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ABSTRACT

Infiltration and inflow (I/1) into sanitary sewers causes numerous negative effects on the whole wastewater management system and ulti-
mately, on the receiving waters. Consequently, a number of methods have been developed to analyse the performance of sewer systems
with respect to I/1, including: distributed temperature sensing (DTS), closed-circuit television (CCTV) inspections, flow and conductivity
measurements, automatic or grab sampling of ammonium, smoke testing, and visual inspection of manholes. Such methods were compared
in an application to sanitary sewers in a small community and assessed with respect to their accuracy and ability to identify locations of
sources of I/1, as well as temporal and spatial resolutions of the obtained results. Furthermore, different approaches to ammonium sampling
during I/l monitoring campaigns were discussed. It was concluded that among the methods tested in this study, DTS had the highest temporal
and spatial resolution, while ammonium grab sampling showed promise for initial screening of large catchments.

Key words: ammonium, closed-circuit television inspection, conductivity, distributed temperature sensing, infiltration and inflow,
wastewater

HIGHLIGHTS

® Number of methods to analyse I/l in sewer system were compared.

® CCTV and visual inspection provided many locations with a potential risk of I/1 but were not confirmed by other methods.
® Advantages and practical limitations of different ammonium sampling strategies were discussed.

® Combination of two to three methods is recommended depending on the main focus of an I/| monitoring programme.

INTRODUCTION

Infiltration and inflow (I/I) into sanitary and combined sewers impair operation of sewer systems by reducing the effective
capacity of sewers, increasing the risk of basement flooding and sanitary and combined sewer overflows (SSOs and
CSOs). I/T impose additional non-sewage flows onto wastewater treatment plants (WWTPs) and thereby reduce their treat-
ment efficiency. These factors increase operational costs of the whole sewer system (Karpf & Krebs 2011; Cahoon & Hanke
2017; Sola et al. 2020).

Causes of I/1 entry into sewers are numerous and typically include misconnected roof or basement drains, broken pipes,
leaking manholes, broken or missing manhole covers, submerged ventilation openings in manhole covers, and leaking pipe
connections (Field & O’Connor 1997; Staufer et al. 2012; Sola et al. 2020). There are a number of pathways followed by 1/1,
depending on local conditions and climate: continuous infiltration of groundwater into sewers, inflow of rainfall or snowmelt
runoff, and rainfall or snowmelt-induced infiltration due to temporally elevated groundwater tables following rain and snow-
melt events. Ingress of extraneous water attributed to snowmelt is especially important in cold climate regions, such as
Canada, northern USA and Scandinavia (Field & O’Connor 1997; Wright et al. 2006; Wittenberg & Aksoy 2010; Staufer
et al. 2012).
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The planning of sewer rehabilitation to reduce 1/I requires identification of 1/1 sources, with respect to locations or path-
ways, and measurement of I/ flow rates (Field & O’Connor 1997; Schilperoort ef al. 2013). For estimating I/1 volumes, the
most suitable methods are those based on analysis of reference flows, or wastewater quality parameters, such as nutrients,
electrical conductivity, etc. (De Bénédittis & Bertrand-Krajewski 2005; Mattsson et al. 2016; Cahoon & Hanke 2017;
Zhang et al. 2018b). On the other hand, closed-circuit television (CCTV), visual and smoke inspections provide better infor-
mation regarding the locations of I/1 entry into sewers (Schweiger & Hassell 2004; Mattsson ef al. 2016). Additionally,
distributed temperature sensing (DTS) has the potential to both detect and locate 1/I (Schilperoort ef al. 2013; Panasiuk
et al. 2015; Beheshti & Seegrov 2019).

The abovementioned methods for I/I monitoring can be applied at a range of scales, spanning from a catchment scale (e.g.
reference flow methods) down to a detailed scale with a resolution in metres or decimetres (e.g., DTS or CCTV). Likewise,
different methods provide results in different time scales, ranging from the timing of a single manual grab sample (e.g.,
ammonium concentration) to online readings (e.g., conductivity, DTS). A comparison of the available 1/I methods should
lead to a better understanding of their advantages and limitations, under specific conditions, and should facilitate the selec-
tion of a sequence of methods maximising the efficiency of an I/1 monitoring strategy.

The aim of this paper is to evaluate and compare the selected methods (DTS, CCTV, flow rate measurements, manual grab
sampling or automatic sampling of ammonium concentrations, on-line conductivity measurements, visual and smoke inspec-
tions). These methods are assessed with respect to their performance in identifying, locating and volumetrically quantifying
I/1 into sanitary sewers before, during and after the snowmelt period, under dry and wet weather conditions. Such compara-
tive evaluations were done in the context of temporal and spatial resolutions of the selected methods.

MATERIALS AND METHODS

Study area

The study was conducted in a village of about 400 inhabitants, located near the town of Skelleftea with 35,000 inhabitants, in
Northern Sweden, in 2015. Stormwater from the study area is drained mostly via open drainage swales. Wastewater is
drained via a simple sewer system comprising an upstream pumping station (P8A), 2.3 km of the main sewer section (the
thick line in Figure 1(a)), several short lateral sewers discharging to the main sewer section (thin lines in Figure 1(a)), and
a downstream pumping station (P3A). The main sewer section comprised mostly concrete and PVC pipes 225-300 mm in
diameter, and lateral sewers comprised concrete and PVC pipes 150-225 mm in diameter at the downstream end, where
they drain into the main sewer. More information about the study area can be found in Panasiuk ef al. (2019).

Experimental setup and instrumentation

The evaluation period was between 20 March, with the snow cover still present on the ground, and 3 June 2015. This period
was chosen to evaluate methods under varying weather conditions before, during and after the snowmelt period.

DTS

The DTS measurements were performed using 3.2 km of fibre optic cable installed along the invert of the main sewer section
((A)-(E), Figure 1(a)) and in five lateral sewers, in the form of cable loops, marked L1-L5 in Figure 1(a). The temporal and
spatial resolutions of the temperature measurements were 14 seconds and 0.25 m, respectively. For more details concerning
the DTS installation setup see Panasiuk et al. (2019).

CCTV, smoke, dye and visual inspections

CCTV inspections were performed in August 2015 by an authorised CCTV inspector from the municipality, following the
guidelines recommended by the Swedish Water & Wastewater Association (Svenskt Vatten 2006). The inspection covered
the same sewers where the DTS was installed, as well as some additional tributary sewers. Protocols of the CCTV inspection
were used as an input to this study. Locations classified in protocols as cracked pipes, root penetrations and visible inflows
were double checked on the video.

Smoke, dye and visual inspections were performed by a certified third-party company in September 2016 and covered the
whole wastewater sewer system, including manholes in the study area.
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Figure 1 | (a) Results from DTS, CCTV, photo (visual) and smoke inspection, and ammonium grab sampling in tributary sewers plotted along
the main sewer section (bold lines) and tributary sewers (thin lines) of the study section; (b) estimated flow velocities on 8, 9 and 15 June, and
their averages (solid line); (c) analysed ammonium concentrations based on grab sampling on 29 April; (d) analysed ammonium concen-
trations based on Lagrangian sampling following the flow on 8, 9 and 15 June. Both (c) and (d) present average values for triplicate sampling
and are plotted along the main sewer section with vertical lines connecting results with their corresponding locations. Note the difference in
Y-scale between (c) and (d).

Ammonium sampling

Water samples to be analysed for ammonium were collected in three different ways: (a) by automatic samplers, (b) by manual
sampling (called in this paper ‘upstream grab sampling’) and (c) by Lagrangian sampling, which followed the sewer flow
(Barber et al. 2011), further explained below. All samples were analysed with respect to the ammonium concentrations,
using QuAAtro Applications Method No. Q-001-04 Rev. 0.

Ammonium sampling using automatic sampler. Automatic sampling for ammonium analyses was performed at eight
sampling sites — five sites along the main sewer section (A, B, C, D and E) and three sites in the tributary sewers (L1, L2
and L3) (Figure 1(a)). Portable ISCO 6712 automatic samplers were used to collect four subsamples every 15 min into
one bottle for obtaining a 1 h time-weighted sample. Seven sampling campaigns were performed (four of them lasted 24
hours and three lasted 48 hours), covering the snowmelt period, rain events and a dry weather period.
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Ammonium grab sampling. In the upstream grab sampling, 87 samples were taken in triplicate from 29 manholes along the
sewer section studied at the end of a dry weather period on 29 April, with 60 antecedent dry hours. The first sample was
collected at the downstream station E and the remaining samples were collected while gradually moving upstream
towards station A (Figure 1(a)). Samples were collected both from the main sewer section (Figure 1(c)) and from some
tributary sewers (L1, L3, L4, L5 and two households’ connection pipes) (Figure 1(a)).

Grab sampling was also performed by using Lagrangian sampling, in which the same ‘parcel’ of water is followed and
sampled. Lagrangian sampling started at the upstream end of the main sewer section, releasing dye into the sewer at station
A, and then collecting samples in triplicates at 17 downstream locations, as the peaks in dye colour arrived at, and were
observed in, downstream manholes. The main advantages of Lagrangian sampling include minimisation of variability associ-
ated with daily cycles in sewage quality, and the possibility of quantitative mass-flow analysis in conjunction with flow rate
measurements (Barber ef al. 2011). This type of sampling of dry weather flows was conducted on three occasions on 8, 9 and
15 June (Figure 1(d)), with antecedent dry weather periods of 1, 2 and 8 antecedent days, respectively, starting at 14:00, with
the last sample collected at 15:46+ 1 min.

Electrical conductivity

Fight sampling stations, A-E and L1-L3, were each equipped with the ISCO 2105 Interface module (Teledyne ISCO) with a
Ponsel Conductivity/Salinity sensor used to measure conductivity every 30 s, during the period from 20 March to 23 June.
Calibration of the conductivity sensor was performed every second week using a conductivity standard (1413 uS) according
to the manufacturer’s recommendations.

Flow measurements

Flow measurements were performed at sampling stations A and E, using an ISCO 2150 Area Velocity module with a 15 s
resolution. Because of some uncertainties in the measured data, detected during interim control of flow rate data, additional
ISCO 2150 Area Velocity modules were installed in pumping stations P8A and P3A. Sensors of these additional modules
were connected to anchors and mounted at the bottom of each pumping sump and used as sewage level meters. Logged
time intervals between the water levels in the sump indicating the minimum and maximum values, together with the
known dimensions of the sump, were also used for flow rate estimations.

All flow meter sensors were cleaned and calibrated weekly according to ISCO recommendations.

Flow velocity along the main sewer section

In order to estimate the velocity and time of travel of the flow in the main sewer section, dye testing was performed under dry
weather conditions on 8, 9, and 15 June (1, 2 and 8 antecedent days, respectively). Every test started at 14:00 by introducing
100 mL of white dye at the upstream sampling station A. The time when the dye was clearly visible with peak intensity at the
17 selected manholes along the main sewer (including sampling stations A-E) was noted. Later, the flow velocity was calcu-
lated based on the distances among these 17 manholes.

Precipitation measurements

For rain measurements, a tipping bucket rain gauge (MJK Meteorological) was installed outside the building of the down-
stream pumping station P3A. The rain gauge had a collection area of 200 cm? and a resolution of 0.2 mm per bucket tip.
Rain events in this study were considered to be independent events if there was at least a 3 h dry period between them.
Snow cover depth measurements were obtained from two stations of the Swedish Meteorological and Hydrological Insti-
tute (SMHI 2017) about 15 km away from the study area - see Panasiuk ef al. (2019) for more details.
In total, 28 rainfall events with depths of 2 mm or more occurred during the study period between 20 March and 23 June.
Fourteen of these had a rainfall depth of 5 mm or higher and are presented in Table 1.

RESULTS

Each method evaluated in this study identified a different number of 1/I locations (actual or potential, as discussed further in
the discussion section): DTS — 10 locations (seven during snowmelt and three during rain events); smoke testing — 15
locations (seven locations contributing during rain events or snowmelt, one misconnection of house drainage, and seven
locations with smoke coming up through the soil); CCTV — 16 locations (ten locations with broken sewers, five inflows
from the tributary sewers, and one direct inflow into the pipe); ammonium sampling by the automatic sampler - four
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Table 1 | Summary of rain events during the monitoring campaign with a rain depth of 5 mm or higher

Start
Event no. Date Time Duration (hh:min) Rain depth (mm) Average intensity (mm/h)
1 03-28 06:45 4:33 5.6 1.23
2 03-30 01:36 6:16 5.8 0.93
3 03-31 06:56 11:22 11.6 1.02
4 04-13 04:08 18:55 12.8 0.68
5 04-26 11:32 10:44 8.8 0.82
6 05-09 09:06 3:09 6.4 2.03
7 05-14 15:12 7:54 52 0.66
8 05-19 00:30 7:37 7.0 0.92
9 05-23 02:42 7:50 23.6 3.01
10 05-26 02:03 7:32 52 0.69
11 05-26 20:06 16:26 41.4 2.52
12 06-06 11:59 3:44 6.2 1.66
13 06-06 18:47 3:27 54 1.57
14 06-22 14:42 2:27 8.6 3.51

during snowmelt, three during rain events and one during dry weather; conductivity — one during snowmelt, five during rain
events and one during dry weather; and, visual inspection — 47 locations (mostly as manhole covers located below the ground
level and broken manholes, with only two locations with visible inflow from the manhole rings). For the grab sampling of
ammonium, the decreases in concentration that might be caused by I/1 were observed at 16 locations during upstream
sampling and at 8-10 locations when sampling was carried out by following the flow travel (Lagrangian sampling).

DTS

The results of the DTS monitoring campaign in this study have been described in detail by Panasiuk et al. (2019). In short, the
DTS analyses identified two separate groups of 1/1 locations: seven for snowmelt-induced 1/1 and three others for rainfall-
induced 1/1 (Figure 1(a)). Locations for snowmelt-induced 1/I identified by DTS were located around sampling station B,
along the tributary sewer L1, and along tributary sewer L3. Rainfall-induced 1/1 was detected only after the most severe
rain event during the study period (#11, depth=41.4 mm) and was located in the upstream section of the main sewer
(Figure 1(a): 61, ¢3, ¢5; Figure 2(d)) (Panasiuk et al. 2019).

CCtv

Based on the inspection protocols, 15 locations along the sewers were identified and classified as the following: ten cracked
pipes (Figure 2(a)) or locations with root penetrations into sewers (Figure 2(b)), and five locations where visible inflow was
coming from smaller tributary sewer connections into the main sewer section, and were interpreted by the CCTV inspector as
I/1 (Figure 1(a)). One additional location with relatively high I/I was found where a 3 m-long section of a concrete pipe had
been installed between two PVC pipe sections (Figure 1(a), £8).

The time of travel and flow velocity

Investigations of the time of travel, based on the dye testing performed on 8, 9 and 15 June, in dry weather conditions, showed
the following results: on average, 53+ 2.5 min were needed for the flow to travel from sampling station A to station B;
85+ 1 min from A to C; 85.5+1 min from A to D, and 108+ 1 min from A to E (Figure 1(b)). The flow velocity reached
its minimum of 0.2 m/s before stations C and D, and the maximum of 0.7 m/s at the downstream end of the main sewer sec-
tion before station E (Figure 1(b)). The average flow velocity was estimated at 0.4 + 0.1 m/s. Although the flow velocity may
vary under different flow rate conditions, these estimated flow velocities and times of travel between the sampling stations
were important when evaluating the results from the ammonium sampling by the automatic samplers, as any inflow at the
upstream section would be detected in the samples collected at the downstream section 50 minutes later.
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Figure 2 | Examples of the results found from (a) CCTV - cracked pipe; (b) CCTV - roots penetration; (c) smoke inspection — roof miscon-
nection (for location, see Figure 1(a), £3); (d) DTS - rain event #11 (for location, see Figure 1(a), 61, {3, {5).

Ammonium concentrations
Ammonium sampling by automatic samplers

Snowmelt period. The results of the ammonium sampling by automatic samplers (presented in this section as the arithmetic
mean + standard deviation) showed the following: in the course of the 24-hour sampling campaign, during the snowmelt
period 16-17 April (Figure 3, top left), the average ammonium concentration at the upstream sampling station A was
6.2 + 1.4 mg/L, with a local minimum of 3.7 mg/L at 07:00. At the next sampling station B, the ammonium concentration
was 4.6+ 0.8 mg/L, resulting in the largest decrease of 27% between stations A and B. The ammonium concentrations
between stations B and C as well as D and E decreased by 12 and 4%, respectively. The only increase in mean
ammonium concentration was found between stations C and D (from 4.0+1.0 to 4.240.5 mg/L); however, it was a
statistically insignificant difference. In general, along the main sewer in the study section, the ammonium concentration
decreased by 35% between the sampling stations A and E (from 6.2+ 1.4 to 4.1+ 0.6 mg/L) during the snowmelt sampling
campaign period.

For the snowmelt period, the ammonium concentrations measured in the tributary sewers are presented in Figure 3, bottom
left. The lowest ammonium concentrations were observed in tributary sewer L1 (0.74 4+ 0.66 mg/L, with a minimum value of
0.08 mg/L), followed by L2 (3.2 4+ 1.8 mg/L), and the highest concentrations were found in tributary sewer L3 (15 + 6.5, with a
maximum of 28 mg/L).

During rain events. An example of the effect of rain events on ammonium concentrations in the sewers is presented in
Figure 3 (top centre) showing a 48-hour sampling event on 25-27 May that covered rain event #10 (5.2 mm) and the most
severe rain event #11 (41.4 mm). The ammonium values at the sampling stations along the main sewer section before rain
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Figure 3 | Ammonium concentrations sampled by automatic samplers (left axis) and rain depth (right axis) along the main sewer section
(top) and in tributary sewers (bottom) during the snowmelt period (left-hand section), rain events #10 and #11 (centre section) and dry
weather conditions (right-hand section).

event #11 were slightly higher and statistically different from those measured during the snowmelt period: 7.5+ 1.0, 6.3+0.7,
6.6+1.0, 6.5+ 0.6 and 6.840.8 mg/L for the stations A-E, respectively. Several hours after the beginning of rain event #11,
between 00:00 and 07:00 on 27 May, the ammonium concentrations at stations B-E reached the same level (standard
deviation between four stations of 0.16-0.46 mg/L) and all four decreased from 6.5+0.3 to 4.1+0.4 mg/L. The
ammonium concentration at station A responded to rain event #11 with a greater delay, compared to stations B-E:
between 03:00 and 07:00, the concentration decreased from 8.3 to 4.6 mg/L. Between 07:00 and 09:00, there was some
increase in ammonium concentrations, likely due to household water usage, up to 5.4 mg/L for station A and up to
4.64+0.5 mg/L for stations B-E. For the period between 09:00 and 11:00, the concentration at station A increased to
7.2 mg/L, while concentrations at stations B-E continued to decrease, and at around 11:00 reached their minimum of 2.2,
2.8, 2.8 and 2.0 mg/L for stations B-E, respectively. The abovementioned decreases in ammonium concentration clearly
indicated presence of I/1 in the sewer system.

Ammonium concentrations in the tributary sewers L1 and L3 during rain events #10 and #11 (Figure 3, bottom centre) did
not differ statistically from those obtained during the snowmelt sampling campaign: 0.71+0.54 and 12+ 8.4 mg/L, for the
tributary sewers L1 and L3, respectively. A relatively high ammonium concentration of 45 mg/L was measured at 08:00
on 26 May, after rain event #10 and before the biggest rain event, #11, for inflow L3. However, the ammonium concentration
in the tributary sewer L2 during the rain sampling campaign was higher and significantly different (4.7 +2.4 mg/L, Figure 3,
bottom centre) from the snowmelt sampling campaign. This indicates that in tributary sewer L2, less I/1 ingress was caused by
rain than snowmelt. Decreases in ammonium concentrations during rain events #10 and #11 were observed in all tributary
sewers, although it was difficult to conclude whether those decreases were caused by daily variations of ammonium in the
wastewater or by I/1.
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Dry weather conditions. The 24-h sampling campaign during dry weather conditions on 15-16 June (Figure 3, right) showed
significantly higher ammonium concentrations compared to those during the snowmelt and rain event sampling campaigns at
all sampling stations along the main sewer section. Another important distinction between the dry weather sampling and the
two other sampling periods was that the ammonium concentration in general increased along the main sewer section (apart
from the section between stations A and B): 8.14+1.1, 7.44+1.0, 84+0.9, 9.1+0.9 and 9.4+ 1.1 mg/L for stations A-E,
respectively (Figure 3, top right), with a 15% increase on average between stations A and E. These findings indicated
increased contributions of household wastewater, compared to the 1/I fraction in sewers, during dry weather conditions.

A statistically significant difference in ammonium concentrations between the dry weather and the two wet weather
sampling campaigns was also observed in tributary sewers L1 and L2, with average concentrations for dry weather sampling
of 6.6+5.8 and 9.0+ 1.1 mg/L, respectively (Figure 3, bottom right). For tributary sewer L1, the ammonium concentration
was 9.0 times higher than the average concentrations during snowmelt and 9.4 times higher than during rain event cam-
paigns. No significant difference was found between the dry (19.84+9.3 mg/L) and snowmelt sampling campaigns in
tributary sewer L3.

Upstream grab sampling for ammonium analyses

Grab samples collected during the dry weather conditions on 29 April in both the main sewer section (Figure 1(c)) and some
tributary sewers (bold numbers in Figure 1(a)) produced the results presented below. At the upstream end of the main sewer
section, the ammonium concentration was 8.5-8.8 mg/L. From that point, the ammonium concentration decreased along the
sewer, with the largest decrease around sampling station B, down to 5.0 mg/L. The ammonium concentration varied between
4.0 and 4.9 mg/L in the village centre and then increased to 5.0-5.8 mg/L towards the downstream end of the main sewer
section, likely due to increased contribution of wastewater from the households in that area (Figure 1(c)). Low concentrations
of ammonium were measured in three smaller tributary sewers in the upstream half of the study section (9.0 +0.20, 4.04+0.93
and 0.9+ 0.09 mg/L), as well as inside tributary sewer L5 (3.04+0.06 mg/L) (see Figure 1(a), €2, €9, €14 and 58, respectively).
Such low concentrations of ammonium could indicate the presence of I/1 in these four tributary sewers. In contrast, samples
taken in tributary sewers L3 and L4 (Figure 1(a), y12) had relatively high ammonium concentrations, 34.7+0.58 and
49.7 +1.53 mg/L, respectively, indicating low 1/I presence in these two pipes. No samples were collected from L2 on 29 April.

Lagrangian sampling for ammonium analyses following the flow through the study section

The grab sampling along the flow was performed on 8, 9 and 15 June, in dry weather conditions and at the same starting time
of 14:00. The ammonium concentrations along the sewer in the samples taken on 8 and 9 June showed a statistically insig-
nificant decrease around station B (from 8.0 and 8.4 to 7.1 and 7.5 mg/L, respectively), which was also observed in the
upstream sampling campaign, possibly due to the I/1 contribution from tributary sewer L1. In agreement with the upstream
sampling results, on 9 and 15 June, the concentrations of ammonium increased (statistically significantly) after passing by the
village centre (stations C/D, from 7.2 and 7.1 to 8.3 and 8.5 mg/L, respectively), likely due to an increased share of contri-
bution of household wastewater (Figure 1(d)).

In general, the ammonium concentrations detected during the three Lagrangian sampling events that followed the flow
showed less variation as compared to the upstream sampling. This could be explained by the fact that not only I/I but
also the diurnal variations in ammonium discharge to the sewers might have influenced the results in the upstream sampling
(Figure 1(c) and 1(d)).

Flow measurements

Initially, in order to measure the flow rates at the upstream and downstream ends of the study section, ISCO flowmeters were
installed at pumping stations PSA and P3A. However, even with regular (roughly every week) cleaning and level calibration,
these flow meters produced unreliable results. Therefore, an additional flow measurement technique was applied, namely,
measuring the time it took for the sewer flow to fill up a known volume in the sumps of the pumping stations. This
method provided some flow rate information, but proved to have limitations in terms of accuracy and ability to measure
high flows above the pump capacity of about 24 L/s.

Conductivity

The results of the conductivity measurements showed clear daily variations in the main sewer section (Figure 4, top). During
the snowmelt period, the peaks occurred around 14:00-16:00 and troughs around 07:00-09:00, while during rainy and dry
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weather conditions, the peaks shifted to around 22:00-02:00 and troughs to around 10:00-14:00 (Figure 4, top). Tributary
sewers had a similar, but sometimes less obvious, daily pattern (Figure 4, bottom). The conductivity in tributary sewers
(except L1 during snowmelt and rain event periods) had higher fluctuations compared to those in the main sewer section,
likely due to higher variations in wastewater fraction from households.

During the snowmelt period, the conductivity at the upstream end of the main sewer section (station A) was 209420 uS/cm
and decreased significantly at the next downstream station B to 143 +21 uS/cm, likely due to I/I. Further downstream in the
main sewer pipe, the conductivity increased to 173+ 11 uS/cm at station C and to 184+ 11 uS/cm at station E, likely due to
increased inflows of wastewater from households in the area (Figure 4, top left). No data were available at station D, because
of logger malfunction. Conductivity at tributary sewer L1 was relatively stable, around 154 + 8 uS/cm, while at station L3 it
fluctuated from 129 to 482 pS/cm (269+84) (Figure 4, bottom left). Data for station L2 were missing, because of logger
malfunction.

Overall, during the snowmelt period, the conductivity at station E was lower than at station A, indicating strong influence of
I/1 on the main sewer section. These differences were maximal from around 15:00-03:00 and almost disappeared completely
between 08:00 and 11:00, which could be explained by two factors: daily patterns of wastewater inflow to the sewers increas-
ing the conductivity, and snowmelt-induced I/1 decreasing the conductivity. For the latter, the daily temperature variations
driving snowmelt intensity were found to be mimicked by the variations and differences in conductivity between stations
A and E, with a 4-6 hours delay. During two nights, on 18 and 20 April, the temperature was below 0 °C and, therefore,
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Figure 4 | Conductivity measurements (left axis) and rain depth (right axis) along the main sewer section (top) and from tributary sewers
(bottom) during the snowmelt period (left-hand section), rain events #9, #10 and #11 (centre section) and dry weather conditions (right-hand
section). Note the difference in the left y-axis between top and bottom panes.
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no snowmelt occurred. These nights were the only two occasions during the snowmelt period with higher conductivity
measured at the downstream end of the main sewer section, compared to the upstream end.

All three rain events #9, #10 and #11 presented in Figure 4 (centre) occurred at the times of daily troughs in conductivity
variations (from around 10:00 until 14:00); therefore, conductivity patterns before rain event #9 were used for the analysis of
I/1 influence.

Prior to rain event #9, conductivities at stations A, C, D and E were nearly equal with low fluctuations (average for 45
hours: 258 + 10, 27049, 264 4+ 10 and 263+ 11 uS/cm, respectively), and were significantly higher than conductivity at station
B (206415 uS/cm). At stations L1, L2 and L3, conductivity was around 183 + 17, 348 + 32 and 403 4+ 29 uS/cm, respectively.
All of these measured values for both the main sewer section and tributary sewers were significantly higher compared to those
collected during the snowmelt period, indicating less 1/I prior to rain event #9, compared to the snowmelt period. Lower con-
centrations measured at station B might indicate a higher proportion of I/I in the sewers between stations A and B, as well as
in the tributary sewer L1 as indicated by the measurements.

After rain event #9 had finished, a significant drop in conductivities was observed at station C, followed by stations D, B and
E (Figure 4, top centre). The conductivity of the wastewater at the upstream station A, as well as at all three tributary sewers
L1, L2 and L3, seemed to be unaffected by rain event #9 (Figure 4, centre). After about 24 hours, conductivity at the down-
stream end of the main sewer section returned to the same level as at the upstream end. During rain event #10, the only
stations that showed a clear decrease in conductivity were A and E. Finally, rain event #11 caused a significant decrease
(around 90 uS/cm on average) in conductivity for all stations (except, possibly, station L1). In general, conductivity at the
downstream end (station E) of the main sewer was 39417 uS/cm lower than at the upstream end (station A) after rain
event #11 (Figure 4, top centre), and this difference was statistically significant. The decreases in conductivity during these
rain events could be explained by rain-induced I/1 entering the wastewater sewer.

During the dry weather conditions in June, the average conductivity levels at each station (A-E) were statistically signifi-
cantly higher than during the snowmelt (Figure 4, right). At the upstream end of the main sewer section, station A,
conductivity was 248421 uS/cm. At the following station B, the conductivity was lower, 218 +9 uS/cm, which could be
explained partly by water with low conductivity coming from tributary sewer L1, 195+ 58 uS/cm. Further downstream of
station B, the conductivity along the main sewer section not only increased but exceeded the values at upstream station
A. At station C and at its tributary sewer L3, conductivity was 266420 and 471 +90 uS/cm, respectively. At station D and
at its inflow L2, the corresponding values were 265 + 18 and 380 + 62 uS/cm, respectively, while at downstream station E con-
ductivity was 279414 uS/cm. All of the abovementioned differences in conductivity among sampling stations A-E were
statistically significant, except for the difference between stations C and D. The fact that conductivity at downstream station
E was higher than at station A only during dry weather conditions suggests that the 1/1 impacts were considerably reduced,
compared to those during the snowmelt and rain events.

Statistically significant decreases were found between the conductivity levels before and after rain events #9-11 at the most
downstream sampling station E, as well as between stations A and E after the rains. However, no statistically significant differ-
ences were observed before and after rains #9-11 at sampling station A or between station A and E before rain events #9-11.
It was, therefore, concluded that most of the rain-induced I/1 was entering the sewers within the study area, rather than via
the sewers located upstream.

smoke and dye test inspections

The smoke and dye test inspection company identified six roofs (Figure 2(c)) (marked with triangles in Figure 1(a), 62, €2, £3,
{7, 812, 512), one gully pot in front of a garage door (Figure 1(a), 62), and one basement drain (Figure 1(a), 514) that were
misconnected to the sanitary sewers. Additionally, seven locations were detected where smoke was coming up from the
ground during the inspection (Figure 1(a), {6, {8, 14, 14, al5, al5, 514).

Manhole inspections and photos

Both the municipality and the smoke testing company made visual inspections of the condition of manholes (Figure 1(a)). The
identified problems were divided into four categories: (a) 32 manhole covers in depressions below the ground level, (b) five
broken manhole covers, (c) eight broken manholes structures or manholes with root penetrations, and (d) two instances of
visible inflow of 1/1 into the manholes (Figure 1(a), £1, £2). The first three categories did not directly indicate 1/1, but rather an
increased risk of I/ under certain conditions.
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DISCUSSION

Identification of I/

In order to remove sources of I/1 in the sewer system, the associated ingresses of extraneous water need to be identified and
localised (Schilperoort et al. 2013).

One way of comparing the performance of the evaluated methods in I/1 identification, i.e., confirming the presence of I/1 in
sewers, is to compare the number of I/I locations detected by the methods tested. Theoretically, the methods that reliably
detect more I/1 locations in the same study section perform better in 1/1 identification. However, such a mechanical approach
to the method evaluation does not account for differences in accuracy, temporal and spatial resolution (as discussed in the
forthcoming sections), the length of the sewers monitored, or whether the detected locations actually contribute to 1/1, or
merely have the potential to do so. It was decided to exclude some of the detected locations that were considered as false
positive results as discussed below.

Some problematic cases, such as broken manhole covers or root penetrations into sewers, are just indications of risk of 1/1
under certain conditions (Field & O’Connor 1997; Staufer et al. 2012). However, in the present study, such cases did not
contribute any visible direct inflows of extraneous water that would be detected by the other methods evaluated. Excluding
such locations from method comparisons reduced the number of detected locations from 16 to six for CCTV and from 47 to
just two for visual inspections. Misconnected roofs and gully pots (eight locations) did not contribute to I/1 during the periods
of smoke testing; however, these locations would most definitely generate I/1 during rain events (Rodel et al. 2017) and were,
therefore, included in the comparisons. Seven locations with smoke coming up from the ground were excluded from the com-
parison for smoke testing. For the ammonium and conductivity tracing, the number of 1/I identifications was considered as
the number of decreases in measured values either between two sampling stations (for snowmelt and dry weather periods) or
at the individual sampling stations (for the rain events). Such decreases were almost all statistically insignificant, when two
adjacent sampling locations were compared: 15 out of 16 decreases for the manual ammonium sampling and seven out of
eight decreases in ammonium concentration sampling following the flow. Another issue is the frequency of sampling and
daily variations in ammonium concentration, which is discussed at the end of this section. In practice, however, low
ammonium concentration at any sampling site is by itself an indication of the presence of I/I in the sewer system. For
example, Uusijarvi (2013) used ammonium concentrations below 20 mg/L as indicators of the presence of 1/1.

Out of six I/1 locations identified by CCTV, one contributed considerable inflow of groundwater from the surrounding soils
to the sewer, at a location where a 3 m-long concrete pipe was unexpectedly found joining two PVC pipe sections (Figure 1(a), £8).
The other five locations classified as inflow of water from smaller tributary sewers showed relatively clear water flowing into the
inspected sewers on video. A number of studies have shown CCTV surveys to be a subjective method that relies on the visual
interpretations of the CCTV inspector (Pitt 2004; Panasiuk ef al. 2015), and as such, might not reliably distinguish 1/1 from
some types of households wastewater inflows with low particle content.

Therefore, concerning the identification of I&I sources, it was concluded that the DTS method identified ten 1/1 locations
and smoke testing eight locations. The other methods reliably detected only one or two I/I locations.

Accuracy

For each method, the accuracy of I/I detections was evaluated by assessing whether or not other methods identified 1/I at
the same locations. If several methods detected I/1 in the same location, this increases their accuracy or ‘trueness’ in
terms of International Organization for Standardization (ISO) 5725-1. Such an approach supports the minimisation of the
number of false positive detections for some methods as discussed in the previous section. However, it is worth noting
that not all methods can be ‘proved’ by another method, especially if the monitoring campaign is relatively short. For
example, smoke inspection provides evidence of a misconnected roof that cannot be found by another method until it
rains. Another example is DTS, which may detect a short rain event that was missed by CCTV or grab sampling of ammonium
that happened before or after the rain event.

At the upstream end of the study section, the DTS, ammonium and conductivity methods detected 1/I during the rain event
#11 (Figure 1(a), §1). Downstream of station A, both the CCTV and the visual inspection found a visible inflow from a tribu-
tary sewer (£2). Then, inflow from one misconnected roof was confirmed by DTS during rain event #11 and also by smoke
testing (¢3). At four different locations, between stations A and B, both the CCTV and ammonium grab sampling indicated the
presence of I/1 ({3, ¢4, ¢5, 7). Additionally, CCTV and smoke inspection indicated I/I at the same location ({6). Upstream of
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station B, the CCTV, smoke testing, DTS, conductivity, and automatic and grab sampling of ammonium detected I/1 (£8).
Along tributary sewer L1, both DTS and CCTV detected I/1 during snowmelt (8). A misconnected house drain at the down-
stream end of the sewers was detected by smoke inspection and ammonium grab sampling, contributing flow on 15 June (see
Figure 1(a), 514).

In rainy weather during the study period, DTS did not detect two misconnected roofs and one gully pot in the eastern part
of the study section (Figure 1(a), §2, 62, £2), one roof in the middle part ({7), and two roofs draining to tributary sewer L2 (512,
612); all six were detected by smoke testing. A study by Nienhuis ef al. (2013) focusing on the detection limits of DTS showed
that even for larger volumes of inflow, the temperature response of DTS cables was reduced by more than 50% due to the
energy losses in 8-m long tributary sewers, when compared to direct inflow (i.e., a zero length pipe). In this study, water
from the misconnected gully pot and roofs had to travel 120-160 m through the tributary sewer before reaching the main
sewer with the DTS cable. Therefore, it is improbable that there would be any detectable temperature differences, attributable
to the aforementioned inflows, in the DTS temperature plots for the main pipe.

Location: temporal and spatial resolution

Since successful identification of I/1 depends to a great extent on how frequently a method can provide readings from the
same location and how accurately it can localise 1/I, the temporal and spatial resolution of the studied methods were
investigated.

Among the evaluated methods, the online methods (DTS, conductivity and flow measurements) were the ones with the
highest time resolution (30 s, or less). CCTV and visual inspections cannot, in this sense, be considered online methods
even if applied over some time duration at one location, since they serve to produce momentary measurements at different
locations in the sewer network. These two methods are often used as a part of municipal I/1 campaigns (with a service cycle
of around 10-20 years), during daytime and dry weather conditions, limiting their suitability for detection of 1/I caused by
rainfall runoff (Panasiuk ef al. 2015). This makes both CCTV and visual inspection less efficient in identification of
shorter-duration inflows caused by rainfall runoff than of other types of I/I (groundwater infiltration and snowmelt-induced
runoff inflow).

Automatic samplers used to collect samples for ammonium analyses usually allow flexibility concerning the time resol-
ution, with sampling intervals as short as 1min, depending on the selected length of sampling and frequency of
maintenance (Galfi et al. 2014; Mattsson et al. 2016). The selected sampling frequency also affects the results due to
ammonium variations in wastewater, as discussed in the section below.

As for locating the sources of 1/1, the abovementioned methods varied in their spatial resolution, from providing an exact
position (+0.5 m, by DTS, sometimes smoke testing and CCTV inspections) (Hoes ef al. 2009) and pinpointing specific
tributary sewers (CCTV, sometimes visual inspections) (Butler & Davies 2010), to identifying the sewer sections between
two manholes (ammonium grab sampling, visual inspection) (Irvine et al. 2011), or between two sampling stations (con-
ductivity, ammonium automatic samplers) (Schilperoort et al. 2006; Irvine et al. 2011), or two pumping stations (flow
measurements). Flow measurements at one upstream and one downstream pumping station have a spatial resolution of
the upstream contributing catchment. However, such a resolution could be increased by adding more flow meters at inter-
mittent locations.

Volume estimation

Most of the methods evaluated in this study (flow measurements, ammonium concentration, conductivity, DTS) require accu-
rate flow measurements for estimating I/I volumes. However, even with a proper installation layout and regular maintenance
of flowmeters, considered as the two most important factors affecting flow measurement accuracy (Campisano et al. 2013),
three different flow measurement methods applied in this study proved to be rather tedious and produced results with large
uncertainties. Consequently, volume estimations were excluded from this paper. Flow measurement issues also prevented
taking full advantage of Lagrangian sampling by testing quantitative flow mass analysis.

Frequency and uncertainty of ammonium sampling

In order to evaluate the influence of ammonium sampling frequency on the obtained results, ammonium sampling by the
automatic sampler was performed every 5 min for 2 hours during the day (13:00-15:00, on 16 June) and at night (03:00-
05:00, on 17 June) at the downstream sampling station E during dry weather conditions (Figure 5).
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Firstly, applying the same procedure as described in the Materials and methods section to obtain 1h time-weighed
ammonium concentration values from four 15 min subsamples (Figure 5, X-markers), the ammonium concentrations
would be 8.7 and 8.6 mg/L during the day and 8.9 mg/L for both hours at night (Figure 5, dashed line). If the sampling
was delayed for 5 min (Figure 5, O-markers), the same procedure would result in different averages: 9.5 and 8.9 mg/L
during the day, and 9.0 and 8.5 mg/L at night (Figure 5, dotted line), i.e. a difference from -4.5% to +9.2% in comparison
to the original sampling (Figure 5, X-markers).

Secondly, the results showed that the ammonium concentration varied between 7.9 and 10.0 mg/L during the day and
between 7.1 and 9.5 mg/L during the night for the 5-min samples. If compared to the average hourly sample concentrations
of 12 5-min subsamples, taking one sample per hour generates a difference of between -19.3% and +14.9%, and between
-8.5% and +6.1% for two samples per hour.

A number of studies, including two reports from the Swedish Water & Wastewater Association (Lundblad & Backd 2012;
Uusijérvi 2013; Zhang et al. 2018a), have suggested ammonium concentration as a promising indicator of I/I; however, their
methodologies suggest taking a single sample per location (Zhang et al. (2018a) took one sample every 2 hours). Such
approaches increase uncertainty in the interpretation of results of ammonium sampling and estimation of I/I in sewers as
compared to either more frequent sampling or composite sampling as discussed above.

Ammonium sampling strategies

Three ammonium sampling strategies were used in this study: automated sampling, upstream grab sampling, and grab
sampling following the flow. Each of these presented some advantages and practical limitations, as discussed below.

Automatic or grab sampling?

The chief advantage of automatic sampling was its ability to take a number of samples (24-48 in this study) during a period of
time (1-2 days). This makes automatic sampling more suitable for covering short-term I/1 events (e.g., short rains or intensive
snowmelt). In addition, it is possible to program multiple automatic samplers to take samples simultaneously at several
locations (Panasiuk ef al. 2016). With some practice and planning, it was possible to run eight samplers over a 2-day sampling
period by only one person in this study.

The most important limitation of automatic ammonium samplers is that this method usually requires a stationary sampling
station that cannot be moved easily to another location if needed, while grab samples could be collected at any available man-
hole. Another difference between the two sampling methods is that an automatic sampler involves lower operational costs but
higher initial investment, while grab sampling requires additional personnel for each simultaneous sampling. Finally, the
issues of practicality and field safety can make one or another method suitable for specific sampling conditions (Galfi
et al. 2014).
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Figure 5 | Ammonium concentrations in samples collected by the automatic sampler every 5 minutes during the daytime (left) and at night
(right) at sampling station E. X- and O-markers indicate subsamples that would be taken during regular 15 min time-weighted sampling and
same sampling with 5 min delay, respectively. Dashed and dotted lines show resulting average hourly sample concentrations for regular and
delayed sampling, respectively.
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Upstream grab sampling or Lagrangian sampling following the flow?

Upstream grab sampling has mainly been used as a source location method, moving upstream from a location where low
concentration of ammonium was detected (e.g. less than 20 mg/L) until a concentration above threshold was measured
(Uusijarvi 2013). Initially, sampling only at downstream locations provided fast screening of sub-catchments, while moving
upstream localises I/I with the desired spatial resolution (up to a distance between two adjacent manholes). An additional
advantage of this approach is that tributary sewers in the catchment can be sampled if needed.

In practice, Lagrangian ammonium sampling following the flow requires more planning (e.g. concerning which manholes
to sample, time needed per sampling location, and time needed to travel to the next location) as compared to upstream grab
sampling. Due to the limited time window for each location, no additional samples from tributary sewers could be taken using
ammonium sampling following the flow.

Both of the evaluated grab sampling methods allowed estimation of I/I fraction provided that a reference value for
ammonium concentration was available (e.g. 40 mg/L) (Mattsson ef al. 2016). A major limitation of the upstream grab
sampling method is that it does not take into consideration diurnal and day-of-the-week variations of ammonium concen-
tration in wastewater flow. Measurements performed at a similarly sized catchment in southern Sweden on four occasions
between May 2006 and May 2007 showed variation in ammonium concentration between 34 and 53 mg/L (Gryaab 2008).
The chief advantage of Lagrangian ammonium grab sampling following the flow was that it minimised the influence of
the diurnal variation of ammonium, so any changes in measured concentration could be related to the increased or decreased
effect of I/1.

CONCLUSIONS

The methods studied in this paper have shown varied performance with respect to identification and location of I/1 sources,
and differ in accuracy and in temporal and spatial resolutions. Depending on the main focus of an I/1 monitoring programme,
a combination of two to three methods may be used in order to improve the efficiency of such programmes. For example, flow
measurements at pumping stations (a city level), ammonium grab sampling (prioritising sewer sections) and DTS (identifying
accurate location) may be used in an I/I location and elimination programme.

In this study, DTS monitoring proved effective in identification of 1/I during both the snowmelt period and rain events,
identifying ten I/1 locations, followed by smoke testing with eight identified I/I locations. Methods based on ammonium con-
centrations (using an automatic sampler) and conductivity measurements were limited to the locations of the sampling
stations. Grab sampling of ammonium both upstream and following the flow indicated 16 I/I locations by decrease in
measured concentrations; however, most such decreases (15 out of 16) were found to be statistically insignificant. Only
one out of six I/1 locations identified by CCTV could be confirmed as I/I, while the other five locations had relatively
clear water coming from tributary sewers that might be difficult to distinguish reliably from some types of household
wastewater.

Methods with a higher spatial resolution (DTS, smoke testing, and CCTV) were able to pinpoint I/I locations with an accu-
racy of some decimetres. This can be especially important for I/1 monitoring campaigns in sewers with many tributary sewers
and for avoiding too much excavation if a pipe has to be replaced. From another perspective, low spatial resolution methods
(e.g. ammonium sampling and conductivity measurements) have been shown to be efficient for the initial screening of larger
catchments.

Methods with a higher time resolution (e.g., online methods like DTS and conductivity) are able to capture rapid changes
caused by 1/1, increasing the probability of detecting the effects of short-duration rain events, as compared to low-time resol-
ution methods like automated ammonium sampling. In this study, ammonium sampling by an automatic sampler was applied
during a relatively long rain event (more than 16 hours) and, therefore, was also able to detect rain-caused I/1. Sampling with
a higher time resolution (5 min) provided information about the variability of ammonium concentrations and reduced the
uncertainty in low resolution (1 h) sampling results (ammonium concentrations) from 34.2% to 13.7%.

The initially planned comparison of methods of I/I volume estimation was excluded from this study as flow measurements
proved to be onerous in producing reliable data. In order to produce reliable direct flow measurements, more maintenance or
other types of flow measuring techniques than used in this study (e.g., no-contact flow meters) are required.

Three methods of ammonium sampling showed advantages and limitations. Automatic samplers are best suited to detect
short-duration I/1 episodes caused by rain or intensive snowmelt; several samplers can be programmed to collect samples
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simultaneously, but their locations are fixed by the locations of sampling stations. Upstream grab sampling at localised sec-
tions of sewers with suspected 1/1 allowed for adjustment of the spatial resolution by collecting more or fewer samples and
sampling in tributary sewers. Upstream grab sampling entails a higher degree of uncertainty, as compared to grab sampling
following the flow due to daily variations of ammonium concentrations. In turn, Lagrangian sampling following the flow
requires significant preparations (i.e., acquiring a sewer plan; planning, which manholes to sample; finding those manholes
in the terrain; and ensuring that those manholes can be safely opened and closed, etc.), and usually only the main sewer sec-
tion can be sampled, because of limited time between sequential samples.

DTS monitoring showed different locations for I/ during snowmelt period and during rain events, suggesting different
pathways for I/1. Performing I/I monitoring during and after snowmelt is therefore recommended for I/1 monitoring cam-
paigns in cold climates. Among the selected methods, visual (photo) inspection provided the least amount of information
in terms of identification, location or volume estimation of I/1. It is therefore recommended to perform visual inspection
only as a part of another type of investigation (e.g. CCTV).
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