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CHAPTER 1. BACKGROUND AND INTRODUCTION 

1.1 Sewer Infrastructure Problems 

 Well-maintained wastewater infrastructure systems are important for proper 

conveyance to treatment facilities prior to environmental discharge.  However, the 

wastewater collection systems in the United States are eroding with age, use, and neglect 

[1], with most of them nearing the end of their useful design life [2].  Failures of 

wastewater collection and conveyance systems can lead to sewer overflows, flooding, 

and damage to the environment and public health from the release of excessive nutrients, 

pathogenic organisms, and other compounds such as pharmaceuticals [3-10].  It is 

estimated that at least 23,000 - 75,000 sanitary sewer overflows occur every year in the 

United States [11] and as many as 10 billion gallons of untreated wastewater are 

discharged into the environment every year due to the poor condition of the nation’s 

sanitary sewers [12].   

 Locally, a 2006 sewer main rupture in Honolulu led to the discharge of millions 

of gallons of raw sewage into the ocean, which violated the Clean Water Act (CWA) and 

caused millions of dollars in fines [13, 14].  In August of 2010 the City and County of 

Honolulu filed a Consent Decree with the US Environmental Protection Agency (U.S. 

EPA), which includes massive efforts to inspect and upgrade the Honolulu sewer 

systems.  This includes inspecting 650 miles of gravity sewers by closed circuit television 

and repairing or replacing 144 miles of gravity sewers in addition to upgrading water 

treatment facilities.  Such vast rehabilitation requirements will cost billions of dollars and 

take several years or even decades to complete [14].  
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 Collectively, the American Society of Civil Engineers (ASCE) has given 

wastewater infrastructure around the United States a grade of D- in their 2009 Report 

Card [12].  Unfortunately, wastewater collection systems are often the most neglected 

due to poor visibility compared to aviation facilities, bridges, roadways, levees, dams, 

rails and other more visible areas of infrastructure [12].  Thus, fixing the problem does 

not come easily.  Because of poor visibility and neglect, problems are usually treated in a 

retroactive fashion after the problem has already been incurred.  Additionally, highly 

developed areas require the most rehabilitation but are also more difficult to work in 

because of dense populations and traffic concerns [1]. 

 In 2002, U.S. EPA released a report detailing the gap between current spending 

on national wastewater infrastructure and the total investment needed to maintain, replace 

or repair them, which was estimated at $270 billion [2].  Although the price is high, the 

monetary amount needed after an accident in both emergency repairs and fines in 

addition to the invaluable problems caused to human and environmental health are 

higher.  This necessitates the need to be proactive and treat problems before they turn into 

full-scale accidents. 

 Efficient implementation of such massive maintenance and rehabilitation efforts 

would require a thorough assessment of sewer conditions, which has come under focus as 

a necessary first step in order to optimize repair, replacement and budget concerns [15].   

Prioritization of high-risk sections would allow utilities to focus their efforts and avoid 

paying higher costs associated with emergency repairs.  Essentially, ranking the sewers in 

terms of severity of deterioration and possibility for abrupt failure allows for better asset 

management [3], which is important to close the spending versus need gap. 
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Consequently, proper assessment of sewer system conditions is necessary to determine 

both the type of rehabilitation required along with the severity of sewer deterioration in 

order to prioritize and plan rehabilitation efforts.   

 

1.2 Current Assessment Methods 

 Effective assessment is important to determine problems and rank them in terms 

of priority.  Sewer inspection is typically conducted by physical methods with the most 

widespread being Closed-Circuit Television (CCTV) examination [1, 3].  However, 

CCTV can only give a view above the waterline in a sewer, it generates large amounts of 

video footage that are very time consuming to look through, and requires trained 

inspectors to identify problems in the miles and miles of sewers [3, 16].  Therefore, 

system-wide analysis would be increasingly time intensive and would make it difficult to 

prioritize the repair and replacement efforts in a timely and robust manner.  Despite its 

limitations, CCTV offers many advantages including the ability to determine locations of 

sewer connections, debris build up which can cause blockages, and more detailed 

information as to the reason for defects (root intrusion, joint failures) which are important 

in the process of actual repair and renewal of the sewer systems [3]. 

 Other indirect sewer assessment methods include flow measurements to gauge 

Infiltration and Inflow (I/I), acoustic technologies such as ground penetrating radar, 

electromagnetic devices, laser profiling, and new advanced systems, which use multiple 

sensor-robots to inspect sewers [3, 16].  However, most of these methods are often costly, 

time consuming, and need to assess multiple lines in multiple locations in order to get a 

full understanding of where the problems are incurred.  Often, these methods are limited 
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in their applications due to the difficulty of assessing sewer conditions when there are 

bends, curves, dips and other topographical features of sewers that these technologies 

cannot distinguish.  Further, some methods are dependent upon the material of the pipe, 

such electromagnetic methods, which only work on ferrous pipes [3].  

 The only system-wide method mentioned above is the measure of I/I, which also 

has the added benefit of being able to inspect during high velocity flow, which hinders 

some other methods such as CCTV.  Once system-wide analyses are performed to rank 

severity of sewer problems, more detailed inspections using CCTV or other methods can 

be performed to guide prioritized rehabilitation of problem areas.   

 

1.3 Infiltration and Inflow (I/I) 

 Infiltration and Inflow is a symptom of sewer deterioration severity and is also a 

contributing cause of overloading the system, sanitary sewer overflows, and reduced 

efficiency of treatment facilities.  Infiltration is non-wastewater entering the sanitary 

sewer system through cracks, breaks, or leaks in the pipe, pipe joints or manhole walls [4, 

15].  Inflow is non-wastewater entering the sanitary sewer through improper coverings 

and connections such as unsealed manhole covers [15]. Because I/I increases with 

increased sewer deterioration severity, I/I levels are indicative of the condition of the 

sewer pipe (more leaks/cracks or other defects should show higher levels of I/I).  

  Infiltration and Inflow complicate the design of sanitary sewers and is a problem 

in and of itself which communities spend much time and money on preventing and 

fixing.  Increased flow into the sanitary sewer leads to increased loading of the 
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wastewater treatment facilities, which requires more resources, money and increased fees 

for the general population.  If the problem is so severe as to surpass the hydraulic and 

treatment capacity of the system, overflows of untreated or partially treated wastewater is 

possible [4].  Additionally, groundwater infiltration has the ability to redirect stream flow 

and lessen the amount of recharge water penetrating the groundwater system [15].  

Therefore, I/I is both a symptom of deteriorated sewer systems, but also a cause of the 

problems associated with these defects.  As the age of cities and communities increases, 

this problem becomes more and more severe and costly.   

  While measuring I/I, flow is monitored in several sewer sections in dry and wet 

weather and compared to gauge levels of I/I [3].  However, this method has traditionally 

been hindered by inaccuracy of flow measurements [17].  In addition, conducting flow 

measurement at numerous locations simultaneously requires installing and operating a 

large number of flow measurement instruments within the sewershed, which amounts to 

large capital and operational costs, in addition to volumes of data that need to be 

processed, stored and analyzed.  Therefore, for the system-wide sewer assessment 

concept to be practically feasible, an alternative approach to direct flow measurement is 

desired.  

 

1.4 Alternative Strategy for I/I Determination 

 In this study, a potential alternative to direct flow measurement is investigated as 

a system-wide measurement of sewer deterioration severity. This approach quantifies the 

chemical and biological markers that are specific to wastewater (fecal specific, human 

derived) during both dry and wet weather and uses those concentrations to estimate the 
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relative levels of rainfall derived I/I in a sewer pipe.  Due to flow dilutions caused by I/I, 

concentrations of fecal-specific markers are expected to fluctuate during and/or after the 

course of rainfall events.  A previous study by the U.S. EPA has shown that peak wet 

weather flows range from 3.5-20 times greater than the peak dry weather flows [18].  

Therefore, it is expected that a significant dilution of markers should occur.  By 

comparing the marker concentrations under dry-weather and I/I conditions, the relative I/I 

contributions to the sewer system can be determined.   

 A recent study in wastewater treatment plants has demonstrated the utility of this 

concept by analyzing the concentration dynamics of chemical oxygen demand (COD) 

over time (i.e. a pollutograph rather than a hydrograph) in influent to a wastewater 

treatment plant and separating the wastewater flow from the I/I contribution [19].  An 

even earlier study by Verbanck investigated the usage of dissolved borate as a sewage 

marker [20], also at a treatment facility.   

 In this study, we investigate this concept to quantify I/I in collection systems 

rather than treatment facilities.  We test several markers to determine the best for 

estimating relative levels of I/I in one sewer line.  The suitable fecal-specific markers 

would need to exhibit stable flux patterns over time, have minimum ambient environment 

occurrences, and can be quantified to detect the sewage dilutions typically caused by I/I.  
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The mass balance model for estimating the severity of I/I (RI/I) based on sewage marker 

concentrations is presented here: 

! 

CdryQdry = CwetQwet

Qwet =Qdry +QI / I

CdryQdry = Cwet (Qdry +QI / I )

(Cdry "Cwet )Qdry = CwetQI / I

RI / I =
QI / I

Qdry

=
Cdry "Cwet

Cwet          

 

 The model assumes that the mass flow rate (i.e. flux) of the sewage markers 

remains constant.  Therefore, any I/I will dilute the marker(s) and can be calculated by 

the measuring difference between marker concentration during dry and wet-weather 

conditions.  The value RI/I above is a ratio between flow caused by I/I (QI/I) and average 

flow ( ) under dry weather conditions at any given time period, which can be used to 

rank the severity of I/I at different times in the sewer section or among different sections 

of sewer pipes if sampled simultaneously.  For the latter applications, higher RI/I values 

mean more severe I/I and hence more deteriorated sewer conditions.  

 The candidate markers in this study are both chemical and biological in nature 

and should be specific to wastewater discharge so that any infiltration or inflow from 

outside sources should not contribute to the concentration of these markers in the sewer 

flow.  In addition to being fecal-specific, the markers should be sensitive enough to flow 

levels to exhibit dilution effects.  Quantification methods should be reliable and relatively 

quick to analyze in order to be an improvement over traditional flow monitoring.  

     (1) 
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Additionally, their presence should be stable and predictable so that their flux may be 

characterized. 

 Candidates include bacterial fecal indicators E. coli and Enterococci which are 

routinely used for water quality assessment [21, 22].  Caffeine, Total Suspended Solids 

(TSS), Total Nitrogen (TN) and Dissolved Organic Carbon (DOC) are also fecal-specific, 

or highly indicative of wastewater discharge, and are considered in this study for different 

reasons. 

 

1.5 Sewage Markers 

1.5.1 Fecal Indicator Bacteria (FIBs) 

 Since 1986, the U.S. EPA has encouraged the monitoring of Escherichia coli (E. 

coli) and Enterococci as FIBs for water quality assessment [22, 23]. Their presence in the 

environment is presumed to be predominately associated with human fecal contamination 

and their overall environmental persistence is thought to be low.  These two indicators 

are ideal because they are abundant enough to be able to detect and they are not 

pathogenic.  For the same reasons, they are chosen as candidate markers of I/I since any 

non-wastewater entering the sewer system should contain negligible amounts of these 

fecal indicator bacteria.  

 Methods to detect these FIBs are the U.S. EPA’s mEI and modified mTEC 

methods [24, 25].  In addition, the emerging real-time PCR (qPCR) technology, which 

amplifies and quantifies specific DNA sequences using fluorgenic probes, was also 

included to measure Enterococci.  This qPCR technology has gained attention for 



9 

monitoring human fecal pollution because it is rapid and high-throughput, with the ability 

to analyze dozens of samples in a period of 3 hours or less, compared to culture methods 

which typically take at least 18 hours [26-29].  Additionally, qPCR does not rely on 

living organisms for its ability to quantify the bacteria; it quantifies samples based on 

DNA copies, which can be from living or dead microbes.    

 However, relying solely on fecal indicator organisms has come under scrutiny 

since it has been shown that they are capable of surviving in the environment [23, 30].  

This leads to the possibility that they can later be mobilized into the water being 

measured, giving false levels of bacteria, although environmental levels should be 

minimal.  Additionally, the flux of bacteria varies over large ranges, posing the challenge 

of using bacterial concentrations for mathematical predictions.  Therefore, chemical 

markers of human fecal contamination have been gaining more interest due to their 

specificity [30].  

 

1.5.2 Caffeine 

 Caffeine has received a lot of attention in recent years as a water-soluble marker 

of untreated wastewater pollution of surface water bodies [5, 7, 9, 10, 23, 31].  Caffeine is 

a well-recognized anthropogenic marker, one that is present from human use alone, and it 

can be quantified very accurately by modern chemical analysis techniques.  It is present 

in coffee, tea, soft drinks, as well as other foods such as chocolate and desserts [32]. 

Although caffeine is metabolized by humans, 5-10% of what is consumed remains 

unmetabolized by the body [7, 10, 33] and is excreted in wastewater.  Caffeine is ideal as 



10 

a marker compared to other anthropogenic compounds due to regular and constant use.   

Average daily consumption for adults 18 and over is estimated at 2.6 mg per kg of body 

mass, ensuring a steady supply in wastewater systems [10, 32].  Additionally, unused 

caffeine products are often discarded down the drain and contribute to high levels of 

caffeine found in wastewater.  Previous studies have found that caffeine concentrations 

range from 20-300 µg/L in wastewater influent entering treatment facilities [10].  

 A few previous studies have shown the utility of measuring caffeine as a marker 

of human wastewater contamination.  Beurge et al. (2003, 2006), have shown that it is 

possible to use caffeine to quantify combined sewer overflows into lakes and streams 

using a similar mass balance approach. Peeler et al. (2005) have also shown that 

environmental sources of caffeine are low, and elevated caffeine levels in the 

environment can be attributed predominantly to untreated wastewater discharge.   

 

1.5.3 Total nitrogen and Organic Carbon 

 In addition to chemical markers such as caffeine, nutrients have also been used as 

markers of wastewater contamination [7] as nutrients levels are often elevated due to 

wastewater pollution.  Total Nitrogen (TN) and Total Organic Carbon (TOC) are widely 

used as measures of water quality.   

 Nitrogen is a nutrient needed by organisms to survive.  Total nitrogen is the sum 

of total Kjeldahl nitrogen (organic and reduced nitrogen), nitrate and nitrite.  Sources are 

predominately from wastewater (fecal-derived) however, it is also present in soil 

amendments and fertilizers and therefore its potential use as a sewage marker would 
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depend on whether or not these and other non-point sources enter the sanitary sewer 

during rain events. Typical TN levels in wastewater influent range from 20-70 mg/L [21].  

 TOC is a measure of water quality and is contributed to by decaying natural 

organic matter (NOM) such as humic acids, cellulose, amines, lipids, proteins, and 

synthetic sources.  TOC has been used as a reliable measurement to estimate the amount 

of organic matter, which forms carcinogenic disinfection by-products when treated with 

chlorine.  Additionally, TOC measurements have also been used to estimate chemical 

oxygen demand (COD) values and is advantageous due to its faster and simplified 

analysis [21].  As mentioned previously, Kracht and Guger (2004), were successful in 

using COD to detect infiltration and inflow in wastewater influent.  Due to the 

relationship between TOC and COD, TOC is also a promising marker which also has a 

shorter analysis time.  In this study, DOC is measured as a marker instead of TOC, due to 

its ease of analysis, assuming that DOC is directly proportional to the amount of TOC.  

Dissolved Organic Carbon (DOC) is a portion of TOC that remains after filtering through 

a 0.45 µm membrane filter.  Typical levels for TOC in untreated wastewater range from 

80-260 mg/L [21].  

 However, both TOC and DOC are limited as wastewater markers because they are 

also contributed to by petroleum products, pesticides and herbicides and other sources 

such as decaying plant matter, which are often found in the environment rather than being 

fecal-specific.  Hence, these sources can actually add to the concentration in the sewer 

system during rain events and produce inaccurate results.  
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1.5.4 Total Suspended Solids 

 Total suspended solids are another routinely measured parameter for wastewater 

regulations.  Suspended particles are typically defined from being between 1-2 microns in 

size [21] and is largely defined by the filter size used to measure it (Standard Methods 

2540 D). In this study, 1.1 micron filters are used.  It is a simple, quick and a potentially 

robust and inexpensive method to measure dilution by I/I for this study.   

However, like some of the other markers, TSS can be contributed to by more than 

wastewater.  Sediment being washed into or stirred up within the sewer can also 

contribute to TSS measurements and the sampling techniques used to gather samples 

could make it difficult to collect accurate uniform samples free of large debris.  Typical 

TSS levels in wastewater range from 120-400 mg/L [21].  

 

1.6 Research Objectives 

 To assess the feasibility of this alternative to flow measurement in rainfall derived 

infiltration and inflow (RDII) determination and subsequent sewer condition assessment, 

it is necessary to first determine if markers are a suitable alternative to direct flow 

measurement, and which markers are the most capable of doing so.  To accomplish this, 

the objectives are outlined here.  1) Determine suitable markers to characterize dry-

weather flux.  For this, it is important that the chosen markers be predictable and 

quantifiable.  Dry weather flux will become baseline values and be used to calculate the 

relative amount of I/I under wet weather conditions.  Any markers that do not meet the 

stable flux requirement will not be used.  2) Measure chosen markers and flow during dry 
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and wet weather.  3) Use the chosen markers to determine RI/I.  The difference in 

concentration and flow between dry and wet weather will be used to determine if the 

mathematical model presented earlier holds true.  From these measurements, it will be 

possible to compare I/I ratios obtained by flow and those obtained from marker 

measurement.  4) Determine which markers are most suitable to detect relative levels of 

I/I in sewer systems. 



14 

CHAPTER 2. METHODS 

2.1 Sampling Site 

 The sampling site is located on UH M"noa campus and receives wastewater from 

the residential community within M"noa Valley.  An upstream location from the 

university was chosen so that the results were not affected by university activities.  The 

sewer section selected is approximately 15 inches in diameter and accessible through a 

manhole that is 6.6 feet deep (manhole #368092).  This sewer section runs parallel to 

another gravity line which also receives discharge from M"noa valley.   

 
Figure 2.1: Manhole location on upper M!noa campus 
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Figure 2.2: Sampling site on upper M!noa campus 

 

2.2  Sample Collection 

 Samples were taken using a Sigma 900 automatic field sampler (Hach, Loveland, 

Colorado).  Samples were taken in equal volumes every 15 minutes and every 12 samples 

were combined into 3-hour composite samples.  Sampling was based on time periods 

rather than flow-proportional so that dilution effects would be preserved in the samples.  

This was repeated for one continuous week resulting in 8 samples per day, or 56 per 

week.  The samples within the auto-sampler were kept cool with portable ice packs that 

were replenished daily.  The samples were collected every morning at the same time and 

transported back to the laboratory at approximately 4°C.   

 Samples were collected during three, one-week periods in 2010 and for one week 

in 2011.  The dates were August 25th – September 1st (Week 1), September 30th – 

October 7th (Week 2) and November 3rd – November 10th (Week 3) and February 10th- 
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February 17th (Week 4).  The first and fourth sampling weeks had little precipitation and 

were used as dry-weather baseline measurements.  Weeks 2 and 3 were sampled during 

rainfall events.  Week 3 was sampled during a larger rain event than week 2.  

Precipitation and stream flow data were collected from the National Ocean and 

Atmospheric Administration (NOAA) website for Lyon Arboretum in Manoa valley and 

the U.S. Geological Survey (USGS) website for Kanewai stream (gage number 

16242500) in Manoa, to verify the weather conditions during sampling campaigns.  

Rainfall data is available in Appendix A. 

 

2.3 Flow monitoring  

 Flow measurements were taken using an ISCO 2150 flow meter (Teledyne, 

Lincoln, Nebraska), which uses Doppler technology to calculate velocity, an internal 

sensor to record depth, and uses these measurements to calculate flow using the Manning 

formula for open channel flow.  The flow meter and auto-sampler equipment were 

installed together using the ISCO street level installation tool for manholes.  Other 

measurements taken include the water height, velocity, flow and cumulative flow, which 

were accomplished using ISCO’s Flowlink 5 software.  

 Flow measurements in the sewer section were taken every 15 minutes for each 

sampling week.  The flows were averaged over 3-hour composite periods to coincide 

with the 3-hour sampling periods for calculations.   
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2.4  Sample analysis 

 Samples were tested for the potential markers: TSS, TN, DOC, Caffeine, E. coli 

and Enterococci culture, and qPCR for Enterococci.  pH and salinity were also measured 

for each sample.  

 

Table 2.1: Summary of analytical methods 

Marker  Method/ equipment  

Caffeine  USGS WRIR 01-4186  method for SPE, GC-MS [34] 

DOC/TN  Shimadzu TOC-V analyzer with TN detector 
TSS Standard Methods 2540D  

E. coli  EPA Method 1603 [24] 
Enterococci  EPA Method 1600 [25], qPCR [27] 
pH pH meter (Denver Instruments, Bohemia, NY) 
Salinity Orion 150A+ conductivity meter (Thermo Scientific, Beverley, MA) 

 

2.4.1 Total Suspended Solids 

 TSS was measured using Standard Methods 2540D.  Filters used were VWR 693 

glass fiber filters with a pore size 1.1 micrometers.  They were prepared by passing three 

volumes of de-ionized (DI) water through the filters and allowed to dry at 105°C.  The 

filters were placed on aluminum weighing pans and weighed before each sample was 

processed.  Then, 50 mL of each sample were passed through the filters using vacuum 

filtration, rinsed three times with 10 mL of DI water and placed back onto the aluminum 

pans.  This was done in duplicate.  The filters were then dried at 105°C for 24 hours until 

the weight of the filter no longer changed.  The TSS concentration could then be 

calculated using the following formula: 

 

Where V = sample volume (50 mL) and all weights are measured in milligrams.
 

     (2) 
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TSS values are reported as average values of the duplicates.  

2.4.2 TN and DOC  

 Total Nitrogen and DOC were measured using a Shimadzu TOC-V analyzer with 

a TN detector attached.  Briefly, 30 mL of each sample were measured and filtered 

through a 0.45 µm cellulose-ester membrane filter.  They were acidified to pH 2 or less 

using 1-normal hydrochloric acid (HCl) and then stored in the dark at 4°C until 

processing (one week or less).  They were then analyzed using the Shimadzu TOC-V 

Total Organic Carbon (TOC) analyzer which uses combustion catalytic oxidation and is 

outlined in Standard Methods 5310C.  In this method, inorganic carbon is first purged 

and then the remaining carbon (organic carbon) is oxidized to CO2 and measured.   

TN was measured using the principle of oxidative combustion-

chemiluminescence using a lab established protocol and manufacturers operating 

instructions [35]. In this method, TN in the sample is decomposed into nitrogen 

monoxide at very high temperatures (combustion) and reacted with an oxidizer (ozone) 

which produces nitrogen dioxide in an excited energy state. As the energy levels fall, the 

light emitted by the excited molecules is measured by the chemiluminescence detector 

within the instrument.  The light emitted is proportional to the concentration of TN in the 

sample. This method is limited by the accuracy of the detector and the accuracy of the 

standard solutions used to calibrate the instrument. Additionally, the state of nitrogen in 

the sample affects the detection rate. For instance, some organic nitrogen compounds 

such as azides or pyrazolones have lower detection rates than inorganic nitrogen 

compounds [35]. 
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2.4.3 Bacterial Enumeration 

Culture 

  E. coli and Enterococci were measured using the EPA’s modified mTEC and 

mEI methods, respectively [24, 25].  Ten-fold serial dilutions of each sample were made 

down to the 10-6 dilution.  20 mL of the 10-6 and 10-5 dilution were filtered through sterile 

0.45 µm cellulose-ester membrane filters using vacuum filtration and placed on mTEC 

media.  20 mL of the 10-4 and 10-3 dilutions were filtered in the same manner and placed 

on mEI media. mTEC plates were incubated at 37°C for 2 hours before being transferred 

to 44°C overnight.  mEI plates were incubated at 42°C for 24 hours.  Colonies were 

counted the next day and recorded. Values reported are the geometric mean of the 

duplicates. 

 

 

qPCR 

 Real-time PCR (qPCR) for Enterococci was performed according to previously 

established protocols [27].  30 mL of each sample were filtered through 0.45 µm 

cellulose ester membrane filters and stored at -80°C before DNA extraction.  DNA was 

extracted using the Mo-Bio UltraClean Soil Isolation kits (Mo-Bio, Carlsbad, California) 

by following manufacturer’s guidelines.  Taqman® universal PCR master mix (ABI, 

Carlsbad, California) was used at 1X concentration, primer and probes (shown below) 

were at 8 and 4 µM concentrations, respectively, BSA at 0.2 % concentration and 1 µL of 

DNA template were used.  Thermocycling conditions were 95°C for 10 minutes followed 

by 50 cycles of 95°C for 15 seconds and 60°C for 1 minute.   
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Table 2.2: qPCR Primer and TaqMan Probe sequences 

Target Primer sequence information 

Enterococci Forward: ECST784F, 5’-AGAAATTCCAAACGAACTTG-3’ 

Reverse: ENC854R, 5’-CAGTGCTCTACCTCCATCATT-3” 

TaqMan: GPL813TQ: 5’-TGGTTCTCTCCGAAATAGCTTTAGGGCTA-3’ 

 

 Samples were quantified by comparing against a standard curve using stationary-

phase cells of Enterococcus faecalis ATCC 29212.  Cells were washed, resuspended in 

sterile phosphate buffered saline and then measured for optical density at 600 nm (an 

OD600 nm reading of around 0.3 is equivalent to approximately 108 CFU/mL according 

to previous laboratory analyses).  The cell suspensions were then diluted in a 10-fold 

serial dilution.  Each dilution was aliquoted and stored for use as a qPCR standard, as 

well as vacuum filtered on 0.45 µM cellulose-ester membrane filters, plated on mEI, 

incubated as above, and counted the next day to quantify each dilution.  A sample 

standard curve is generated below.  Note the high R2 value and the slope of nearly -3.3 

indicating good efficiency of the qPCR assay. R2 values for qPCR results ranged from 

0.962-0.9977 and the slopes ranged from -2.9651- -4.5065.   
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Figure 2.3: Standard curve for qPCR 

 
 

2.4.4 Caffeine measurements.   

 Caffeine concentrations in the samples were determined by solid-phase extraction 

(SPE) followed by gas chromatography and mass spectrometry (GC-MS) analysis and is 

based on the USGS Water Research Investigations Report method 01-4186 [34].  One 

liter of each sample was first pre-filtered through 0.7 µm glass-fiber filters to remove 

solids.  60 grams of NaCl were added to each sample to increase the ionic strength and 

stabilize the solution.  100 µL of 13C3-caffeine at 20 ng/µL were added to each 1-liter 

sample to act as a surrogate standard.  This is equivalent to 5 ng/µL in the original 

sample.  Surrogate standards are chosen to behave similarly to the compound of interest 

so that recovery can be calculated.  Samples were then acidified to pH 4.3 using sodium 

acetate buffer.  The samples were extracted using a vacuum manifold and passing 

through HLB Oasis® cartridges (HLB stands for Hydrophilic-lipophilic-balanced 

reversed-phase sorbent) (Waters, Milford, Massachusetts).  This was done at a rate of 
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roughly 15 mL per minute (about 1 hour total).  Bottles were then rinsed with pH 7 

potassium phosphate buffer which was also passed through the filters to neutralize the 

cartridges before elution.  The cartridges were dried for at least 45 minutes by passing air 

through the cartridges via vacuum.  The cartridges were eluted using 50:50 Hexanes: 

Dichloromethane by passing 3 mL at a time of the solvent with 6 passes total through the 

cartridge.  The solvent was allowed to completely saturate the cartridges before vacuum 

was applied.  The eluents were evaporated using a stream of nitrogen.  When the samples 

were evaporated to nearly 0.4 mL, 20 µL of 100 ng/µL of Phenanthrene-d10 were added 

as an internal standard (for a final volume of 5 ng/µL).  Internal standards account for 

variations in instrumental run conditions between samples. The samples were then 

evaporated to a total concentration of 0.4 mL and analyzed on the GC -MS.   

 The GC operating conditions were as follows.  Initial temperature was 50°C and 

held for 1 minute.  The temperature was then ramped up to 190°C at a rate of 

40°C/minute.  From that point, the temperature was ramped up to 220°C at a rate of 

3°C/minute and then to 300°C at a rate of 30°C/minute for a total run time of 19.97 

minutes per sample.   Caffeine and 13C3-Caffeine had a retention time of approximately 

9.4 minutes and had mass-to-charge (m/z) ratios of 194 and 197, respectively.  

Phenanthrene-d10 had a retention time of approximately 8.8 minutes with an m/z value of 

188.   

 Peak areas were integrated automatically and were used to calculate the caffeine 

concentration using standard curves (shown below).  To do this, the peak areas for both 

caffeine and 13C3-caffeine were divided by the corresponding peak area of phenanthrene-

d10 and plotted on each standard curve.  From that, the concentration of each compound 



23 

was determined.  The recovery was determined by dividing the concentration of 13C3-

caffeine by 5 ng/µL (the known spike concentration).  Then, the concentration of caffeine 

in each sample was corrected using this recovery factor. Recovery rates varied from 21%-

134%, with the average recovery being 79%. Any samples lower than these amounts 

were discarded and not used during the analysis.   

 
Figure 2.4: Caffeine standard curve 

 

y = 0.0616x - 0.0055 

R! = 0.99738 

!"

#"

$!"

$#"

%!"

%#"

&!"

&#"

!" $!!" %!!" &!!" '!!" #!!" (!!"

P
ea

k
 a

re
a
 o

f 
C

a
ff

ei
n

e/
P

ea
k

 a
re

a
 o

f 
5
 n

g
/u

L
 

P
h

en
a
n

th
re

n
e-

d
1

0
 

Caffeine concentration (ng/uL) 

Caffeine/ Phananthrene-d10 

Caffeine/ 

Phananthrene-d10 



24 

 
Figure 2.5: Surrogate standard curve 

 
 
The equations for recovery and concentration of caffeine using the standard curves above 

are presented in equations (3) and (4) below:  

 

Recovery (R)(%)=((Peak area of 13C3-Caffeine/ Peak area of Phenanthrene-d10)-0.025)/0.0526 (ng/µL) 

                                                                          5 ng/µL  

 

Caffeine (ng/µL) = ((Peak area of Caffeine/ Peak area of Phenanthrene-d10)+0.0055)/0.0616 (ng/µL) 
                                                                                                                

                                                                                                          R 
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CHAPTER 3. RESULTS 

3.1 Flow monitoring during dry and wet weather weeks 

 Flow was measured in the sampling manhole using an ISCO 2150 flow meter 

which uses doppler technology to measure velocity and the Manning formula to calculate 

flow.  To verify weather conditions and rainfall, they are plotted against Manoa stream 

flow data from the USGS monitoring station at Kanewai Field, gage 16242500 and 

shown below in Figures 3.1-3.4.  

 
Figure 3.1: Flow measurements for Week 1 in the sewer and at Manoa Stream.  Week 1 is 

considered a dry weather week 
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Figure 3.2: Flow measurements for Week 2 in the sewer section and at Manoa Stream.  

Week 2 is considered a wet weather week 

 
Figure 3.3: Flow measurements for Week 3 in the sewer section and at Manoa Stream.  

Week 3 is considered a wet weather week 
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Figure 3.4: Flow measurements for Week 4 in the sewer section and at Manoa Stream.  

Week 4 is considered a dry weather week. 

 
Figure 3.5: Flow measurements for the 4 sampling weeks plotted versus day of the week 

that the sampling took place.  (Measurements begin at 8:00 AM and contain points for each 3 

hour composite time period thereafter.) 
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 From Figure 3.5 it is apparent that Weeks 1 and 4 display a diurnal pattern with 

two peaks each day, one during the morning hours and one in the early evening.  Week 1 

had a few passing showers, especially evident in the first 2 days, and then returned to a 

diurnal pattern in the later days of the sampling week.   

 Weeks 2 and Weeks 3 deviate from this diurnal pattern during periods of rainfall.  

Figure 3.2 and Figure 3.3 show the peaks correspond with peaks in Manoa stream 

discharge.  Increased flow in the flow in the sewer section were correlated with the 

Manoa stream discharge, and both weeks showed strong positive correlation verifying 

rainfall conditions (r= 0.82 for week 2 and r= 0.70 for week 3; P<0.05). These results are 

also verified by rainfall data from Lyon Arboretum in Manoa (refer to Appendix A).   

Week 2 had significant rainfall during the first two sampling days and then returned to a 

normal pattern, slightly elevated from dry weather conditions.  Week 3 had a more 

sustained rainfall over several days, but with a smaller peak flow than Week 2.  In the last 

3 days of Week 3, a diurnal pattern was once again visible, although there were still 

significantly higher flow levels over baseline values which suggests the typical 

occurrence of additional non-wastewater entering the sewer line even after a decrease in 

rainfall.  

 

3.2 Concentration dynamics of markers during dry weather 

 Markers measured during Weeks 1 and 4 were measured during dry weather as 

determined above, and used to determine which met the stable flux requirement. Bacterial 

markers are plotted after being log-transformed. All markers are plotted against the day 
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of week and time period to gain an understanding if days vary significantly from one 

another (i.e. if weekends are different than weekdays).  DOC measurements for Weeks 1 

and 4 vary so greatly that they are assumed to be unreliable and are not used further as a 

potential marker.  The data and figures for DOC are available in the appendices.  

 
Figure 3.6: TSS concentrations during Weeks 1 and 4 
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Figure 3.7: TN concentrations during Weeks 1 and 4 

 
Figure 3.8: Caffeine concentrations during Weeks 1 and 4 
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Figure 3.9: E. coli concentrations during Weeks 1 and 4 

 
Figure 3.10: Enterococci concentrations during Weeks 1 and 4 
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Figure 3.11: Enterococci qPCR Log concentrations during Weeks 1 and 4 

 
 Most markers showed a diurnal pattern, with one peak in the morning and one in 

the early evening/afternoon.  TN was the exception with only one observed peak every 

morning.  Patterns in bacterial markers were more difficult to discern.  The observed 
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cultivation), Enterococci (by qPCR), and E. coli (by culture) were 4.9-6.3 log CFU/100 
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evident that weekdays do not differ significantly from weekends and can be treated 

similarly. 
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3.3 Determining Markers with Stable Flux 

 In order to select markers for use in later mathematical models, it was necessary 

to determine which markers exhibited stable flux (predictable concentration 

characteristics) over time.  To determine this, flux (mass flow rate) for each marker was 

calculated at each data point by multiplying concentration by flow (Cdry*Qdry) (Figures 

are available in Appendix C).  Then, an autocorrelation analysis was performed to see 

how well this mass flow rate of each marker correlated with itself on a daily basis.  To do 

this, the flux data for each marker during both Weeks 1 and 4 were lagged for 24 hours 

and correlated with the original data using a Pearson’s correlation coefficient (r).  The 

results are shown below along with the correlation significance (P).  

 
Table 3.1: Autocorrelation results for Marker flux 

Week 1 Week 4   
Markers and Flow r P* r P* 

TSS Flux 0.490 0.000414 0.818 1.28E-12 

TN Flux 0.825 5.38E-13 0.878 2.70E-16 

Caffeine Flux 0.571 1.59E-05 0.562 4.84E-05 

DOC Flux -0.0225 0.879399 0.401 0.004678 

E. coli culture Flux 0.362 0.01147 0.593 8.86E-06 

Enterococci culture Flux 0.395 0.005406 0.523 0.000135 

Enterococci qPCR Flux 0.509 0.000222 -0.0995 0.500819 

Flow 0.710 1.61E-08 0.824 6.24E-13 

*The default significance level is P < 0.05; the significant correlations were bolded. 
 

According to the results in Table 3.1, all of the markers except for DOC and 

Enterococci qPCR, which were not selected in subsequent analyses, showed stable flux 

for both sampling weeks.  Bacterial markers were expected to be more variable, and so E. 

coli and Enterococci culture results were investigated further in RI/I calculations even 
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though their Pearson’s correlation coefficients were low, especially in Week 1. 

Enterococci qPCR results showed a negative correlation in Week 4 and so was not 

investigated further.  DOC flux results were also very different between the two weeks 

was not investigated further as a sewage marker of I/I.  

3.4 Marker concentrations during wet weather.   

 Weeks 2 and 3 were sampled during wet weather periods.  The concentrations of 

Total Nitrogen and Enterococci culture results are presented below as representative a 

chemical and biological marker, respectively.  They are compared with flow to visually 

show that as flow increases, concentration decreases.  Figures of the other chosen 

markers are available in Appendix D. 

 
Figure 3.12: Concentrations of TN during Week 2 (wet weather) 
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Figure 3.13:  Concentrations of TN during Week 3 (wet weather) 

 

 
Figure 3.14: Concentrations of Enterococci culture during Week 2 (wet weather) 
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Figure 3.15: Concentrations of Enterococci culture during Week 3 (wet weather) 

 

3.5 Mathematical modeling 

For the mass balance presented earlier in equation 1, the average flow and 

concentrations for each time period during dry weather from Week 1 and Week 4 were 

calculated.  These values were used as and , respectively.  QI/I is calculated as

, for each data point.  Using these assumptions, the values of RI/I for weeks 2 

and 3 are shown below.  
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Figure 3.16: Comparing RI/I values for each data point using Flow and Marker 

measurements for Week 2 

 
Table 3.2: Correlation Matrix for RI/I values from Week 2 

  Flow TSS TN Caffeine 

Flow 1.000 0.283 0.778 0.265 
TSS 0.283 1.000 0.614 0.295 
TN 0.778 0.614 1.000 0.523 
Caffeine 0.265 0.295 0.523 1.000 
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Figure 3.17: Comparing RI/I values for each data point using Flow and Chemical/Physical 

Marker measurements for Week 3 

 
 
Table 3.3: Correlation Matrix for RI/I values from Week 3 

 
  
 
 
 
 
 

 
 

These results show that during Week 2, the RI/I levels predicted by physical and 

chemical markers were on the same scale as those predicted by flow.  However, TSS had 

the lowest correlation and tended to overestimate I/I severity, while caffeine showed 
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  Flow TSS TN Caffeine 

Flow 1.000 0.642 0.743 0.687 

TSS 0.642 1.000 0.672 0.525 

TN 0.743 0.672 1.000 0.705 

Caffeine 0.687 0.525 0.705 1.000 
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large spikes in RI/I values due to very low concentrations at some sampling times, also 

giving a low correlation value.  TN had the highest correlation with the flow RI/I values.  

During Week 3, all markers tended to overestimate I/I severity as compared to flow 

measurements, however their correlation coefficients were much better.   Again, TN was 

the marker that best compared with the flow RI/I  levels.
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Figure 3.18: Comparing RI/I values for Flow and Bacterial Markers in Week 2 

 
 
Table 3.4: Correlation matrix for RI/I values in Week 2 

  Flow E. coli Enterococci 

Flow 1.000 -0.051 0.113 

E. coli -0.051 1.000 -0.133 

Enterococci 0.113 -0.133 1.000 
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Figure 3.19: Comparing RI/I values for Flow and Bacterial Markers in Week 3 

 

Table 3.5: Correlation Matrix for RI/I values in Week 3 

  Flow E. coli Enterococci 

Flow 1.000 0.116 0.002 

E. coli 0.116 1.000 -0.018 

Enterococci 0.002 -0.018 1.000 

 
 

Bacterial markers did not correlate well with the RI/I values generated from flow 

measurements.  They varied over much larger scales (hundreds of times larger than flow ratios) 

and were highly dependent on the time of day of that measurements were taken.  

!"

#!"

$!!"

$#!"

%!!"

%#!"

&!!"

&#!"

'!!"

'#!"

#!!"

&
,7
8
9
"

'
,7
8
9
"

#
,7
8
9
"

(
,7
8
9
"

*
,7
8
9
"

+
,7
8
9
"

0
,7
8
9
"

$
!
,7
8
9
"

$
$
,7
8
9
"

R
I/

I 

RI/I values for Bacterial Markers-Week 3 

Flow 

E. coli 

Enterococci 



42 

CHAPTER 4. DISCUSSION 

4.1 Flow monitoring and dry weather marker characterization 

 From the flow monitoring results in Figure 3.1-3.5, it is apparent that there is a 

significant difference between flow levels in the four sampling weeks.  Weeks 1 and 4 

were sampled during dry weather, although Week 1 had a few brief showers during the 

first 2 days.  A diurnal pattern is noted for dry weather periods, with one peak in the 

morning and one peak in the afternoon/ early evening.  The flow levels then drop to a 

minimum overnight, which is expected.  The stream flow data for Manoa Stream at 

Kanewai field, also presented, also shows little activity for these dry weather periods.   

 Weeks 2 and 3, in contrast, were sampled during rain events of varying intensity 

and duration.  Peak flows during wet weather for both weeks reached approximately 4 

times the level of dry flows and agrees with previous findings by the EPA [18].  Week 2 

experienced a large rainfall in the first 2 days which dissipated in the remainder of the 

sampling week.  Week 3 experienced a less intense rain but the duration was longer, and 

the cumulative flow was greater (See Appendix A).  During times of rainfall, the flows in 

the sewer system increase and deviate from the diurnal pattern observed during dry 

weather.  When the rainfall stops, the diurnal pattern is once again visible, although the 

amount of flow is still increased, as visible in Figure 3.5. This suggests delayed I/I that 

continues after the period of rainfall.  These differences in rain events also led to 

differences in the amount of I/I and marker concentrations throughout the two sampling 

periods.   

 Markers sampled during dry weather weeks also showed some variability. For 

Caffeine and TSS, a diurnal pattern was visible which mirrored that seen in flow 
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measurements.  Total Nitrogen, in contrast, had one main peak every day in the morning 

hours during the period sampled from 6:30 A.M. to 9:30 A.M.  A pattern in the bacterial 

measurements is less obvious, but a diurnal pattern with two peaks daily is still 

discernable. From the marker measurements along with the flow measurements, it was 

apparent that the day of the week did not carry any consequences affecting the marker 

concentrations or flow levels.  For the rest of the study and further calculations, we 

assume that all days are equivalent and treat weekends similarly as weekdays.  

 Enterococci qPCR and DOC measurements were visibly less stable than the other 

markers.  Enterococci qPCR showed a lot of variability and did not have a visible daily 

pattern.  This could be due to bacteria living and growing in the sewer system during 

times of low flow and then being flushed out during rain periods.  DOC measurements 

were drastically different between the two dry weather periods (in Appendix D).  Week 1 

values were orders of magnitude less than Week 4 values, and both were drastically 

higher than typical wastewater influent values [21].  It is assumed that there were 

experimental errors during the Week 1 measurements which were then discarded.  

However, even if considering only the Week 4 measurements, the autocorrelation results 

(Table 3.1) were lower than any other chemical markers, and would not have been 

considered for further use in mathematical modeling.  Therefore, DOC and Enterococci 

qPCR were eliminated as potential markers.  

 For the remaining markers, the autocorrelation results were more promising.  An 

autocorrelation analysis was done by lagging the data set by one day (8 data points), and 

performing a Pearson’s correlation analysis on the portion of the data that overlapped 

with the original data set.  This would give an indication of how well the data 
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corresponded with itself on a daily basis, or how well the pattern repeated itself.  From 

Table 3.1, it is apparent that Week 4 showed more stable flux of markers, with better 

autocorrelation results.  Additionally, TSS and TN showed the best correlation results, 

followed by Caffeine, leading us to believe that chemical markers are more stable and 

predictable than bacterial markers, which was expected.  However, because of the 

inherent variability of bacterial markers, both E. coli and Enterococci culture results were 

used further for mathematical modeling despite their lower correlation coefficients.  

What is also interesting to note, is that the autocorrelation analysis, also applied to 

the flow data, was not as good as the results for TN, and barely better than the results for 

TSS.  Therefore, by these results alone, we would assume that measuring markers would 

equally as reliable as measuring flow when characterizing the dry-weather base-flow 

conditions.  

 

4.2 Mathematical Modeling 

 Mathematical modeling was performed using the chosen physical/chemical 

markers TSS, Caffeine, and TN and the biological markers E. coli and Enterococci 

culture counts.  To do this, it was necessary to calculate  and   for each time 

period for both the flow measurements and the markers.  This gave one 24-hour cycle of 

expected values during dry weather.  These values were then used to calculate I/I ratios, 

(RI/I values), based on the mass balance equation, for all of the data points, for both wet-

weather weeks.   From the results, it is clear that there is a difference between RI/I values 

between the different weeks and between the different markers.  
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 Bacterial markers were considerably more variable and were unable to predict I/I 

ratios as compared to direct flow measurements.  This is likely because of the large scale 

over which bacteria measurements range.  Bacterial measurements in this study differ by 

hundreds of thousands and limit their use in mathematical modeling in this study which 

require more sensitive and intricate measurements.  From Figure 3.18 and Figure 3.19 

and the corresponding correlation matrices, it is evident that bacterial markers vary too 

greatly to make them useful markers.  Therefore, only chemical markers are considered 

further.  

 In Week 3, markers tend to overestimate the ratio of I/I.  This is caused by an 

over-dilution and is likely associated with the intensity and the duration of the storm.  

This would indicate that the initial assumption of the mass balance equation: 

CdryQdry=CwetQwet is not always true.  However, explaining this over-dilution is not as 

easy as expected.  If we were to consider degradation kinetics as a possibility, then it 

would follow that when it rains, there would be less degradation as the hydraulic 

residence time (time of entrance to time of sampling) is decreased as flow increases. In 

this case, Cdry should experience more degradation than Cwet. Therefore, the opposite is 

expected and RI/I values predicted by markers should actually be smaller than that 

predicted by flow.  As well, if we consider that sediment and other build-up in the sewer 

pipes get flushed out or stirred up with increased flow, then again, we would expect the 

opposite effect, the RI/I value predicted by markers should actually be less than that 

predicted by flow measurements.  

 In contrast, Week 2 showed that the scale of the predictions were more similar to 

the scale of RI/I values produced by flow measurements.  However, in general, the 
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correlation values presented in Table 3.2 and Table 3.3 show that the I/I ratios calculated 

by markers in Week 3 agreed better with the ratios calculated from flow measurements.  

Therefore, in Week 3, although the scale is off, the markers generally follow the same 

trend as the flow ratios.   

 Not all markers behaved the same when predicting the ratio of I/I.  Caffeine for 

example, showed the most variability, with a few very high peaks, that sometimes gave a 

ratio 10 times larger than that predicted by flow measurements.  This would signify that 

perhaps caffeine is too sensitive to changes in flow and large dips in concentration 

overestimate the contribution of I/I into the sewer line.  TSS was also very variable.  In 

Week 2, Figure 3.16, even after the rain has stopped (the latter half of the plot), while the 

flow measurement levels out due to little or no I/I, the TSS measurement is still very 

variable, suggesting that it also may be too sensitive to changes in flow.  It is apparent 

from Figures 3.16, 3.17 and the correlation values that TN is the best-suited marker to 

predict I/I.   

 What is also interesting to note is that while the I/I ratios calculated using TN 

correlate well with the flow ratios, they also correlate well with all of the other markers.  

This is true for both sampling weeks. This would testify to the conclusion that TN is best 

marker for use in this type of analysis, since the flux of TN carries characteristics of the 

other marker patterns along with flow patterns.  Also attractive about TN as a marker 

selection is that it is rapid and relatively inexpensive when compared with caffeine 

analysis and bacterial monitoring.   
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4.3 Applications and challenges 

 The overall motivation for this study was to assess an alternative to flow 

measurement for comparisons between different sanitary sewers in order to guide more 

thorough inspection methods such as CCTV.  What we have found is that using markers 

to calculate I/I ratios is not exact, especially during larger rain events with high levels of 

I/I entering the sanitary sewer system.  However, it does mimic the trend seen by direct 

flow measurements in regard to calculating the percentage of the total flow that is 

comprised of I/I.   

  From this study, we conclude that it is possible for markers to be measured to 

substitute direct flow measurement in ranking I/I severity.  This is possible under a few 

conditions.  1) Each sewer line of choice must be characterized for dry weather flow 

using the markers of choice.   2) Each sewer line of interest must be sampled during the 

same storm event and at the same time period.  These sections do not need to be 

continuously sampled during wet weather as was done in this study.  A one-time grab 

sample should be sufficient if this application is to be more convenient and feasible than 

direct flow monitoring.  

 These conditions bring up the inherent limitations of this method.  Firstly, 

different rain events produce varying levels of I/I.  If the rain event happens to be 

particularly severe, there could be the over-dilution of markers, which we have seen in 

this study during Week 3.  For that reason, it is important to sample each sewer line 

during the same time, during the same rain event so that each sewer sampled should 

experience the same level of over-dilution. Of course, this is dependent upon how much 

I/I is actually occurring, but perhaps the over dilution of markers during large I/I 
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occurrences will magnify the ranking results.   However, even if all samples are taken 

during the same rain event and time period, rainfall is often not uniform over an entire 

system and so it would be difficult to say that this would give an accurate assessment.  

Therefore, it would be more feasible to compare sewer lines in close proximity, but that 

also limits the utility of the concept of system-wide assessment.   

 Additionally, each sewer line must be characterized ahead of time for base flow.  

This would require the installation of samplers and sampling until an adequate prediction 

of dry weather conditions is obtained.  In this study, we used 2 weeks’ worth of data.  It 

may be possible to form an adequate characterization with less data, although a larger 

data set is always preferred.  As well, more sample collection and analysis requires more 

investment, which might hinder the cost-effectiveness of the method.  Further, flow 

meters can often be installed inconspicuously, being contained entirely in the manhole, 

which would not affect traffic or be tampered with by onlookers.  Conversely, sampling 

equipment cannot always be installed to not cause any disruptions and would also need to 

be collected on a regular basis to get adequate measurements during the dry-weather 

characterization phase.  Selecting sampling sites that lie in the middle of roads or busy 

sidewalks would also pose a problem for this marker-based approach. 

 An additional drawback to this method is that it does not give any solid flow level 

predictions, only relative contributions of I/I to dry-weather base flow.  The values 

obtained by direct flow monitoring would have further utility for design considerations 

for not only pipelines, but also pump stations and treatment facilities.  The ratios obtained 

in this study would not give any direct flow estimates and could not be used other than 

for condition assessment.  
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4.4 Future work and recommendations 

 For this concept to be feasible, more work must be done to draw any conclusions.  

First, this study should be repeated on more sewer sections to verify that levels of I/I can 

accurately be compared using these RI/I values.  To test this, two or more sewer sections 

should be monitored for both flow and have TN (or another chosen marker) constantly 

measured as well.  Comparing the ranks using flow monitoring and marker measurements 

would give a better idea as to the utility of this method for ranking sewer deterioration 

severity.  In this study, we have only measured one sewer during different storms.  

 After it has been demonstrated that this method can work on two separate sewer 

lines and adequately rank the deterioration severity using RI/I, then differences in 

residential versus commercial, industrial, and agricultural marker flux must be addressed.  

For instance, it would be difficult to prioritize sewer sections that exist in an area with 

both residential and industrial uses.  TN worked well in a residential setting but it 

probably would not work as well in other settings such as agricultural where there would 

be increased non-point sources of nitrogen.  For a system wide assessment, a marker or 

combination of markers would have to be chosen that meets the requirements of all 

different types of land-use that apply in the system of interest.   
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Figure A.1.1: 6 hour rainfall data for August 

#
Figure A.2: Cumulative 6-hour rainfall data for August 
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Figure A.3: 6-hour rainfall data for September 

#
Figure A.4: Cumulative 6-hour rainfall data for September 
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Figure A.5: 6-hour rainfall data for October 

#
Figure A.6: Cumulative 6-hour rainfall data for October 
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Figure A.7: 6-hour rainfall data for November 

#

#
Figure A.8: Cumulative 6-hour rainfall data for November 
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Figure A.9: 6-hour rainfall data for February 
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"
Figure A.10: Cumulative 6-hour rainfall data for February
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#
Figure C.1: TSS Flux during Weeks 1 and 4 

!

#
Figure C.2: TN Flux during Weeks 1 and 4 
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#
Figure C.3: Caffeine Flux during Weeks 1 and 4 

 

#
Figure C.4: DOC Flux during Weeks 1 and 4 
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Figure C.5: E. coli Flux during Weeks 1 and 4 

#
Figure C.6: Enterococci Flux during Weeks 1 and 4 
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Figure C.7: Enterococci qPCR Flux during Weeks 1 and 4
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Figure D.1: DOC concentrations for Weeks 1 and 4 (dry weather) 
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#
Figure D.2: Concentrations of TSS during Week 2 (wet weather) 

#
Figure D.3: Concentrations of TSS during Week 3 (wet weather) 
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#
Figure D.4: Concentrations of Caffeine during Week 2 (wet weather) 

#
Figure D.5: Concentrations of Caffeine during Week 3 (wet weather) 
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Figure D.6: Concentrations of E. coli during Week 2 (wet weather) 

#
Figure D.7: Concentrations of E. coli during Week 3 (wet weather) 
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