures 4.15-4.16. The majority of nutrients are 

present in stormwater as dissolved species. The only exceptions are phosphorus and nitrite, which are 

60% and 48% associated with particulates, respectively. Porous media or other filtering type devices are 

more likely to treat dissolved species (Y. Liu et al. 2017). Phosphorus is one of the leading concerns to 

stormwater managers due to eutrophication issues in downstream watersheds (Patten 2009). As 

discussed previously, EMCs and dry weather concentrations for phosphorus are already higher than 

CDPHE standards for Clear Creek. The presence of 60% particulate-associated phosphorus means 

filtration-focused BMPs could be used to substantially reduce phosphorus loading from Berkeley 

stormwater.  

The distribution of nitrogen species may be of concern to stormwater managers in areas with 

TMDLs for ammonia, nitrate, or nitrite. Segment 15 of Clear Creek (COSPCL15), where the Berkeley 

neighborhood’s storm system drains, has an active TMDL for ammonia (EPA 2019). Figure 4.16 shows 

the distribution of nitrogen species between ammonia, nitrite, nitrate, and Total Kjeldahl Nitrogen (TKN) at 

each sampling location.  TKN and nitrate are the dominant nitrogen species at each location, both of 

which account of around 30% of total nitrogen. Nitrite and ammonia both contribute substantially less 

nitrogen and account for on average 8% and 7%, respectively. CDPHE has established interim water 

quality standards for total nitrogen on the receiving reach of Clear Creek (CDPHE 2016). By 

understanding the distribution of nitrogen species, stormwater managers can better understand which 

species is of greatest impact to total nitrogen concentrations and which can be best controlled using 

BMPs or other institutional controls.  

Comparison of mean wet weather EMC values with CDPHE standards for Clear Creek show 

some contaminants should be of concern to stormwater managers. Mean values of phosphorus, E. coli, 

chronic and acute copper, and chronic arsenic are all over CDPHE water quality standards. Again, these 

concentrations will be diluted with irrigation and lake overflow prior to discharge to Clear Creek but the 

sampling basins are still significantly contributing to surface water contamination. Ammonia, nitrite, nitrate, 

lead, acute arsenic, and zinc are below state-regulated standards.  

The one sampling event that captured snowmelt showed many concentrations within the 

variability of typical rain runoff sampling. Values for phosphorus and ammonia were substantially below 

mean wet weather concentrations. Nitrite, nitrate, fecal indicator bacteria, and metals were all within the 



 58 

range of typical wet weather concentrations. The only parameters that were substantially higher than wet 

weather values were conductivity and TDS, likely due to increased usage of road deicing agents. 

Additional snowmelt sampling was attempted but failed multiple times due to equipment malfunction, 

primarily due to frozen sampling equipment lines. It is difficult to draw many conclusions from only one 

sampling round, but snowmelt contaminant concentrations are, in general, within the range of variability 

seen during rainfall runoff monitoring with the exceptions of phosphorus, ammonia, and TDS.  Overall, for 

this study and in the literature, the impacts of snowmelt events on urban water quality for semi-arid 

western cities remains unquantified.   

 To better assess true changes to water quality due to increasing infill redevelopment, a longer-

term study could articulate the findings in this study. The high rates of variability in contaminant EMCs for 

wet weather events complicates drawing conclusions between sites due to relatively small differences in 

land cover and increased infill redevelopment. The collected data from 2018-2019 showed no significant 

differences between sites for any contaminant (ANOVA/ANCOVA, P>0.05) even though the three 

sampling basins have substantially different zoning, impervious coverage, and rates of infill 

redevelopment. Building off this data and continuing a longer-term study, possibly choosing sites with 

stronger development gradients, or sampling sub-watersheds where the impacts of infill development are 

more different between sites, could clarify findings and provide additional data for whether or not infill is 

affecting water quality. Each sampling basin will continue to undergo infill changes and a long-term study 

with more data could demonstrate significant changes with more confidence.    
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CHAPTER 6: CONCLUSIONS 

An urban stormwater monitoring program was conducted to assess changes in water quality 

related to urban residential infill redevelopment. Three sampling basins within the Berkeley neighborhood 

of north-west Denver were monitored for wet weather and dry weather flow and water quality. The 

sampling locations were selected due to the presence of an infill redevelopment gradient, with 

substantially more redevelopment occurring in the Central basin, moderate redevelopment in the West 

basin, and limited redevelopment in the East basin. In the period from 2014-2018, the Central basin 

experienced an impervious coverage increase of 5%, with the West and East basins increasing by 3.8% 

and 0.8%, respectively. This impervious coverage increase was a direct result of infill redevelopment and 

the trend of single-family parcels being re-zoned and redeveloped into two-family units and multi-family 

units. In order to quantify the effects of this infill redevelopment on stormwater quality, autosampling units 

were deployed to sample wet weather stormwater at each sampling location. These values were 

compared to UDFCD EMC values, which are currently being used by local stormwater managers to 

assess water quality improvements and create stormwater quality models. By using these city-wide 

UDFCD concentrations, conclusions can be drawn regarding how stormwater contaminant concentrations 

very at the local scale in the Berkeley neighborhood.  

A total of 15-rain events and one snowmelt event were sampled between July 2018 and July 

2019. These samples were analyzed as flow-weighted composite samples to determine site-specific EMC 

values. Due to high variability in analyzed samples, it was determined that no significant differences 

existed between contaminant EMCs between any of the three sites, as supported by ANOVA (P>0.05). 

This result complicates correlating increases in imperviousness to water quality concentrations and is 

likely due to variations in actions and variables that could affect water quality, such as lawn fertilization, 

leaf litter, improper disposal of consumer waste, car washing in streets using various automotive cleaning 

supplies, local traffic patterns and traffic control devices, building material degradation, leaking 

automotive fluids, and many others. Another explanation is the already high levels of imperviousness at 

each sampling location. The West basin has a total imperviousness of 56%, with the Central and East 

basins having 59% and 46%, respectively, which is substantially higher than the city-wide average of 

39%.  

Within the collected dataset, some contaminants had weak but significant correlations with storm 

variables such as rainfall intensity and antecedent dry days (Pearson’s Correlation, P>0.05). Peak rainfall 

intensity showed the strongest positive correlation with phosphorus, ammonia, TSS, total Arsenic, total 

copper, total lead, and total zinc. Weak but significant correlations are seen between antecedent dry days 

and phosphorus and total lead. It was not possible to draw any conclusions between impervious coverage 

and contaminant EMC values due to this study only including three locations with fixed imperviousness. 

Some correlation results match comparable literature results but more significant correlation with 

antecedent dry conditions was expected. This is likely due to uncontrolled and unquantified effects of 



 60 

actions at ground level, as discussed previously. Additional variability due to uncontrolled, confounding 

variables such as rainfall intensity, antecedent dry days, and rainfall depth were determined to not 

significantly affect the results of the Pearson Correlation assessment (ANCOVA, P<0.05). 

Comparing contaminant EMC values with relevant CDPHE standards illustrates how urban 

stormwater and dry weather flow contribute substantially to surface water contamination. Mean values of 

phosphorus, E. coli, arsenic, and lead in dry weather flow from the stormwater system exceed Clear 

Creeks state-regulated standards. Mean EMC values of phosphorus, E. coli, copper, and arsenic during 

wet weather events also exceed CDPHE standards. This type of urban stormwater sampling program can 

provide basin-scale data to inform stormwater managers of which contaminants are of concern and can 

guide decision makers to what potential solutions may entail. Comparing dry and wet weather flow also 

shows which condition provides higher loads to surface waters. On average, phosphorus, nitrate, nitrite, 

TDS, arsenic, and zinc contribute more substantial loads to surface waters during dry conditions than 

during wet weather events.  

While there were no significant differences in EMC values between the three sampling locations, 

some locally collected EMC values were significantly different than established UDFCD values. On 

average, phosphorus, total nitrogen, TDS, total copper, and total zinc were significantly above the 

UDFCD EMC values for residential land use. This indicates that the city-wide UDFCD values are not 

applicable to drainage areas that occur in regions experiencing significant land cover change or infill 

redevelopment. This is an important finding in that local-scale stormwater sampling provides a more 

accurate picture of non-point source pollution emanating from urban areas than would otherwise be 

expected based on currently used city-wide EMC values.  

This study could be improved by the collection of additional data through a long-term monitoring 

program. Maintaining regular stormwater sampling at these three locations, in concurrence with the 

ongoing infill redevelopment underway in the Berkeley neighborhood, could expound on the results in this 

report by confirming or negating any trends in contaminant concentrations. The analysis in this report 

relied heavily on UDFCD values to determine if local EMCs in the study area varied considerably from 

city-wide averages, which leaves the explanation of why local values differ from city-wide averages to 

informed speculation. A long-term study could show any potential trends in water quality brought on by 

changing land cover or infill redevelopment. 

The results in this study are intended to assist stormwater managers with data-driven decision 

making and to help guide decision makers to how water quality improvements can be made. Results that 

would be informative to stormwater managers include:  

• Dominant nitrogen-containing species in stormwater include total kjeldahl nitrogen and nitrite. 

This is important to note since CDPHE has established interim standards specifically for total 

nitrogen. It would be beneficial to utilize treatment strategies that focus on these nitrogen species 

due to their prevalence in stormwater, compared to nitrate and ammonia.  
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• Many contaminants load surface waters more heavily during dry weather conditions than during 

wet weather conditions. Reducing dry weather flow in the stormwater network could reduce this 

surface water loading.  

• Many stormwater contaminants show strong evidence of the first-flush effect and include 

phosphorus, ammonia, and TSS. Designing BMPs to capture the first-flush of contaminants will 

substantially reduce surface water loading of contaminants. 

• Locally focused stormwater sampling programs provide more accurate data than city-wide 

averages for residential land use. Many stormwater contaminant EMCs were determined to be 

significantly higher than UDFCD values currently used for water quality decision-making. Local 

sampling could affect the design and placement of stormwater BMPs used for water quality 

improvement.  

Conducting additional sampling and maintaining this sampling program could better refine results 

to address the question of whether or not infill redevelopment, specifically, is found to be a factor in 

altering urban stormwater water quality. Regardless, the information collected in this study has provided 

data useful to stormwater managers and engineers about how to proceed in improving urban water 

quality.  
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APPENDIX A: STANDARD OPERATING PROCEDURES 

A.1 Field Procedures SOP 

This standard operating procedure is to be followed for ISCO units deployed within manholes in 

the Berkeley Neighborhood in Denver. These samplers are connected to a combination ISCO 2160 Laser 

Flow Module and ISCO 2105 Interface Module, both of which are used to trigger the autosampler during 

storm-flow within the stormwater system.  

A.1.1 Day before Deploying Samplers: 

• Make sure field computer is charged 

• Make sure an additional ISCO batteries are available and charged 

• Check weather reports for potential rainfall 

• Only deploy if Denver’s chance of rain is over 20% 

• Make sure bottle sets are cleaned and ready to be deployed 

A.1.2 Decontaminate Samplers:  

• Scrub sampler tips (metal tips) using surfactant and pipe cleaners 

• Using DI water, prepare a solution of lab-grade surfactant (5 gallons - XX mL XXX) 

• Prepare bucket of clean DI water (no surfactant) 

• Pump forward through ISCO tubing from surfactant bucket to waste bucket 

• Pump reverse at end of soap bucket to clear lines back to surfactant bucket 

• Pump forward through tubing from clean DI bucket into waste bucket 

• Pump reverse at end of clean DI bucket to clear lines 

• Cover tips with clean zip-locks 

A.1.3 Equipment Required for Deploying Samplers: 

• Field Equipment Required 

• Hi-Vis vests, close toed shoes 

• Manhole hook or pry-bar and sturdy flat head screwdriver 

• Field Computer (make sure it’s charged!) 

• Field notebook 

• ISCO interface cable (Labeled, should be in beach bag in a zip-lock) 

• 3xISCO autosamplers (Autosamplers are site specific due to settings) 

• Safety cones 

A.1.4 Field Procedures: 

• Remove manhole cover and remove flowmeter/interface module 

• Download flow data at each site and reset  
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• Retrieve flow meter data: 

• Attached computer to ISCO flow module using interface cable 

• Open the Flowlink software on the computer 

• In Flowlink, select the “Quick Connect” icon in the top toolbar. For the “COM port” dropdown 

menu, choose “USB.” This should be the only other option other than default. 

• Select the “2100 Instruments” box at top of the inset window; if 3 blue bars appear, you have a 

connection and it will fully connect. Connection takes a few minutes. 

• Once Flowlink pulls up the logger, click “retrieve data” at the bottom left. Note that retrieving data 

can take up to 30 minutes if the logger is full. 

• VERY IMPORTANT: Once the signal is sent to the autosampler to begin sampling, the sampler is 

“latched” or enabled until the “latch” is reset. You must reset the latch in order for the sampler to 

run again. 

• Click on the “Measurements” tab on the Flowlink software 

• Two devices should be displayed in the upper left and both should be selected (highlighted in 

blue) 

• Click the word “Sample” that should have a number that represents which bottle is currently being 

filled. If this number is “0” samples likely did not get collected. If the number reads between “1-

23”, samples were collected.  

• This will bring up the interface modules programming tab. This is also where you can adjust the 

sampling trigger program.  

• Near the part of the window that says set equation, there should be a button that says “Reset 

Latch”. Click this button and the latch will reset as long as the flow level is below the set 

threshold.  

• There is a box next to the “Reset Latch” button, THIS BOX SHOULD ALWAYS BE CHECKED. 

Pressing the “Reset Latch” button will not remove this check.  

• If the latch has not been reset, once the sampler is connect and set to trigger, the sampler will 

likely start to sample immediately. If this happens reset the latch again and you should be good to 

go.  

• Record, in the field book, the “Input Voltage” from the “Measurements” tab. This displays the 

current voltage from the batteries. Batteries should be replaced if the voltage is under 8.5v. 

• Under “Data” tab, click “Delete All Data” (This removes data from the flowmeter, it will always be 

saved on the computer and saves a ton of time when you collect the samples) 

• Click “Disconnect” to disconnect from the flow module 

• Exit software 

• Attach interface module cable to ISCO autosampler  

• Turn on autosampler and press “Start Sampling” 
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• It should click and say “Sampler Inhibited”, this is correct. If the sampler starts sampling 

immediately, the latch wasn’t reset properly and you need to reconnect the computer and go 

through that procedure again. 

• Deploy sampler and mount securely 

• Replace flowmeter 

• IMPORTANT: Make sure the suction line and any cables do not swing in front of laser flow 

sensor! This will ruin everything and could cause false triggering. 

• Close manhole 

A.1.5 Equipment Required for Collecting Samples 

• IMPORTANT: Two people are required when removing autosampler that contains samples. It will 

be too heavy to remove safely with only one person.  

• Hi-Vis vests, close toed shoes 

• Manhole hook or pry-bar and sturdy flat head screwdriver 

• Field Computer (make sure it’s charged!) 

• Field notebook 

• ISCO interface cable (Labeled, should be in beach bag in a zip-lock) 

• Clean bottle caps 

• Additional ice packs 

• Parking cones if collecting on Quitman St. or Stuart St. 

• “Tripod” ladder 

• Chain hoste bucket 

A.1.6 Field Procedures 

• Arriving on site, place parking cones near manhole 

• Open manhole and remove ISCO flow module  

• Module should always be connected to the upper-most entry rung in the manhole using a steel 

wire and two carabineers 

• Collect flowmeter data, use above directions (IMPORTANT! Don’t forget to always download data 

when collecting samples or else you can’t composite them) 

• Remove ISCO autosampler 

• Set up ladder over manhole 

• Attach chain hoste 

• Attach chain hoste clip to ISCO carabiner 

• Detach carabiner from wires on metal rungs 

• Carefully hoste isco out of manhole 
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• On ISCO: record time sampling began! This isn’t recorded in the flow meter data and must be 

recorded manually! 

• Hit “Display Status” on the ISCO LCD display 

• Another screen will come up with the option to select “Review” 

• Select “Review” and you should be able to scroll through when each sample was collected. 

• Record in the field book the time the first sample began. This time is different than when the 

program began, that is the time the sampler was deployed and not when sampling began.  

• Remove bottle tray 

• Cap filled bottles and insert new ice-packs 

• Replace ISCO flow module on upper rung, along with any excess cables.  

• Replace manhole cover and return samples for lab analysis 

 

 

Figure A.1 Attachment cables attached to rope and carabineer, ready for deployment into manhole 
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Figure A.2 Deployed ISCO attached within manhole 

 

 

Figure A.3 ISCO flow meter deployed with sampler 

 

A.2 Sample Compositing SOP 

The purpose of this SOP is to composite discrete time-weighted samples from the ISCO 

autosamplers into flow-weighted composite samples using flow data collected in the field prior to sample 

collection. 

A.2.1 Hazards  

Biological hazards include bacteria, viruses, etc. in storm water. 
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A.2.2 Required PPE 

• Lab coat 

• Nitrile gloves 

• Safety glasses 

A.2.3 Materials and Equipment: 

• Field computer and individual computer with Excel 

• 100mL graduated cylinder 

• 2 x 500mL shock bottles per sample (6 total) 

A.2.4 Determining Composite Volumes 

• Download flow data from the field computer from each site where samples were collected. 

• Using the time when sampling began, from field notebook, associate closest flow meter reading 

with sample bottle. Bottles 1-15 collect sample volume for 15 mins, bottles 16-23 collect for 30 

mins. 

• Example: If sampling began at 13:46, sample bottle one would be at 13:45, sample bottle two 

would be at 14:00.  

• Determine the stormwater volume associated with each sample bottle.  

• Example: Sample bottle 4, sampling for 15 mins, had the following flow readings: 0.12, 0.08, 

0.09m3/s. Each of these readings is associated with 5 mins of flow, multiply each flow reading by 

300s (5mins x 60secs), and sum the readings. In this example it would be 87m3. This means that 

sample bottle 4 is representative of 87m3 of storm flow volume.  

• Determine the total stormwater flow volume by summing the flows represented in each bottle 

• Divide each sample bottle volume by the total storm volume 

• Multiple this presentage by 500mL to determine how much from each sample bottle is required. 

• Repeat for each site. 

A.2.5 Composite Samples 

• Label 500mL shock bottles with quick ID (i.e. QST1, SST2) 

• Composite in duplicate, repeat composite into two different bottles 

• Using volumes determined in 4.1, fill graduated cyclinder and repeat for all sample bottles. 

Vigorously shake sample bottles and shake again before filling cylinder.  

• REMEMBER! Bottle 24 is always a field blank and is never included in the composite samples. 

A.2.6 Cleanup and Decontamination 

• After compositing, rinse cylinders and empty sample bottles into sink 

• Clean all equipment in a timely manner 
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A.3 Conductivity, TDS, and pH SOP 

The purpose of this SOP is to describe the steps involved in analyzing for conductivity, TDS, and pH.  

A.3.1 Hazards: 

• Biological: bacteria, viruses, etc. in storm water 

• Hazardous/toxic: Calibration standards 

A.3.2 Required PPE 

• Lab coat 

• Nitrile gloves 

• Safety glasses 

A.3.3 Materials and Equipment: 

• VWR Traceable Pens for Conductivity and Total Dissolved Solids 

• 10 μS and 1000 μS conductivity standards 

• DI water in wash bottle 

• Accumet pH meter (located in CO 323 lab) 

• 4, 7, and 10 pH standards (located in CO 323 lab) 

• One clean 150 mL glass beaker for each sample 

• One disposable transfer pipette for each sample 

A.3.4 Preparation of Samples 

• Label one beaker for each sample. 

• Vigorously shake the sample bottle and pour approximately 50 mL into its associated beaker.  

A.3.5 Measure Conductivity and TDS 

• Calibrate the conductivity using the 1000 μS conductivity standards, following the device’s 

instructions, and record the TDS factor, ensuring that it reads 0.66.  Make sure to rinse the probe 

with DI water in between calibration points.  

• Rinse the probe with DI water and a small amount of sample volume (using the disposable 

pipettes).  Waste the rinse liquid. 

• Insert the probe into the sample and swirl.  Record conductivity and TDS, using the MODE button 

on the probe to change the readings.  The hold function can be used to freeze readings.  Note 

that the TDS measurement is based on a TDS factor in the probe (0.66 for freshwater sources). 

• When done, rinse the probe with DI water, cover, and turn off. 

A.3.6 Measure pH (in the CO 323 lab) 

• Carefully transport the samples to the CO 323 lab. 

• Calibrate the pH meter to the 4, 7, and 10 pH standards, following the device’s instructions.  

Make sure to rinse the probe with DI water in between calibration points. Record the slope given 
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on the pH meter screen at the end of the calibration. After calibration, reinsert the pH electrode 

into each standard and record the values. 

• Rinse the probe with DI water and a small amount of sample volume (using the disposable 

pipettes).  Waste the rinse liquid. 

• Insert the probe into the sample and swirl.  Record pH.  

• When done, rinse the probe with DI, place in storage liquid, and turn off. 

A.3.7 Cleanup and Decontamination 

• Carefully wash all beakers with detergent and rinse with DI water.  Acid bath is not required. 

• Sample may be disposed of down the sink drain. 

• Filters and gloves may be disposed of in the regular trash. 

A.3.8 Materials 

• Transfer pipettes: VWR cat # 414004-046 

A.3.9 Required Documentation 

• Laboratory book: Indicate date, sample IDs processed, what analysis completed/submitted, lab 

tech name, what analysis read, and any notes. 

• Laboratory Analysis Forms: Fill out the documentation for each step immediately after completing 

the step.  Always use full sample IDs. 

• Database: Samples and analysis should be logged regularly, in a timely manner. 

A.4 IDEXX Colilert SOP 

The purpose of this SOP to describes the steps to analyze for total coliforms and E. coli using the 

IDEXX Colilert method. 

 

A.4.1 Hazards 

• Biological: Bacteria, viruses, etc. in storm water 

• Physical: Broken glass. 

A.4.2 Required PPE 

• Lab coat 

• Nitrile gloves 

• Safety glasses 

• Be careful not to break any of the glass apparatus. 

A.4.3 Colilert materials 

• Colilert trays 

• Colilert nutrient snap packets 

• Colilert jars 
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• For each sample: 

o 2 x Colilert sample jars 

o 2 x Colilert trays 

• 2 mL pipette and STERILE tips 

• 200 μL pipette and STERILE 250 μL tips 

• Autoclaved DI water 

• Colilert sample sealer 

• Incubator (located in CH161 or CO 235 lab if CH161 is not available) 

A.4.4 Preparation 

• Sterilize working area with a 70% ethanol 30% water solution.  

• Turn Colilert tray sealer on. This takes ~10 min to warm up. 

• Turn on the incubator and set the temperature to 35˚C.   

• Assemble all materials. 

• Check expiration dates of all Collert materials. 

• Check stock of materials.  If there are two boxes or less of any materials, add the item (from 6.0) 

to the reorder board. 

• Label each 100 mL Colilert jars with the short sample ID and dilution. For each sample, use a 

1:100 and 1:1,000 dilution for composite samples and a 1:1 (undiluted) for field blanks.  

• No duplicates required if running more than one dilution per sample. 

• Keep the inside of the jar and cap sterile - do not to touch the inside of the Colilert jar or cap, or 

its threads during this step. 

• Shake the sample bottle prior to pipetting 

• Open the Colilert jar carefully. 

• Add sample to the Colilert jar using a sterile pipette tips.  Use a new pipette tip for each sample to 

avoid cross contamination. 

o 1:10 dilution = 10 mL sample 

o 1:100 dilution = 1 mL sample 

o 1:1,000 dilution = 100 μL sample 

o 1:10,000 dilution = 10 μL sample 

• If a 1:10,000 dilution is required and no pipettes are available that can reliably dispense 10 μL 

sample, create a 1:10 dilution of sample water with autoclaved DI water in an autoclaved beaker 

and use 100 μL of this dilution.  

• Carefully fill the Colilert jar to the 100 mL mark with autoclaved DI water. 

• Add one nutrient snap pack to the Colilert jar.  Snap away from your face to avoid airborne 

powder.  Do not touch the Colilert jar with the packet. 

• Cap the Colilert jar carefully and shake until the powder is dissolved. 
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• Label the Colilert trays with the sample ID and dilution.  

• Pinch trays so that the backing and the plastic wells open. You can pull slightly on the silver tab 

but DO NOT touch the inside of the trays. Pour each sample into its corresponding tray.  

• Place tray plastic well side down on the red mold. 

• Feed mold into the Colilert sealer. Make sure that the open side is up. 

• Incubate at 35°C for 24 hours. Use oven in CH161 or incubator in CO 235. Make sure Ashley 

Rust doesn’t need CH161 oven over the course of the incubation period. 

• After no less than 24 hours and no greater than 28 hours, read the results. 

A.4.5 Reading Results 

• Count the number of large (49) and small (48) wells that have turned yellow. The extra-large well 

on the top of the plate counts as one large well. Compare color change to comparator (in red 

bag). Color change should be greater than that of comparator. Record this number in the total 

coliform section of the laboratory analysis book.  

• Turn off the lights in the laboratory. Wearing yellow goggles, turn on the black light to count 

number of large (49) and small (48) wells that fluoresce. The extra-large well on the top of the 

plate counts as one large well. Compare brightness to comparator. Record this number in the E. 

coli section of the laboratory analysis book.  

• Use the most probable number table to determine total coliform and E. coli concentrations. 

A.4.6 Cleanup and Decontamination 

• Carefully wash all glassware following the detergent wash protocol.  Cover glassware with foil 

and autoclave. 

• Wash and refill DI water bottles, cap, and autoclave. 

• Extra sample and sample with nutrient may be disposed of down the sink drain. 

• Filters, gloves, pipette tips, jars, and used falcon tubes may be disposed of in the regular trash. 

A.4.7 Consumables 

• Colilert supplies: Nutrients, Quanti-Tray/2000, 120 mL jars 

• Racked 50 mL falcon tubes 500/case 

• Racked pipette tips, Sterilized: Rainin cat #: 30389301 (250 μL), 30389238 (2000 μL), 30389257 

(5000 μL) 

A.4.8 Required Documentation 

• Laboratory book: Indicate date, sample IDs processed, what analysis completed/submitted, lab 

tech name, what analysis read, and any notes. 

• Laboratory Analysis Forms: Fill out the documentation for each step immediately after completing 

the step.  Always use full sample IDs. 

• Database: Samples and analysis should be logged regularly, in a timely manner. 
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A.5 Phosphorus, Ammonia, Nitrite, Nitrate, and Dissolved Metals SOP 

The purpose of this SOP is to describe the steps necessary to conduct phosphours, ammonia, 

nitrite, and nitrate analysis using Hach kits and how to submit dissolved metals samples for ICP-AES 

analysis. 

A.5.1 Hazards 

• Biological: Bacteria, viruses, etc. in storm water 

• Toxic/Hazardous: The Hach kits contain toxic and hazardous materials.  Review the Safety Data 

Sheets before using. Only touch Hach vials with gloves and safety glasses. 

• Caustic: Nitric acid used to acidify samples and acid wash glassware. 

• Physical: Broken glass. 

• Be careful not to break any of the glass apparatus. 

• Immediately clean up any spills of Hach kit liquids and containerize the cleanup materials in a 

waste container.  Pink label the container for EHS pick up. 

• Pipette nitric acid and use acid bath inside the hood. 

A.5.2 Required PPE 

• Lab coat 

• Nitrile gloves 

• Safety glasses 

• Chemical apron, butyl gloves, safety goggles (when using acid bath) 

A.5.4 Materials and Equipment 

• Hach kits: Nitrite (TNT 839), Nitrate (TNT 835), Ammonia ultra-low range(TNT 831), Total 

phosphorus low-range (TNT 843) 

• 15 mL falcon tubes 

• 50 mL falcon tubes 

• clean, acid-washed 100 mL plastic beakers, labeled 

• Syringes 

• 45 μm syringe filters 

• 2 mL pipette and tips 

• 200 μL pipette and 250 μL tips 

• Laboratory analysis books: Nitrite and Ammonia, Nitrate, Total phosphorus, ICP-AES dissolved 

metals 

• Hach sample heater and sample reader (located in CO 323 lab) 

• Trace metal grade nitric acid (located in the hood) 

 

 



 79 

A.5.5 Preparation for Hach Kits 

• Turn on the oven in CH161 and set to 100˚C.   

• Assemble all materials. 

• Check expiration dates of all Hach kits. 

• Check stock of materials.  If there are two boxes or less of any materials, add the item (from 6.0) 

to the reorder board. 

• Label materials, for each sample: 

o Label 100 mL beakers and 50mL Falcon tubes the short sample ID. 

o Label the 15 mL falcon tubes with the full sample ID, date, and your initials.  This tube is 

for ICP-AES analysis of total metals.  Full sample ID has the form: 

DSWP_LOC_YYYYmmdd_Comp#, where: 

o LOC - sample location, YYYY - 4-digit year, mm - 2-digit month, dd - 2-digit day, # - 

Composite sample number, either 1 or 2 

o example: DSWP_WC4_20180501_Comp1 

o Label one Hach vial for each sample (i.e. S1, for Stuart St. Comp 1) 

• Laboratory duplicate frequency: 1 per 20 samples, or 1 per day if fewer than 20 samples are run.  

The duplicate sample ID is the original sample, with “-dup” appended to the end.  example: 

DSWP_WC4_20180501_b01-dup 

• Filter samples, for each sample: 

o Vigorously shake the sample bottle and pour approximately 20 mL into its associated 

“raw” beaker. 

o Collect sample in a clean syringe. 

o Attach a clean syringe filter to the end of the syringe and waste 3-4 mL to clean the filter. 

o Rinse the “filtered” beaker with the filtered sample and waste the rinse water.  Repeat 

three times.  Add approximately 25 mL of filtered sample from the syringe to the 50 mL 

Falcon Tube. 

A.5.6 Prepare Samples for Dissolved Metals Analysis (ICP-AES) 

• Rinse one labeled falcon tube with filtered sample from the syringe and waste the rinse water.  

Repeat three times. 

• Pipette exactly 10 mL of the filtered sample. 

• Pipette 200 uL of concentrated nitric acid (HNO3) into each falcon tube and cap.  Nitric acid is 

located in the hood.  Use a new pipette type for each sample to avoid cross-contamination. 

• Cap the falcon tube and invert several times to mix. 

A.5.7 Prepare Samples for Total Recoverable Metals Analysis 

• Label 1 x 50mL Falcon Tube with full sample ID for each sample 
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• Fill each 50mL tube with 45mL of UNFILTERED sample by pouring sample from sample 

container into Falcon Tubes 

• Pipette 5mL of of concentrated nitric acid (HNO3) into each falcon tube and cap.  Nitric acid is 

located in the hood.  Use a new pipette type for each sample to avoid cross-contamination. 

• Store Falcon tubes in CH161 fridge until ready to complete acid digestion (must be completed 

within 1 month). 

A.5.8 Begin Hach Analysis 

• Uncap vial 

• Slowly add the required volume of FILTERED SAMPLE from the open falcon tube to the vial.  

Use a new pipette type for each sample to avoid contamination. 

• For nitrite, phosphorus, and ammonia: remove the protective foil lid from the DosiCap.  Flip the 

DosiCap over so that the reagent side faces the vial.  Screw the cap tightly onto the vial. 

• For nitrate: Slowly add 200 μL of Reagent A into the vial.  Replace the cap tightly onto the vial. 

• Shake the capped vials 2-3 times to dissolve the reagent in the cap. Verify that the reagent has 

dissolved by looking down through the open end of the DosiCap. 

• Start timers for the nitrite, nitrate, and ammonia samples.  Reaction times are: Nitrite - 10 mins, 

Nitrate - 15 mins, Ammonia - 15 mins 

• Carefully transport materials to CO 323 in a tub.  

A.5.9 Finish Hach Analysis 

• Place the phosphorus vials in the sample heater at 100˚C. Set timer for 1 hr. 

• After one hour, take the phosphorus vials out of the heater and place in the refrigerator for 10 

minutes to cool. 

• Turn off the heater. 

• Add 200 mL of reagent B (from the P Hach kit) to the cooled phosphorus vials. Use a new pipette 

type for each sample to avoid cross-contamination. 

• Remove the protective foil lid from the reagent C DosiCap (from the P Hach kit).  Flip the 

DosiCap over so that the reagent side faces the vial.  Screw the cap tightly onto the vial. 

• Shake the capped vial 2-3 times to dissolve the reagent in the cap. Verify that the reagent has 

dissolved by looking down through the open end of the DosiCap. 

• Set timer for 10 minutes for the phosphorus reaction. 

• Read nitrite (NO2), ammonia (NH3), and phosphorus (P) results immediately after reaction times 

are complete.  Color is only stable for ~15 minutes. 

• Wipe the sample vial with a Kimwipe to remove dust and invert it 2-3 times so that it is well mixed 

immediately before placing it in the sample reader. 

• Turn off sample reader. 

• Submit the acidified samples for ICP-AES analysis CO 323. 
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• Place the samples in the top left shelf of the refrigerator in CO 323. 

• Fill out the ICP-AES submittal form and email to Kate Spangler (kspangler@mines.edu) 

A.5.10 Cleanup and Decontamination 

• Carefully wash all glassware following the detergent wash and acid bath protocol. 

• Extra filtered and unfiltered sample with no reagents or acids added may be disposed of down the 

sink drain. 

• Hach vials: There is a separate waste container in the CH 161 hood for each Hach kit.  Empty the 

Hach vial into its associated hazardous waste container.  DO NOT MIX KIT WASTE STREAMS. 

• Put the empty Hach vials in the glass bucket for disposal. 

• Spill cleanup materials should be containerized and pink labeled for EHS pickup. 

• Filters, gloves, pipette tips, and used falcon tubes may be disposed of in the regular trash. 

• Make sure to turn off the sample heater and Hach reader in CO 232. 

A.5.11 Consumables 

• Hach kits: Nitrite TNT 839, Nitrate TNT 835, Ammonia TNT 831, Total phosphorus TNT 843 

• Racked pipette tips, Sterilized: Rainin Cat #’s: 30389301 (250 μL), 30389238 (2000 μL), 

30389257 (5000 μL) 

• 60 mL disp. plastic syringe 250/case (VWR cat #: 76124-670) 

• 0.45 um syringe filters, 200/case (VWR cat #: 28145-485) 

• Racked 15 mL falcon tubes 500/case (VWR cat #: 10025-690) 

A.5.12 Required Documentation 

• Laboratory book: Indicate date, sample IDs processed, what analysis completed/submitted, lab 

tech name, what analysis read, and any notes. 

• Laboratory Analysis Forms: Fill out the documentation for each step immediately after completing 

the step.  Always use full sample IDs. 

• Database: Samples and analysis should be logged regularly, in a timely manner. 

A.6 Total Recoverable Metals SOP 

The purpose of this SOP is to describe the steps involved in acid digesting and submitting total 

recoverable metals samples for ICP-AES analysis. 

A.6.1 Hazards 

• Biological: Bacteria, viruses, etc. in storm water 

• Caustic: Nitric acid used to acidify samples and acid wash glassware. 

• Physical: Broken glass. 
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A.6.2 Required PPE 

• Lab coat 

• Nitrile gloves 

• Safety glasses 

• Chemical apron, butyl gloves, safety goggles (when using acid bath) 

• Be careful not to break any of the glass apparatus. 

• Pipette nitric acid and use acid bath inside the hood. 

A.6.3 Materials and Equipment 

• Pipettes:  5 mL pipette and tips 

• Laboratory analysis books:  ICP-AES total recoverable metals 

• MARS6Xpress Microwave Reaction System (located in CO 235 lab) 

• Trace metal grade nitric acid (located in the CH 161 hood) 

• One 50 mL falcon tube (if sample not already prepared) for each sample 

• One 15 mL falcon tube (for digested sample) for each sample 

• One nitric-acid washed Teflon acid digestion tube and plug for each sample. These are usually 

located in the acid bath in the hood of the CO perchloric room. However, they are shared by 

several groups and sometimes wander. 

• MARS6Xpress torque tool 

A.6.4 Preparation 

• Assemble all materials. 

• Check stock of materials.  If there are two boxes or less of any materials, add the item (from 6.0) 

to the reorder board. 

• Label the one 50 mL falcon tube with the full sample ID, date, and your initials.  This tube is for 

ICP-AES analysis of total metals.  Full sample ID has the form: 

DSWP_LOC_YYYYmmdd_Comp#_TR.  

o Example: DSWP_WC4_20180501_Comp1_TR 

• Shake the sample bottle.  Rinse the associated 50 mL falcon tube 3 times with the sample and 

waste the rinse water.  Pour exactly 45 mL of sample into the falcon tube.  Use a transfer pipette 

as necessary.  Note that this analysis DOES NOT use filtered sample. 

• Laboratory Duplicate Frequency: 1 per 20 samples, or 1 per day if fewer than 20 samples are run.  

The duplicate sample ID is the original sample, with “-dup” appended to the end.   

o Example: DSWP_WC4_20180501_b01-dup 

• Label materials and prepare duplicates 

• Working in the hood, pipette 5 mL of concentrated nitric acid (HNO3) into each falcon tube and 

cap.  Nitric acid is located in the CH 161 hood.  Use a new pipette type for each sample to avoid 

cross-contamination. 
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• Cap the falcon tube and invert several times to mix.  Label the tube “acidified”.  Place in the CH 

161 refrigerator for microwave acid digestion. 

• For each sample: fill a digestion tube with the acidified sample, close with the plug, and screw the 

cap on the vessel had tight. Use the torque tool to tighten the cap until the torque tool makes a 

clicking sound.  Weigh the filled digestion tube and record weight. 

• Place tubes in the microwave turntable.  Be sure to press the tubes are all the way down, as they 

can be finicky.  Place the tubes symmetrically in the turntable if there are less than 16.  Record 

the location of each tube on the sample form.  DO NOT WRITE ON THE DIGESTION TUBES. 

• Place samples in microwave and run program EPA method 3015a (found under classic methods). 

• Cool the samples for ~ one hour and reweigh to verify less than 1% sample loss during digestion.  

% loss = 100*change in weight (g)/50 

• Submit the acidified samples for ICP-AES analysis in CO 323. 

• Label a 15 mL falcon tube with the full sample ID, date, and your initials.  Add the suffix “-TR” to 

the sample name to indicate that this sample is a total recoverable metals sample. 

• Working inside the hood, carefully uncap the digestion tubes, pointing them away from you face 

to avoid acid vapor. 

• Rinse the 15 mL falcon tube 3 times with the digested sample and decant approximately 10 mL of 

sample into tube (okay to not be precise). Do not shake the sample.  Waste the rinse sample and 

the remaining sample into the 10% nitric acid waste container. 

• Transport to CO 323 and place the samples in the top left shelf of the refrigerator in CO 323. 

• Fill out the ICP-AES submittal form and email to Kate Spangler (kspangler@mines.edu).  Don’t 

forget to add “-TR” to the sample ID on the form. 

A.6.5 Cleanup and Decontamination 

• Carefully wash all glassware following the detergent wash and acid bath protocol. 

• Wash the microwave digestion tubes and plugs following the detergent wash protocol.  Acid wash 

the digestion tubes in the NITRIC ACID BATH, usually located in the hood in the CO perchloric 

room. 

• Extra sample with no reagents or acids added may be disposed of down the sink. 

• Acidified sample is disposed of in the 10% nitric acid waste container. 

• Filters, gloves, pipette tips, and used falcon tubes may be disposed of in the regular trash. 

• Make sure to turn off the microwave. 

A.6.6 Consumables 

• Racked pipette tips, Sterilized, Rainin cat #: 30389257 (5000 μL) 

• Racked falcon tubes 500/case (VWR cat #: 10025-776 (50 mL), VWR cat #: 10025-690 (15 mL)) 
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A.6.9 Required Documentation 

• Laboratory book: Indicate date, sample IDs processed, what analysis completed/submitted, lab 

tech name, what analysis read, and any notes. 

• Laboratory Analysis Forms: Fill out the documentation for each step immediately after completing 

the step.  Always use full sample IDs. 

• Database: Samples and analysis should be logged regularly, in a timely manner. 

A.7 TSS SOP 

The purpose of this SOP is to describe the steps involved in analyzing total suspended solids. 

This SOP is based on EPA Method 160.2. 

A.7.1 Hazards 

• Biological: bacteria, viruses, etc. in storm water 

• Physical: Broken glass 

A.7.2 Required PPE 

• Lab coat 

• Nitrile gloves 

• Safety glasses 

• Be careful not to break any of the glass apparatus 

A.7.3 Materials and Equipment 

• Whatman Grade 934-AH RTU Glass Microfiber Filters 

• Clean 100 ml graduated cylinder 

• DI water in wash bottle 

• Clean suction flask and hose, filter support, and clamp 

• Drying Oven, 103˚C-105˚C (located in CH161 lab) 

• Desiccator 

• Balance 

• Forceps 

A.7.4 Procedure 

• Assemble all materials.  If there are two or fewer boxes of filters, add the filter specification (from 

6.0) to the reorder board.  Turn on the oven and check that the oven temperature is 103˚C-105˚C.  

Put your name and the date/time the oven was put in use on the whiteboard next to the oven. 

• Prepare filters: Label each filter and record its weight on the TSS analysis form. 

• Begin assembly of the apparatus by attaching one end of the vacuum hose to the hose cock on 

the wall and the other end to the filter apparatus. 

• Place the filter on the filter support using forceps and wet it with a small amount of DI water. 
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• Complete assembly of the filtering apparatus by clipping the glass filter funnel to the filtering flask 

and begin suction.   

• Shake the sample bottle vigorously and transfer 100 ml to the graduated cylinder. 

• Pour the sample into the filter apparatus and apply suction until all traces of water are removed. 

• With the suction turned on, wash the graduated cylinder with DI water and pour the wash water 

into the filter apparatus.  Repeat three times. 

• With the suction turned on, wash the filter funnel wall and non-filterable residue on the filter with 

DI water.  Repeat three times.  The total wash water used for steps 4.7 and 4.8 should be 

approximately 30 mL. 

• Carefully turn off suction, remove the filter with forceps and place it on its aluminum tray.   

• Repeat steps 4.4 through 4.9.  Be careful not to overfill the filter flask. 

• Dry all samples at least one hour at 103˚C-105˚C. 

• Cool all samples in the desiccator. 

• Weigh each filters in its tray. Record each weight on the TSS analysis form. 

• Repeat steps 4.11-4.13 until a constant weight is obtained (loss of <0.5 mg) 

• Calculate non-filterable residue and record on TSS analysis form. 

A.7.5 Cleanup and Decontamination 

• Carefully wash all glassware with detergent and rinse with DI water.  Acid bath is not required. 

• Filtrate may be disposed of down the sink drain. 

• Filters and gloves may be disposed of in the regular trash. 

• Make sure to turn off the oven and balance. 

A.7.6 Materials 

• Grade 934-AH RTU Filter for Total Suspended Solids Analysis, 47mm, pack of 100 (VWR cat #  

97040-976)  

A.7.7 Documentation 

• Laboratory book: Indicate date, sample IDs processed, what analysis completed/submitted, lab 

tech name, what analysis read, and any notes. 

• Laboratory Analysis Forms: Fill out the documentation for each step immediately after completing 

the step.  Always use full sample IDs. 

• Database: Samples and analysis should be logged regularly, in a timely manner. 

A.8 Glassware Cleaning SOP 

The purpose of this SOP is to describe the steps required to properly clean glassware and 

sampling containers to prevent contamination.  
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A.8.1 Hazards 

• Biological: Bacteria, viruses, etc. in storm water 

• Caustic: Hydrochloric acid used to acidify samples and acid wash glassware. 

• Physical: Broken glass. 

A.8.2 Required PPE 

• Lab coat 

• Nitrile gloves 

• Safety glasses 

• Chemical apron, butyl gloves, safety goggles (when using acid bath) 

• Be careful not to break any of the glass apparatus. 

• Use acid bath inside the hood. 

A.8.3 Materials and Equipment: 

• Phosphate-free detergent 

• 5% nitric acid bath (located in the CH 161 hood) 

• Brushes 

A.8.4 Procedure 

• Put all dry glassware and ISCO bottles away. Cap dry ISCO bottles are rearrange them in 

sampling rings in order. Only cap completely dry bottles. 

• Rinse with tap water 

• Add Liquinox (or other phosphate-free detergent), scrub with brush, and rinse with tap water until 

soap is gone 

• Rinse three times with DI water 

• Place in 5% nitric bath for a minimum of 4 hours (NON-METAL ONLY) 

• Rinse three times with DI water 

• Hang up to dry 

• Sample bottles: cap, place in rack, and label “acid-washed” 

• Place glassware to be autoclaved in white “autoclave” bin. 

• Place all other acid washed glassware in red “acid-washed” bin. 
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APPENDIX B: STATISTICAL ANALYSIS SUPPORTING TABLES AND FIGURES 

B.1 Anderson-Darling Test for Normality Results 

 This section displays the results for the Anderson-Darling Test for normality, which is required to 

determine if the Box-Cox transformation is required in order to run ANOVA and ANCOVA. 

B.1.1 Dry Weather Anderson-Darling Results 

Table B.1 shows the results for the Anderson-Darling test for normality on the raw dry weather 

water quality data and on the Box-Cox transformed data.  

 

Table B.1 Anderson-Darling test results for dry weather water quality. A result of 1 represents the 
rejection of the null hypothesis of normality at the 5% significance level. A result of 0 represents the 

alternative hypothesis is accepted and that the data is normally distributed. 
  

West East Central 
 

Raw 
Data 

Results 

Post-
Transform 

Raw Data 
Results 

Post-
Transform 

Raw Data 
Results 

Post-
Transform 

Phosphorus, Diss. 0 0 0 0 0 0 

Ammonia, Diss. 0 0 0 0 0 0 

Nitrite, Diss. 0 0 0 0 0 0 

Nitrate, Diss. 0 0 0 0 0 0 

Total Nitrogen 0 0 0 0 0 0 

Conductivity 0 0 0 0 0 0 

TDS 0 0 0 0 0 0 

TSS 0 0 0 0 0 0 

Total Coliforms 0 0 0 0 0 0 

E. coli 0 0 0 0 0 0 

Arsenic, Diss. 0 0 0 0 0 0 

Arsenic, Total 0 0 0 0 0 0 

Copper, Diss. 0 0 0 0 0 0 

Copper, Total 0 0 0 0 0 0 

Lead, Diss. 0 0 0 0 0 0 

Lead, Total 0 0 0 0 0 0 

Zinc, Diss. 0 0 0 0 0 0 

Zinc, Total 0 0 0 0 0 0 

 

B.1.2 Wet Weather Anderson-Darling Results 
 

Table B. shows the results for the Anderson-Darling test for normality on the raw dry weather 

water quality data and on the Box-Cox transformed data.  
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Table B.2 Anderson-Darling test results for wet weather water quality. A result of 0 represents the 
alternative hypothesis is accepted and that the data is normally distributed.  

West East Central 

 Raw Data 
Results 

Post-
Transform 

Raw Data 
Results 

Post-
Transform 

Raw Data 
Results 

Post-
Transform 

Phosphorus, Diss. 0 0 0 0 0 0 
Ammonia, Diss. 0 0 0 0 0 0 
Nitrite, Diss. 1 0 1 0 0 0 
Nitrate, Diss. 0 0 0 0 0 0 
Total Nitrogen 0 0 0 0 0 0 
Conductivity 1 0 0 0 0 0 
TDS 1 0 0 0 0 0 
TSS 1 0 1 0 1 0 
Total Coliforms 1 0 0 0 0 0 
E. coli 1 0 1 0 1 0 
Arsenic, Diss. CND CND 0 0 CND CND 
Arsenic, Total 0 0 0 0 0 0 
Copper, Diss. 0 0 0 0 0 0 
Copper, Total 1 0 1 0 0 0 
Lead, Diss. CND CND CND CND CND CND 
Lead, Total 1 0 1 0 0 0 
Zinc, Diss. 0 0 0 0 0 0 
Zinc, Total 1 0 1 0 0 0 

 

B.2 ANOVA Results 

 The following section displays the ANOVA output plots and tables for dry weather comparisons 

between sites, wet weather comparisons between sites, and wet weather comparisons against UDFCD 

values.  

B.2.1 Dry Weather Site Comparison ANOVA Results 

 

 
Figure B.1 Phosphorus ANOVA plot for dry weather site comparison 
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Table B.3 Phosphorus ANOVA output table for dry weather site comparison 

 

 

 
Figure B.2 Ammonia ANOVA plot for dry weather site comparison 

 

Table B.4 Ammonia ANOVA output table for dry weather site comparison 
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Figure B.3 Ammonia Tukey plot for dry weather site comparison 

 

 
Figure B.4 Nitrite ANOVA plot for dry weather site comparison 
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Table B.5 Nitrite ANOVA output table for dry weather site comparison 

 
 

 
Figure B.5 Nitrite Tukey plot for dry weather site comparison 

 

 
Figure B.6 Nitrate ANOVA plot for dry weather site comparison 
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Table B.6 Nitrate ANOVA output table for dry weather site comparison 

 
 

 
Figure B.7 Nitrate Tukey plot for dry weather site comparison 

 

 
Figure B.8 TDS ANOVA plot for dry weather site comparison 
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Table B.7 TDS ANOVA output table for dry weather site comparison 

 
 

 

 
Figure B.9 TDS Tukey plot for dry weather site comparison 

 

 
Figure B.10 TSS ANOVA plot for dry weather site comparison 
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Table B.8 TSS ANOVA output table for dry weather site comparison 

 

 

 
Figure B.11 Total Coliforms ANOVA plot for dry weather site comparison 

 

Table B.9 Total Coliforms ANOVA output table for dry weather site comparison 
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Figure B.12 E. coli ANOVA plot for dry weather site comparison 

 

Table B.10 E. coli ANOVA output table for dry weather site comparison 
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Figure B.13 Dissolved Arsenic ANOVA plot for dry weather site comparison 

 

Table B.11 Dissolved arsenic ANOVA output table for dry weather site comparison 
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Figure B.14 Total recoverable arsenic ANOVA plot for dry weather site comparison 

 

Table B.12 Total recoverable arsenic ANOVA output table for dry weather site comparison 
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Figure B.15 Dissolved copper ANOVA plot for dry weather site comparison 

 

Table B.13 Dissolved copper ANOVA output table for dry weather site comparison 
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Figure B.16 Total recoverable copper ANOVA plot for dry weather site comparison 

 

Table B.14 Total recoverable copper ANOVA output table for dry weather site comparison 
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Figure B.17 Dissolved lead ANOVA plot for dry weather site comparison 

 

Table B.15 Dissolved lead ANOVA output table for dry weather site comparison 
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Figure B.18 Total recoverable lead ANOVA plot for dry weather site comparison 

 

Table B.16 Total recoverable lead ANOVA output table for dry weather site comparison 
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Figure B.19 Dissolved zinc ANOVA plot for dry weather site comparison 

 

Table B.17 Dissolved zinc ANOVA output table for dry weather site comparison 
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Figure B.20 Dissolved zinc Tukey plot for dry weather site comparison 

 

 
Figure B.21 Total recoverable zinc ANOVA plot for dry weather site comparison 
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Table B.18 Total recoverable zinc ANOVA output table for dry weather site comparison 

 
 

B.2.2 Wet Weather Site Comparison ANOVA Results 

 The following section displays the results of the ANOVA analysis for wet weather EMC 

comparisons between sampling sites. 

 
Figure B.22 Phosphorus ANOVA plot for wet weather site comparison 

 

Table B.19 Phosphorus ANOVA output table for wet weather site comparison 
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Figure B.23: Ammonia ANOVA plot for wet weather site comparison 

 

Table B.20: Ammonia ANOVA output table for wet weather site comparison
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Figure B.24: Nitrite ANOVA plot for wet weather site comparison 

 

Table B.21: Nitrite ANOVA output table for wet weather site comparison 
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Figure B.25 Nitrate ANOVA plot for wet weather site comparison 

 

Table B.22 Nitrate ANOVA output table for wet weather site comparison 
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Figure B.26 Total nitrogen ANOVA plot for wet weather site comparison 

 

Table B.23 Total nitrogen ANOVA output table for wet weather site comparison 
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Figure B.27 TDS ANOVA plot for wet weather site comparison 

 

Table B.24 TDS ANOVA output table for wet weather site comparison 
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Figure B.28 TSS ANOVA plot for wet weather site comparison 

 

Table B.25 TSS ANOVA output table for wet weather site comparison 
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Figure B.29 Total coliforms ANOVA plot for wet weather site comparison 

 

Table B.26 Total coliforms ANOVA output table for wet weather site comparison 
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Figure B.30 E. coli ANOVA plot for wet weather site comparison 

 

Table B.27 E. coli ANOVA output table for wet weather site comparison 
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Figure B.31 Dissolved arsenic ANOVA plot for wet weather site comparison 

 

Table B.28 Dissolved arsenic ANOVA output table for wet weather site comparison 
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Figure B.32 Total arsenic ANOVA plot for wet weather site comparison 

 

Table B.29 Total arsenic ANOVA output table for wet weather site comparison 
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Figure B.33 Dissolved copper ANOVA plot for wet weather site comparison 

 

Table B.30 Dissolved copper ANOVA output table for wet weather site comparison 
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Figure B.34 Total recoverable copper ANOVA plot for wet weather site comparison 

 

Table B.31 Total recoverable copper ANOVA output table for wet weather site comparison 
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Figure B.35 Total recoverable lead ANOVA plot for wet weather site comparison 

 

Table B.32 Total recoverable lead ANOVA output table for wet weather site comparison 
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Figure B.36 Dissolved zinc ANOVA plot for wet weather site comparison 

 

Table B.33 Dissolved zinc ANOVA output table for wet weather site comparison 
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Figure B.37 Total recoverable zinc ANOVA plot for wet weather site comparison 

 

Table B.34 Total recoverable zinc ANOVA output table for wet weather site comparison 
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B.2.3 Wet Weather UDFCD Comparison ANOVA Results 

 The following section displays the results for comparisons between sampling locations and 

UDFCD values. The UDFCD values, shown in Table 3.5, reflect currently accepted analyte EMC values 

and are being used by managers for water quality planning. 

 

 
Figure B.38 Phosphorus ANOVA plot for wet weather UDFCD comparison 

 

Table B.35 Phosphorus ANOVA output table for wet weather UDFCD comparison 
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Figure B.39 Phosphorus Tukey plot for wet weather UDFCD comparison 

 

 
Figure B.40 Total nitrogen ANOVA plot for wet weather UDFCD comparison 
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Table B.36 Total nitrogen ANOVA output table for wet weather UDFCD comparison 

 
 

 
Figure B.41 TSS ANOVA plot for wet weather UDFCD comparison 
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Table B.37 TSS ANOVA output table for wet weather UDFCD comparison 

 

 

 
Figure B.42 TDS ANOVA plot for wet weather UDFCD comparison 
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Table B.38 TDS ANOVA output table for wet weather UDFCD comparison 

 

 

 
Figure B.43 TDS Tukey plot for wet weather UDFCD comparison 

 

 
Figure B.44 Total recoverable copper ANOVA plot for wet weather UDFCD comparison 
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Table B.39 Total recoverable copper ANOVA output table for wet weather UDFCD comparison 

 
 

 
Figure B.45 Total recoverable copper Tukey plot for wet weather UDFCD comparison 

 

 
Figure B.46 Total recoverable lead ANOVA plot for wet weather UDFCD comparison 
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Table B.40 Total recoverable lead ANOVA output table for wet weather UDFCD comparison 

 

 

 
Figure B.47 Total recoverable lead Tukey plot for wet weather UDFCD comparison 

 

 
Figure B.48 Total recoverable zinc ANOVA plot for wet weather UDFCD comparison 
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Table B.41 Total recoverable zinc ANOVA output table for wet weather UDFCD comparison 

 
 

 
Figure B.49 Total recoverable zinc plot for wet weather UDFCD comparison 

 

B.3 ANCOVA Results 

 The following sections display Matlab output during the ANCOVA analysis. This analysis 

quantifies the variability that is associated with each confounding variable. The confounding variables 

investigated included peak rainfall intensity, antecedent dry days, and rainfall depth. 

B.3.1 ANCOVA Results with Peak Rainfall Intensity as Covariate 

 The following section displays the results of the ANCOVA analysis using peak rainfall intensity as 

the confounding variable. 

 

Table B.42 ANCOVA results for Phosphorus using peak rainfall intensity as covariate
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Table B.43 ANCOVA results for ammonia using peak rainfall intensity as covariate 

 
 

Table B.44 ANCOVA results for nitrite using peak rainfall intensity as covariate 

 
 

Table B.45 ANCOVA results for nitrate using peak rainfall intensity as covariate 

 
 

Table B.46 ANCOVA results for total nitrogen using peak rainfall intensity as covariate 

 
 

Table B.47 ANCOVA results for TDS using peak rainfall intensity as covariate 
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Table B.48 ANCOVA results for TSS using peak rainfall intensity as covariate 

 
 

Table B.49 ANCOVA results for total coliforms using peak rainfall intensity as covariate 

 
 

Table B.50 ANCOVA results for E. coli using peak rainfall intensity as covariate 

 
 

Table B.51 ANCOVA results for dissolved arsenic using peak rainfall intensity as covariate 

 
 

Table B.52 ANCOVA results for total recoverable arsenic using peak rainfall intensity as covariate 
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Table B.53 ANCOVA results for dissolved copper using peak rainfall intensity as covariate 

 
 

Table B.54 ANCOVA results for total recoverable copper using peak rainfall intensity as covariate 

 
 

Table B.55 ANCOVA results for total recoverable lead using peak rainfall intensity as covariate 

 
 

Table B.56 ANCOVA results for dissolved zinc using peak rainfall intensity as covariate 

 
 

Table B.57 ANCOVA results for total recoverable zinc using peak rainfall intensity as covariate 
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B.3.2 ANCOVA Results with Antecedent Dry Days as Covariate 

 The following section displays the results of the ANCOVA analysis using antecedent dry days as 

the confounding variable. 

 

Table B.58 ANCOVA results for phosphorus using antecedent dry days as covariate

 
 

Table B.59 ANCOVA results for ammonia using antecedent dry days as covariate

 
 

Table B.60 ANCOVA results for nitrite using antecedent dry days as covariate

 
 

Table B.61 ANCOVA results for nitrate using antecedent dry days as covariate

 
 

Table B.62 ANCOVA results for total nitrogen using antecedent dry days as covariate
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Table B.63 ANCOVA results for TDS using antecedent dry days as covariate 

 
 

Table B.64 ANCOVA results for TSS using antecedent dry days as covariate 

 
 

Table B.65 ANCOVA results for total coliforms using antecedent dry days as covariate 

 
 

Table B.66 ANCOVA results for E. coli using antecedent dry days as covariate 

 
 

Table B.67 ANCOVA results for dissolved arsenic using antecedent dry days as covariate 
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Table B.68 ANCOVA results for total recoverable arsenic using antecedent dry days as covariate 

 
 

Table B.69 ANCOVA results for dissolved copper using antecedent dry days as covariate 

 
 

Table B.70 ANCOVA results for total recoverable copper using antecedent dry days as covariate 

 
 

Table B.71 ANCOVA results for total recoverable lead using antecedent dry days as covariate 

 
 

Table B.72 ANCOVA results for dissolved zinc using antecedent dry days as covariate 
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Table B.73 ANCOVA results for total recoverable zinc using antecedent dry days as covariate 

 
 

B.3.3 ANCOVA Results with Total Rainfall Depth as Covariate 

The following section displays the results of the ANCOVA analysis using peak rainfall intensity as 

the confounding variable. 

 

Table B.74 ANCOVA results for phosphorus using total rainfall depth as covariate

 

 

Table B.75 ANCOVA results for ammonia using total rainfall depth as covariate

 

 

Table B.76: ANCOVA results for nitrite using total rainfall depth as covariate
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Table B.77 ANCOVA results for nitrate using total rainfall depth as covariate 

 
 

Table B.78 ANCOVA results for total nitrogen using total rainfall depth as covariate 

 
 

Table B.79 ANCOVA results for TDS using total rainfall depth as covariate 

 
 

Table B.80 ANCOVA results for TSS using total rainfall depth as covariate 

 
 

Table B.81 ANCOVA results for total coliforms using total rainfall depth as covariate 
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Table B.82 ANCOVA results for E. coli using total rainfall depth as covariate 

 
 

Table B.83 ANCOVA results for dissolved arsenic using total rainfall depth as covariate 

 
 

Table B.84 ANCOVA results for total recoverable arsenic using total rainfall depth as covariate 

 
 

Table B.85 ANCOVA results for dissolved copper using total rainfall depth as covariate 

 
 

Table B.86 ANCOVA results for total recoverable lead using total rainfall depth as covariate 
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Table B.87 ANCOVA results for dissolved zinc using total rainfall depth as covariate 

 
 

Table B.88 ANCOVA results for total recoverable zinc using total rainfall depth as covariate 
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APPENDIX C: HYDROGRAPHS AND DISCRETE SAMPLES 

C.1 Storm Hydrographs 

 The following plots display discretely analyzed data, response hydrographs, and precipitation 

patterns during rain events. 

 

 
Figure C.1 Precipitation and hydrograph for July 2nd rain event at the West Basin. Hydrograph is shown 

as blue line (left axis) and bars represent precipitation (right axis). 
 

 
Figure C.2 Precipitation and hydrograph for July 7th rain event at the West Basin. Hydrograph is shown 

as blue line (left axis) and bars represent precipitation (right axis). 
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Figure C.3 Precipitation and hydrograph for July 15th rain event at the West Basin. Hydrograph is shown 

as blue line (left axis) and bars represent precipitation (right axis). 
 

 
Figure C.4 Precipitation and hydrograph for July 23rd rain event at the East Basin. Hydrograph is shown 

as blue line (left axis) and bars represent precipitation (right axis). 
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Figure C.5 Precipitation and hydrograph for July 23rd rain event at the West Basin. Hydrograph is shown 

as blue line (left axis) and bars represent precipitation (right axis). 
 

 
Figure C.6 Precipitation and hydrograph for July 24th rain event at the East Basin. Hydrograph is shown 

as blue line (left axis) and bars represent precipitation (right axis). 
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Figure C.7 Precipitation and hydrograph for August 18th rain event at the East Basin. Hydrograph is 

shown as blue line (left axis) and bars represent precipitation (right axis). 
 

 
Figure C.8 Precipitation and hydrograph for August 18th rain event at the Central Basin. Hydrograph is 

shown as blue line (left axis) and bars represent precipitation (right axis). 
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Figure C.9 Precipitation and hydrograph for August 21st rain event at the East Basin. Hydrograph is 

shown as blue line (left axis) and bars represent precipitation (right axis). 
 

 
Figure C.10 Precipitation and hydrograph for August 21st rain event at the West Basin. Hydrograph is 

shown as blue line (left axis) and bars represent precipitation (right axis). 
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Figure C.11 Precipitation and hydrograph for September 5th rain event at the East Basin. Hydrograph is 

shown as blue line (left axis) and bars represent precipitation (right axis). 
 

 
Figure C.12 Precipitation and hydrograph for September 5th rain event at the East Basin. Hydrograph is 

shown as blue line (left axis) and bars represent precipitation (right axis). 
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Figure C.13 Precipitation and hydrograph for September 5th rain event at the Central Basin. Hydrograph 

is shown as blue line (left axis) and bars represent precipitation (right axis). 
 

C.2 Discrete Sample Plots 

 This section displays hydrographs, including concentration time-series, for each storm that was 

analyzed discretely. These plots show how analyte concentrations change during the course of rain event 

runoff. 

C.2.1 Phosphorus 
 

 

Figure C.14 Phosphorus concentrations changing during course of runoff for the July 7th rain event at the 
West Basin. The orange line represents contaminant concentration and the blue line represents 

discharge level. 
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Figure C.15 Phosphorus concentrations changing during course of runoff for the July 7th rain event at the 

West Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 

 

 
Figure C.16 Phosphorus concentrations changing during course of runoff for the July 15th rain event at 

the West Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 
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Figure C.17 Phosphorus concentrations changing during course of runoff for the July 23rd rain event at 

the East Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 

 

 
Figure C.18 Phosphorus concentrations changing during course of runoff for the July 23rd rain event at 

the West Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 
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Figure C.19 Phosphorus concentrations changing during course of runoff for the July 24th rain event at 

the East Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 

 

 
Figure C.20 Phosphorus concentrations changing during course of runoff for the July 24thth rain event at 

the West Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 
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Figure C.21 Phosphorus concentrations changing during course of runoff for the August 18th rain event at 

the West Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 

 

 
Figure C.22 Phosphorus concentrations changing during course of runoff for the August 21st rain event at 

the East Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 
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Figure C.23 Phosphorus concentrations changing during course of runoff for the August 18th rain event at 

the Central Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 

 

 
Figure C.24 Phosphorus concentrations changing during course of runoff for the August 21st rain event at 

the West Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 
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Figure C.25 Phosphorus concentrations changing during course of runoff for the August 21st rain event at 

the Central Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 

 

 
Figure C.26 Phosphorus concentrations changing during course of runoff for the September 5th rain 

event at the East Basin. The orange line represents contaminant concentration and the blue line 
represents discharge level. 

 



 151 

 
Figure C.27 Phosphorus concentrations changing during course of runoff for the September 5th rain 
event at the Central Basin. The orange line represents contaminant concentration and the blue line 

represents discharge level. 
 

C.2.2 Ammonia 
 

 
Figure C.28 Ammonia concentrations changing during course of runoff for the July 2nd rain event at the 

West Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 
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Figure C.29: Ammonia concentrations changing during course of runoff for the July 7th rain event at the 

West Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 

 

 
Figure C.30: Ammonia concentrations changing during course of runoff for the July 15th rain event at the 

West Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 
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Figure C.31 Ammonia concentrations changing during course of runoff for the July 23rd rain event at the 
East Basin. The orange line represents contaminant concentration and the blue line represents discharge 

level. 
 

 
Figure C.32 Ammonia concentrations changing during course of runoff for the July 23rd rain event at the 

West Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 
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Figure C.33 Ammonia concentrations changing during course of runoff for the August 18th rain event at 

the East Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 

 

 
Figure C.34 Ammonia concentrations changing during course of runoff for the August 18th rain event at 
the Central Basin. The orange line represents contaminant concentration and the blue line represents 

discharge level. 
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Figure C.35 Ammonia concentrations changing during course of runoff for the September 5th rain event 
at the East Basin. The orange line represents contaminant concentration and the blue line represents 

discharge level. 
 

 
Figure C.36 Ammonia concentrations changing during course of runoff for the September 5th rain event 
at the Central Basin. The orange line represents contaminant concentration and the blue line represents 

discharge level. 
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C.2.3 Nitrite 
 

 
Figure C.37 Nitrite concentrations changing during course of runoff for the July 2nd rain event at the West 

Basin. The orange line represents contaminant concentration and the blue line represents discharge 
level. 

 

 
Figure C.38 Nitrite concentrations changing during course of runoff for the July 15th rain event at the 

West Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 
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Figure C.39 Nitrite concentrations changing during course of runoff for the July 23rd rain event at the East 

Basin. The orange line represents contaminant concentration and the blue line represents discharge 
level. 

 

 
Figure C.40 Nitrite concentrations changing during course of runoff for the July 23rd rain event at the 

West Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 



 158 

 
Figure C.41 Nitrite concentrations changing during course of runoff for the July 24th rain event at the East 

Basin. The orange line represents contaminant concentration and the blue line represents discharge 
level. 

 

 
Figure C.42 Nitrite concentrations changing during course of runoff for the July 24th rain event at the 

West Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 
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Figure C.43 Nitrite concentrations changing during course of runoff for the August 18th rain event at the 

East Basin. The orange line represents contaminant concentration and the blue line represents discharge 
level. 

 

 
Figure C.44 Nitrite concentrations changing during course of runoff for the August 18th rain event at the 

Central Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 
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Figure C.45 Nitrite concentrations changing during course of runoff for the August 21st rain event at the 

East Basin. The orange line represents contaminant concentration and the blue line represents discharge 
level. 

 

 
Figure C.46 Nitrite concentrations changing during course of runoff for the August 21st rain event at the 

West Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 
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Figure C.47 Nitrite concentrations changing during course of runoff for the August 21st rain event at the 

Central Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 

 

 
Figure C.48 Nitrite concentrations changing during course of runoff for the September 5th rain event at 

the East Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 
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Figure C.49: Nitrite concentrations changing during course of runoff for the September 5th rain event at 
the Central Basin. The orange line represents contaminant concentration and the blue line represents 

discharge level. 
 

C.2.4 Nitrate 
 

 
Figure C.50: Nitrate concentrations changing during course of runoff for the July 2nd rain event at the 

West Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 
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Figure C.51 Nitrate concentrations changing during course of runoff for the July 7th rain event at the West 

Basin. The orange line represents contaminant concentration and the blue line represents discharge 
level. 

 

 
Figure C.52 Nitrate concentrations changing during course of runoff for the July 15th rain event at the 

West Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 
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Figure C.53 Nitrate concentrations changing during course of runoff for the July 23rd rain event at the 

East Basin. The orange line represents contaminant concentration and the blue line represents discharge 
level. 

 

 
Figure C.54 Nitrate concentrations changing during course of runoff for the July 23rd rain event at the 

West Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 
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Figure C.55 Nitrate concentrations changing during course of runoff for the July 24th rain event at the 

East Basin. The orange line represents contaminant concentration and the blue line represents discharge 
level. 

 

 
Figure C.56 Nitrate concentrations changing during course of runoff for the July 24th rain event at the 

West Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 
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Figure C.57 Nitrate concentrations changing during course of runoff for the August 18th rain event at the 
East Basin. The orange line represents contaminant concentration and the blue line represents discharge 

level. 
 

 
Figure C.58 Nitrate concentrations changing during course of runoff for the August 18th rain event at the 

Central Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 
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Figure C.59 Nitrate concentrations changing during course of runoff for the August 21st rain event at the 
East Basin. The orange line represents contaminant concentration and the blue line represents discharge 

level. 
 

 
Figure C.60 Nitrate concentrations changing during course of runoff for the August 21st rain event at the 

West Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 
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Figure C.61 Nitrate concentrations changing during course of runoff for the August 21st rain event at the 

Central Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 

 

 
Figure C.62 Nitrate concentrations changing during course of runoff for the September 5th rain event at 

the East Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 
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Figure C.63 Nitrate concentrations changing during course of runoff for the September 5th rain event at 
the Central Basin. The orange line represents contaminant concentration and the blue line represents 

discharge level. 
 

C.2.5 TSS 
 

 
Figure C.64 TSS concentrations changing during course of runoff for the July 2nd rain event at the West 

Basin. The orange line represents contaminant concentration and the blue line represents discharge 
level. 
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Figure C.65 TSS concentrations changing during course of runoff for the July 7th rain event at the West 

Basin. The orange line represents contaminant concentration and the blue line represents discharge 
level. 

 

 
Figure C.66 TSS concentrations changing during course of runoff for the July 15th rain event at the West 

Basin. The orange line represents contaminant concentration and the blue line represents discharge 
level. 
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Figure C.67 TSS concentrations changing during course of runoff for the July 23rd rain event at the East 

Basin. The orange line represents contaminant concentration and the blue line represents discharge 
level. 

 

 
Figure C.68 TSS concentrations changing during course of runoff for the July 23rd rain event at the West 

Basin. The orange line represents contaminant concentration and the blue line represents discharge 
level. 
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Figure C.69 TSS concentrations changing during course of runoff for the July 24th rain event at the East 

Basin. The orange line represents contaminant concentration and the blue line represents discharge 
level. 

 

 
Figure C.70 TSS concentrations changing during course of runoff for the July 24th rain event at the West 

Basin. The orange line represents contaminant concentration and the blue line represents discharge 
level. 
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Figure C.71 TSS concentrations changing during course of runoff for the August 18th rain event at the 

East Basin. The orange line represents contaminant concentration and the blue line represents discharge 
level. 

 

 
Figure C.72 TSS concentrations changing during course of runoff for the August 18th rain event at the 

Central Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 
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Figure C.73 TSS concentrations changing during course of runoff for the August 21st rain event at the 

East Basin. The orange line represents contaminant concentration and the blue line represents discharge 
level. 

 

 
Figure C.74 TSS concentrations changing during course of runoff for the August 21st rain event at the 

West Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 
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Figure C.75 TSS concentrations changing during course of runoff for the August 21st rain event at the 

Central Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 

 

 
Figure C.76 TSS concentrations changing during course of runoff for the September 5th rain event at the 
East Basin. The orange line represents contaminant concentration and the blue line represents discharge 

level. 
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Figure C.77 TSS concentrations changing during course of runoff for the September 5th rain event at the 

Central Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 

 

C.2.6 TDS 
 

 
Figure C.78 TDS concentrations changing during course of runoff for the July 2nd rain event at the West 

Basin. The orange line represents contaminant concentration and the blue line represents discharge 
level. 
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Figure C.79 TDS concentrations changing during course of runoff for the July 7th rain event at the West 

Basin. The orange line represents contaminant concentration and the blue line represents discharge 
level. 

 

 
Figure C.80 TDS concentrations changing during course of runoff for the July 15th rain event at the West 

Basin. The orange line represents contaminant concentration and the blue line represents discharge 
level. 
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Figure C.81 TDS concentrations changing during course of runoff for the July 23rd rain event at the East 

Basin. The orange line represents contaminant concentration and the blue line represents discharge 
level. 

 

 
Figure C.82 TDS concentrations changing during course of runoff for the July 23rd rain event at the West 

Basin. The orange line represents contaminant concentration and the blue line represents discharge 
level. 
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Figure C.83 TDS concentrations changing during course of runoff for the July 24th rain event at the East 

Basin. The orange line represents contaminant concentration and the blue line represents discharge 
level. 

 

 
Figure C.84 TDS concentrations changing during course of runoff for the July 24th rain event at the West 

Basin. The orange line represents contaminant concentration and the blue line represents discharge 
level. 
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Figure C.85 TDS concentrations changing during course of runoff for the August 18th rain event at the 

East Basin. The orange line represents contaminant concentration and the blue line represents discharge 
level. 

 

 
Figure C.86 TDS concentrations changing during course of runoff for the August 18th rain event at the 

Central Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 
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Figure C.87 TDS concentrations changing during course of runoff for the August 21st rain event at the 

East Basin. The orange line represents contaminant concentration and the blue line represents discharge 
level. 

 

 
Figure C.88 TDS concentrations changing during course of runoff for the August 21st rain event at the 

West Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 
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Figure C.89 TDS concentrations changing during course of runoff for the August 21st rain event at the 

Central Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 

 

 
Figure C.90 TDS concentrations changing during course of runoff for the September 5th rain event at the 
East Basin. The orange line represents contaminant concentration and the blue line represents discharge 

level. 
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Figure C.91 TDS concentrations changing during course of runoff for the September 5th rain event at the 

Central Basin. The orange line represents contaminant concentration and the blue line represents 
discharge level. 

 


