
1.  Introduction
Hydrology in urban areas is substantially altered by urbanization processes. Specifically, replacement of vege-
tated surfaces with impervious surfaces reduces infiltration and evapotranspiration losses and increases overland 
flow, concentrating and transforming slow environmental flows into fast stormflows (Finkenbine et al., 2000; 
Walsh et al., 2005). At the same time, urbanization involves intensive alteration to subsurface hydrology as pipes 
are constructed for efficient sanitary sewage and stormwater collection and conveyance (Oswald et al., 2023). A 

Abstract  Urbanization alters subsurface flow pathways through expansion of sanitary collection and 
conveyance infrastructure. Inflow and infiltration (I/I) into sewers redistributes slow subsurface flows to fast 
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the net impact of urbanization on streamflow. Elucidation of these processes is key to the characterization 
and prediction of urban hydrologic cycles. In this study, we collected sanitary sewer flow and streamflow 
data from 17 sewersheds and 18 watersheds in and around Milwaukee, WI, USA. We compared flow duration 
curves and baseflow recession characteristics of I/I and streamflow in urban and reference watersheds. Median 
depth-normalized I/I (296 mm) was nearly 35% of mean annual precipitation (867 mm), and thereby a major 
component of the urban drainage budget. I/I flowrates were similar to urban streamflow during high flow 
events (10th percentile) and larger during intermediate (50th percentile) and low (90th percentile) flow events. 
Further, I/I recession was slower and more nonlinear in shape than urban streamflow. Increased imperviousness 
and sewer density were associated with increased high flows, decreased intermediate flows, and quicker 
streamflow recessions. Sewer density explained more variability in intermediate flows (35%) and baseflow 
recession rate (49%) than imperviousness (24% and 19% respectively). Based on our findings, I/I takes up 
valuable volume capacity in sewers, which leads to more frequent overflows and alters streamflow regimes with 
ecological implications. Thus, I/I should be better considered in the prediction of urban hydrologic fluxes, and 
the characteristics and hydro-ecologic impact of I/I should be more thoroughly explored.

Plain Language Summary  Urbanization brings with it sanitary collection and conveyance 
infrastructure, which alters system capacities, water budgets, and streamflow hydrographs. One unique 
component of the urban water cycle is inflow and infiltration (I/I), wherein there are inputs to the collection 
system from runoff, and exchange between underground conveyances and soil water and groundwater. These I/I 
impacts remain unclear for urbanized watersheds-sewersheds. We examined and compared flow duration curves 
and baseflow recession characteristics of I/I, and streamflow in urbanized and minimally impacted reference 
watersheds. We found that I/I was 35 percent of the total urban water budget, with much of this contributing in 
the wet winter and spring seasons. Compared to streamflow, the hydrograph of I/I recessed more slowly and 
possessed a more convex shape. Although the amount of impervious area in a watershed is major contributor to 
inflows, we found that sewerage density had a comparable or even stronger influence on streamflow alteration. 
Based on our findings, I/I takes up valuable volume capacity in sewer systems, which can lead to more frequent 
overflows, and alters streamflow regimes with ecological implications. I/I should be better considered in urban 
water cycle, and the characteristics and hydro-ecologic impact of I/I should be better studied.
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combination of pipe infrastructure age and joint failure leads to additional volume inputs as inflow and infiltra-
tion (I/I). Direct inflows include illicit connections as well as directly connected stormwater drains (e.g., rooftop 
downspouts, foundation drains, and laterals directly connected to sanitary or combined sewers). The process of 
infiltration refers to soil moisture or groundwater that seeps into sewer systems through compromised joints, 
junctions and other breaches of pipe integrity (Figure  1) (Pawlowski et  al.,  2013; Vallabhaneni et  al.,  2008; 
Vanderlyn & Condren, 1990). Therefore, the factors contributing to I/I mean that it can be generated during both 
wetter and drier periods.

To date, I/I research has primarily focused within the context of water delivery to wastewater treatment plants 
(WWTPs). At the system level, I/I is an expensive operational problem associated with deteriorated sanitary sewers, 
occupying valuable flow and volume capacity, and increasing the peak flow and total volume of water treated at 
WWTPs (Dirckx et al., 2016; Ellis & Bertrand-Krajewski, 2010; Weiss et al., 2002). Previous studies reported that 
I/I accounted for 20%–55% of total water flow in separated sewer systems (Beheshti & Sægrov, 2018; Eiswirth 
& Hötzl, 1997; Pangle et al., 2022) and 14%–50% of total water flow in combined systems (Kracht et al., 2007; 
Prigiobbe & Giulianelli, 2009). While these prior studies have quantified I/I volumes and peak flows, few analy-
ses have considered I/I as an integral component of urban watershed flow regimes, storage-discharge dynamics, 
and associated flow recession behavior (Bhaskar et al., 2015, 2016; Pangle et al., 2022; Zhang & Parolari, 2022).

The impacts of urbanization as imperviousness and sewerage density alter flow regimes, storage-discharge dynam-
ics, and associated flow recession behavior, implicating I/I as playing a significant role. The impact of urbani-
zation on quick flow as direct runoff from impervious area and runoff production is relatively well understood. 
Urbanization usually increases peak flow and results in flashier streamflow (Beighley et al., 2003; Debbage & 
Shepherd, 2018; Mejía et al., 2015; Rose & Peters, 2001). By contrast, the effect of urbanization on stream base-
flow is much more complex, and findings have divergent conclusions (Bhaskar et al., 2016; Price, 2011; Walsh 
et al., 2005). There is evidence supporting both smaller and greater baseflow volume (Bhaskar et al., 2020), as 
well as slower (Rose & Peters, 2001; Wang & Cai, 2010) and faster (Bhaskar & Welty, 2012; Brandes et al., 2005; 
Burns et  al.,  2005; Konrad,  2016) baseflow recession in urban watersheds, when compared with non-urban 
watersheds. Flow recession behavior is derived from the storage-discharge properties and network structure 
of the watershed and characterizes the baseflow dynamics (Biswal & Marani,  2010,  2014; Sánchez-Murillo 

Figure 1.  Water balance in (a-1) urban and (b-1) reference watersheds. Sources of streamflow in (a-2) urban and (b-2) reference watersheds considering inflow and 
infiltration (I/I) into sanitary sewers. P, ET, qsf and qI/I respectively refer to precipitation, evapotranspiration, streamflow, and I/I. The schematic is modified from 
Winter et al. (1998).
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et al., 2015; Wittenberg & Sivapalan, 1999). Because urban drainage systems dissect the subsurface and alter the 
storage-discharge properties and network structure of the watershed, it is plausible that I/I imposes a detectable 
signature on flow regimes and baseflow recession behavior.

Differences in infiltration, evapotranspiration (ET), and groundwater storage in urban watersheds have been cited 
to explain observed differences in urban and natural stream baseflow volumes and recession rates (O’Driscoll 
et al., 2010). For example, increased imperviousness can lead to a decline in annual volume and ratio of stream 
baseflow (Haase, 2009; Hardison et al., 2009). Further, ET is lower in urban watersheds due to extensive removal 
of vegetation and consequent change in heat balance and albedo (Barron et al., 2013; Grimmond & Oke, 1991). 
Yet, some exceptions have been noted due to extensive urban irrigation (Grimmond & Oke, 1999; Kokkonen 
et al., 2018). Decreased ET results in longer retention of soil water and may contribute to an apparent lower 
stream baseflow recession rate (Rose & Peters, 2001). On the other hand, faster stream baseflow recession has 
been attributed to artificial outflows in urban watersheds, such as groundwater pumping and I/I. I/I directs a 
portion of infiltrated stormwater and groundwater into sanitary sewer systems, decreasing baseflow to streams 
(Braud et al., 2013; Pangle et al., 2022) and increasing the subsurface storage depletion rate (Bonneau et al., 2018; 
Price, 2011; Simmons & Reynolds, 1982) (Figure 1). Other factors suggest that I/I affects the flow regimes and 
baseflow recession of urban streams. First, direct inflows of I/I originate only from urbanized locations in the 
watershed (e.g., rooftops and foundation drains) that are directly connected to the sanitary sewers (Pawlowski 
et  al.,  2013). Thus, the drainage areas of surface and subsurface I/I flows may differ. Second, the baseflow 
recession behaviors of I/I can differ from urban streamflow because sanitary sewers and streams drain different 
geophysical environments. The soil hydraulics and their level of heterogeneity near sanitary sewers are likely 
different from other urbanized areas due to anthropogenic activities (Herrmann et al., 2018; Sharp, 2010). Thus, 
it is worthwhile to compare the flow regimes and baseflow recession behaviors between I/I and urban streamflow.

The overarching goal of this study was to improve understanding of the role and dynamic of I/I in the urban water 
cycle and streamflow regimes. To address this goal, we performed comparative hydrograph analyses based on 
streamflow and sanitary sewer flow in collocated urbanized and nearby reference watersheds. First, we separated 
I/I from sanitary sewer flow automatically based on autoregressive modeling and recursive digital filters. We then 
combined this estimate of I/I with nearby streamflow records to determine: (a) What fraction of the urban water 
balance is discharged through I/I?; (b) How do the flow regimes and baseflow recession of I/I compare to that of 
streamflow?; and (c) How does I/I affect the flow regimes and baseflow recession in urban streams compared to 
land cover change?

2.  Methodology
2.1.  Study Area and Data

The study was conducted in several coastal watersheds that drain to Lake Michigan from the City of Milwaukee 
and its suburbs. We selected 17 sewersheds in Milwaukee County for I/I analysis (Figure 2). The sewersheds were 
defined by MMSD based on the understanding that all sewers, in this case only separate sanitary sewers, drain 
to a certain outlet. Sewer flow data measured at the outlet of these sewersheds was obtained from MMSD for 
the period 1 January 2014–31 July 2019. The flow was measured using ultrasonic or magnetic flow meters in 15 
sewersheds. For the remaining 2 sewersheds, water level was recorded and transformed into flow rate based on 
Manning's equation. All data were logged at an hourly frequency. These sewersheds were selected because relia-
ble continuous sanitary sewer flow data were available. In addition, they were served by separate sanitary sewer 
systems during the entire period of record and each of them has a distinguishable contributing area. Other sewer-
sheds without a distinguishable contributing area due to interaction with the inline underground storage system 
were filtered out. Unlike other sewer service areas where sanitary sewer flow is discharged back to streams after 
treatment, the sanitary sewer flow in Milwaukee was treated by two different WWTPs, both of which discharged 
into Lake Michigan (Figure  2). Therefore, I/I that is conveyed to the WWTPs from the sewersheds did not 
contribute to the measured streamflow in Milwaukee. Based on local boring logs retrieved from the Bureau for 
Remediation and Redevelopment Tracking System (BRRTS) data set (DNR, 1999), the predominant soil type in 
these sewersheds was silty clay, and the groundwater table was shallow at 0–4 m below ground surface.

We selected 18 watersheds in and near Milwaukee, Wisconsin for comparison to sanitary sewer flows (Figure 2). 
These included 9 watersheds (i.e., CCC, MRC, MRMF, LMF, LMM, RRCF, BRD, FRW, and MRM) that we 
categorized as minimally impacted, and then 9 urbanized watersheds (i.e., LCM, UCW, HCW, MRW, WPCM, 
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KRM, OCSM, RRG, and RRF; Table 1). The minimally impacted watersheds serve as a reference to compare 
against urban watersheds collocated with sanitary sewersheds. In addition, the 18 minimally impacted and urban 
watersheds together form a gradient of imperviousness. The urban watersheds are close to the sewersheds. Among 
the 17 sewersheds, 6 of them lie within the urban watersheds (e.g., MS0208 and MS0209 in RRF, MS0369 in 
MRW, MS0330 in UCW, MS0123 in OCSM and WPCM, and MS0305 in HCW), while the others are either 
partially intersected with or close to these urban watersheds. Note the size of the sewersheds is generally smaller 
than the watersheds.

The watershed boundaries were delineated based on the 10-m resolution Digital Elevation Model (DEM) after 
determining the flow direction and flow accumulation treating the streamflow stations as the outlets of the 
watersheds (Figure 2a). These watersheds were selected because they represent streamflow across a range of 
imperviousness (3.8%–54.7%) and they belong to the same (i.e., Unit 04040003) or similar (i.e., Unit 04040002, 
07090001, and 07120006) hydrologic units as that of the sewersheds. The streamflow data between 1 January 
2014 and 31 July 2019 was retrieved from the United States Geological Survey (USGS) daily streamflow data 
set (United States Geological Survey, 2019). Percent imperviousness data was retrieved from the 10-m resolution 
2019 National Land Cover Database (Dewitz & U.S. Geological Survey, 2021), and the digitized sanitary sewer 
system data was retrieved from MMSD. Since a digitized sanitary sewer layout was only available within the city 
of Milwaukee, the density of sanitary sewers was calculated only for the 9 urbanized watersheds within the city 
limits (i.e., RRF, MRW, UCW, OCSM, RRG, LCM, HCW, KRM, and WPCM). Watershed geophysical proper-
ties are summarized in Table 1 and sewersheds in Table 2. Sanitary sewer networks are illustrated in Supporting 
Information S1 (Figure S1).

Figure 2.  Location of the study areas including (a) watersheds and streamflow stations and (b) sewersheds. In (a), watersheds with blue texts refer to reference 
watersheds, while watersheds with red texts refer to urban watersheds. In (b), outlines in blue refer to the sewersheds, and the yellow dots refer to the two wastewater 
treatment facilities.
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2.2.  Separation and Quantification of I/I

Measured sanitary sewer flows were separated into base wastewater flow 
(BWF), and I/I, which is the sum of rainfall-derived I/I (RDII) and ground-
water infiltration (GWI). RDII refers to quick flows that originate from direct 
inflows and relatively fast subsurface infiltration (e.g., unsaturated flows), 
while GWI refers to slower groundwater infiltration originating mainly from 
saturated groundwater flows. An automatic approach was used to separate 
I/I from sanitary sewer flow based on autoregressive modeling and recur-
sive digital filters (Figure  3). Similar methods were applied in baseflow 
separation (Arnold et al., 1995; Eckhardt, 2005). After filling the data gaps 
using autoregressive modeling, the local minima and maxima were identified 
(Process 1), and the dry- and wet-weather periods were identified based on 
the distribution of flow values at local minima (Process 2); components of 
sewer flow were thereby separated. The local minima and maxima were not 
identified for every 24-hr period strictly, but the average distance between 
local minima identified ranged from 10 to 30 hr with an average of 22 hr 
(close to 24 hr). During dry periods, the baseflow, that is, BWF plus GWI, 
was assumed to be equal to the measured flow, while RDII was assumed to be 
zero. During wet periods, the baseflow was estimated through autoregressive 
modeling based on the baseflow during the dry periods and the quick flow 
was obtained by subtracting the estimated baseflow from the total sewer flow 
(Process 3). Next, the components of baseflow (i.e., BWF and GWI) were 
separated from the combined baseflow hydrograph using a three-iteration, 
forward-backward recursive digital filter (Process 4). Finally, total I/I was 
obtained by adding GWI to quick flow (i.e., RDII) (Process 5) (Figure 3). 
To be consistent with the streamflow time-series, the delineated hourly scale 

Table 1 
Properties of Reference Watersheds, Urban Watersheds and Sewersheds, Including Area, Imperviousness, Ground Surface Slope, Stream Channel Density, and 
Sanitary Sewer Drainage Density

Watershed type
Streamflow 
station ID Watershed

Area 
(km 2)

Impervious-
ness (%)

Mean 
slope (%)

Stream density 
(km −1)

Sewer density 
(km −1)

Reference watersheds 04086600 Milwaukee River near Cedarburg (MRC) 1,572.1 3.8 7.9 0.58 –

05544200 Mukwonago River at Mukwonago (MRM) 191.9 4.0 7.7 0.52 –

04087233 Root River Canal near Franklin (RRCF) 147.6 4.2 4.5 0.88 –

04086500 Cedar Creek near Cedarburg (CCC) 310.8 4.9 6.0 0.87 –

04087050 Little Menomonee River near Freistadt (LMF) 20.7 5.6 5.3 0.87 –

05426067 Bark River at Delafield (BRD) 93.0 10.0 7.3 0.65 –

04087030 Menomonee River at Menomonee Falls (MRMF) 89.9 18.2 5.3 1.15 –

04087070 Little Menomonee River at Milwaukee (LMM) 51.0 21.0 4.9 0.88 –

05543830 Fox River at Waukesha (FRW) 326.3 20.2 6.9 0.94 –

Urbanized watersheds 04087220 Root River near Franklin (RRF) 127.4 28.7 5.5 1.06 10.6

04087120 Menomonee River at Wauwatosa (MRW) 318.6 29.5 5.4 0.88 7.7

04087088 Underwood Creek at Wauwatosa (UCW) 46.9 34.4 5.9 0.79 8.1

04087204 Oak Creek at South Milwaukee (OCSM) 64.7 34.9 4.2 1.20 6.8

04087214 Root River at Grange Avenue at Greenfield (RRG) 38.1 37.4 5.6 0.90 14.6

040869416 Lincoln Creek at Sherman Boulevard (LCM) 35.0 47.6 3.3 0.41 16.4

04087119 Honey Creek at Wauwatosa (HCW) 26.7 52.4 4.4 0.57 24.8

04087159 Kinnickinnic River at S. 11th Street (KRM) 48.7 54.4 4.7 0.74 15.8

040871488 Wilson Park Creek at Milwaukee (WPCM) 29.4 54.7 4.1 0.78 12.9

Table 2 
Properties of Urban Sewersheds, Including Area, Imperviousness, Ground 
Surface Slope, and Sanitary Sewer Drainage Density

Sewershed 
ID Neighborhood

Area 
(km 2)

Imperviousness 
(%)

Mean 
slope 
(%)

Sewer 
density 
(km −1)

MS0453 Bayside 45.62 13.45 4.71 8.20

MS0454 Fox Point 2.56 17.75 6.77 27.89

MS0406 Bayside 2.24 18.24 5.35 23.64

MS0369 Wauwatosa 0.78 25.24 6.38 9.56

MS0330 Wauwatosa 1.37 29.51 5.57 11.37

MS0209 Hales Heights 5.85 30.95 4.42 24.68

MS0208 Greendale 2.07 33.24 3.52 25.11

DC066E Cudahy 3.97 38.55 8.03 18.35

MS0450 Brown Deer 8.87 39.46 5.06 9.52

MP0248 Oak Creek 0.72 39.93 3.46 22.60

MS0413 Brown Deer 5.54 40.62 3.55 27.25

MS0523 Whitefish Bay 0.43 44.07 3.19 43.98

MS0507 Whitefish Bay 0.57 44.68 1.08 50.17

MS0411 Wauwatosa 3.38 46.11 5.67 16.82

MS0364 Land Bank 7.11 46.77 3.78 17.99

MS0305 Greenfield 6.81 49.97 3.98 14.99

MS0123 Airport 13.08 54.25 3.70 7.19
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total I/I time-series was aggregated into a daily timescale. The details of the separation method can be found in 
Supporting Information S1 (Text S2). The separated dry and wet periods are shown in Supporting Information S1 
(Figure S2), and the separated I/I records are shown in Supporting Information S1 (Figure S3).

This approach differs from other I/I identification methods (Bentes et  al.,  2022; Pangle et  al.,  2022) in two 
ways. First, BWF was interpolated here using autoregressive modeling rather than moving average. Second, wet 
periods were identified based on the flow data and not corresponding precipitation measurements (Figure 3). A 
hydrograph-based approach for I/I estimation was utilized (instead of based on precipitation) here because there 
was significant spatial variability in precipitation in the study area and nearby precipitation gages were not avail-
able for all sewersheds analyzed.

2.3.  Hydrologic Analysis

The water depths, flow regimes, and baseflow recession behavior of I/I in sewersheds were compared with those 
of streamflow in watersheds. Each sewershed and watershed is treated as an individual hydrologic entity with 
its unique geophysical conditions and governing hydrologic processes—which include general patterns that the 
sewersheds are smaller and have greater sewer pipe densities than the overall watersheds. The comparisons were 
feasible because the compared parameters either had the same units or were dimensionless. The details of each 
category of calculation and comparison are illustrated in the sub-sections below.

I/I and streamflow volumetric flow rates were normalized by the corresponding areas (sewershed areas for I/I 
and watershed areas for streamflow). The area-normalized flow rates were termed as fluxes throughout the paper. 

Figure 3.  Process for separating rainfall derived inflow and infiltration from sanitary sewer flow. Rainfall-derived I/I, base wastewater flow and groundwater inflow are 
respectively represented as RDII, BWF, and GWI. The flow data used in the plots is from 25 March to 8 May 2014 at sewershed DC066E.
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We acknowledge that some flows that originate outside of the sewersheds (e.g., lateral groundwater recharge, 
inter-sewershed water transfer, artificial irrigation, and leakage from water distribution systems) could contribute 
to I/I. More details of the rationale of area-normalization can be found in Supporting Information S1 (Text S4).

2.3.1.  Water Balance

Monthly and annual area-normalized depths of I/I and streamflow were calculated from individual fluxes. Flow 
depths were compared to precipitation depth assuming that precipitation was spatially uniform over the sewer-
shed and watershed areas.

2.3.2.  Flow Duration Curves

Flow duration curves (FDCs) and flow percentiles were used to quantify and compare the flashiness of I/I and 
streamflow regimes. Quick (i.e., low exceedance probability such as Q10), intermediate (i.e., medium exceedance 
probability such as Q50), and slow (i.e., high exceedance probability such as Q90) components of FDCs were 
compared between I/I and streamflow. Groundwater inflow was included in I/I to generate the FDCs. The slope of 
the FDC between 20% and 80% exceedance probabilities was calculated as an estimate of flow stability. A larger 
FDC slope indicates more variable flow that is largely regulated by quick runoff following rain events, while a 
smaller FDC slope indicates the predominance of groundwater discharge (Searcy, 1959).

2.3.3.  Baseflow Recession

Baseflow recession parameters were estimated from the flow recession curves to infer storage-discharge prop-
erties from the I/I and streamflow fluxes. Assuming the aquifer as a nonlinear reservoir, flow recession can be 
represented as (Brutsaert & Nieber, 1977),

𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
= −𝑎𝑎𝑎𝑎𝑏𝑏� (1)

where Q is the flux rate for either I/I or streamflow with units of LT −1 𝐴𝐴 L
3

T
−1 ; and a and b are dimensionless reces-

sion parameters. As shown in Figure 4, a represents the recession rate of the flux, such that larger values indicate 
faster recession; and b refers to the linearity of the recession, in which b = 1 refers to linear recession, while b > 1 
refers to nonlinear recession (Figure 4a). A larger 𝐴𝐴 𝐴𝐴 refers to a more nonlinear or convex recession curve, reflect-
ing a more nonlinear storage-discharge watershed property. log(a) and b are the respective intercept and slope of 
the log-transformed relationship between the time-derivative of flux rate (−dQ/dt) and flux rate (Q) (Figure 4b).

An event-based recession analysis approach was adopted in which a and b were calculated for every recession 
event. The “lumped” approach, in which one value of a and b is calculated using all events, can underestimate the 

Figure 4.  Theoretical patterns of (a) flow recession hydrograph (i.e., Q against t) and (b) flow recession plot showing log(−
dQ/dt) against log(Q) with different recession parameters (i.e., a and b). The flow recession is quicker with larger a value (i.e., 
a1 vs. a2); the flow recession becomes more non-linear with larger b value (i.e., b1 vs. b2).

 19447973, 2023, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022W

R
032529 by M

arquette U
niversity, W

iley O
nline L

ibrary on [01/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Water Resources Research

ZHANG ET AL.

10.1029/2022WR032529

8 of 18

b value (Biswal & Marani, 2010; Dralle et al., 2017). Recession events were identified based on the sign of the 
flux rate time-derivative (−dQ/dt). A recession event was assumed to start when dQ/dt turned from positive  to 
negative and to end when dQ/dt turned from negative to positive. During each event, the values of Q and dQ/dt 
were computed with a 3-day moving window for both I/I and streamflow.

A restrictive approach was adopted to filter rainfall-derived quick flow. First, the minimum allowable length of 
a recession event was assigned to be 4 days, meaning that recession events shorter than 4 days were filtered out. 
Second, a parametric threshold of 20 was used to filter out small recession events with low peak flows. Third, 
the recession event was assumed to begin 2 days after peak flow. These thresholds were applied to both I/I and 
streamflow. Nonlinear fitting was then performed to obtain the event-scale recession parameters a and b. The 
moving window size for calculating Q and dQ/dt and the three thresholds for filtering recession events and calcu-
lating recession parameters were determined by one-at-a-time local sensitivity analysis. For each set of analysis, 
the target parameter was perturbed within a certain range while the others were kept unchanged. The variation 
ranges were respectively 1–8 days for the moving window size, 1–8 days for the minimum allowable length of a 
recession event, 10–400 for the parametric threshold representing minimum peak flow before a recession event, 
and 1–8 days for the lag of recession event after peak flow. Details about these thresholds and the sensitivity anal-
ysis regarding the selection of optimal thresholds can be found in Supporting Information S1 (Text S3, Figures 
S7–S14).

2.3.4.  Statistical Analysis

To investigate the impact of imperviousness and subsurface drainage via I/I on stream flow regimes and reces-
sion, correlations were computed between flow parameters (i.e., Q10, Q50, Q90, recession slope, a, and recession 
exponent, b) and watershed properties (i.e., imperviousness and sanitary sewer density). The analysis on imper-
viousness was performed on both reference and urbanized watersheds, whereas the analysis on sanitary sewer 
density was only performed on urbanized watersheds due to availability of digitalized sewer data. The coefficient 
of determination (R 2) was used to represent the goodness of fit.

The collinearity of imperviousness and sanitary sewer density was tested using the Pearson's r correlation coef-
ficient and variance inflation factor (VIF). VIF quantified the percentage inflation in variance if there was no 
multicollinearity (Kroll & Song, 2013). The Pearson's r correlation coefficient between imperviousness and sani-
tary sewer density was 0.71 with p < 0.05 and the VIF was 2.0, indicating moderate collinearity. Thus, dominance 
analysis was further performed to quantify the relative importance of imperviousness and sanitary sewer density 
on the recession parameters (Budescu, 1993).

For two independent variables X1 and X2 (referring to imperviousness and sanitary sewer density here) and one 
dependent variable (referring to Q10, Q50, Q90 or recession parameters, either a or b), the conditional domi-
nance is defined as the change in R 2 resulting from adding a predictor to all possible subset regression models. 
The conditional dominance of Xi (𝐴𝐴 𝐴𝐴

(𝑘𝑘)

𝑋𝑋𝑖𝑖
 ), which refers to the mean usefulness of Xi when it is added to k additional 

variables, was calculated as,

� (�)
��

=

∑

(

�2
� |���ℎ

−�2
� |�ℎ

)

(

� − 1
�

)� (2)

where Xh is any subset of k independent variables, and Xi is independent variable that is excluded. Y is 
the dependent variable, and p is the total number of predictors. Then, the general dominance weight of 
each predictor was obtained through averaging the conditional dominance across all the possible models 
(Equation 3),

𝐶𝐶𝑋𝑋𝑖𝑖
=

∑𝑘𝑘

0
𝐶𝐶

(𝑘𝑘)

𝑖𝑖

𝑘𝑘 + 1
� (3)

As a supplement to the regression analysis, dominance analysis can de-emphasize redundant predictors when 
multicollinearity is present (Kraha et al., 2012), and, thus, it can reduce the impact of collinearity between inde-
pendent variables and better represent the statistical contribution of independent variables.
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3.  Results
3.1.  I/I Flux Relative to Rainfall-Runoff Partitioning in Urban and 
Reference Watersheds

We found that I/I was a major component of the water balance, with annual 
depth of I/I at a median of 296 mm and a mean of 360 mm (range 65–830 mm) 
(Figure 5). Median and mean I/I depths were on the same order of magnitude 
as the depths of precipitation (867 mm) and streamflow (332–462 mm). The 
ratio of I/I to precipitation had a median of 0.34 and a mean of 0.42 (range 
0.08–0.97); and the ratio of I/I to the mean streamflow in the nine urban 
watersheds had a median of 0.76 and a mean of 0.92 (range 0.17–2.12). It 
should be noted that an I/I-to-precipitation ratio of 0.9 does not mean that 
90% of precipitation becomes I/I. Apart from precipitation, I/I may origi-
nate from irrigation or groundwater inflow from soil profile storage or leaky 
water distribution pipes. We also remind the reader that the streamflow was 
normalized by watershed area whereas I/I was normalized by the sewer-
shed area, so the two areas were not equal. It was not possible to calculate 
I/I across the entire urban watersheds with the data provided. Because of 
this  area mismatch, the depth of I/I and the corresponding ratios to precipita-
tion and/or streamflow are likely smaller since the density of sanitary sewer 
pipes was generally lower at the watershed scale than at the sewershed scale 

considered here. More details of the interpretation of the I/I flux in urban water balances can be found in Support-
ing Information S1 (Text S5).

The seasonal patterns of I/I and streamflow were similar, the monthly I/I and streamflow depths were greatest 
during the spring months (i.e., March–June) (Figure 6a). I/I-to-precipitation and I/I-to-streamflow ratios were 
greatest during the winter (i.e., November–March) and smallest during the summer and early fall (i.e., June–
October) (Figures 6b and 6c). The median ratios of I/I to precipitation were 0.75 in January and 0.20 in August. 
The median ratios of I/I to the mean urban streamflow were 1.32 in January and 0.72 in August.

Figure 5.  Annual depths of inflow and infiltration (I/I) and streamflow in 
urban and reference watersheds relative to precipitation. Each dot represents 
the annual depths of I/I or streamflow over the period in a sewershed or 
watershed. Q1 and Q3 refer to the 25th and 75th percentiles of the data. IQR 
refers to interquartile range (Q3–Q1). The outliers are values that are located 
outside 1.5 times IQR above Q3 or below Q1.

Figure 6.  Seasonal patterns: (a) Monthly depths of I/I and streamflow in urban and reference watersheds related to precipitation; (b) Ratio of I/I to precipitation; (c) 
Ratio of I/I to mean streamflow in urban watersheds. Each dot in panel (a) represents the mean monthly depths of I/I or streamflow over the period in a sewershed or 
watershed. Each dot in panel (b and c) represents the mean values over the period in a sewershed.
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3.2.  I/I Flow Regimes

I/I flow regimes, quantified by the FDC and flow percentiles, were markedly 
different from streamflow regimes in both urban and reference watersheds. 
As expected, the FDCs of streamflow in urban watersheds were steeper than 
those in reference watersheds.

The FDC slope for I/I was less than that for streamflow (Figure  7). The 
median FDC slope for I/I was −0.8, while that for streamflows was −2.8. 
This suggests that I/I fluxes were more temporally stable than streamflows, 
indicating a larger groundwater contribution.

High (Q10) I/I fluxes were lower than corresponding streamflows, while 
intermediate (Q50) and low (Q90) I/I fluxes were greater than streamflows 
(Figure 8a). Specific comparisons showed that, across all watersheds, high 
I/I fluxes were lower than the high streamflows in both urban (p = 0.01) and 
reference streams (p = 0.07). Median I/I fluxes were greater than streamflow 
in urban streams (p = 0.01), but were indistinguishable from streamflow of 
reference streams (p = 0.37). The Q90 I/I flux were larger than those in urban 
(p < 0.01) or reference streams (p = 0.09).

At the same time, the spatial and temporal variabilities of I/I and streamflow differed from each other. I/I was 
more variable spatially across sewersheds than streamflow in both urban and reference watersheds. The interme-
diate fluxes (Q50) for streamflow varied between 0.3–0.8 mm/d, whereas the median I/I fluxes varied between 
0.15 and 2.27 mm/d (Figure 8a). Results were similar for low and high flows. However, I/I was less variable 
temporally within each sewershed. The CV for I/I (0.30–1.00 mm/d) was significantly lower than that for urban 
(1.46–2.45  mm/d) and reference (0.50–1.89  mm/d) watersheds with Kruskal-Wallis one-way ANOVA test's 
values ≤ 0.01 (Figure 8b).

3.3.  I/I and Streamflow Recession Characteristics

Baseflow recession rates, quantified by a values, varied across the three flow signals—urban stream recession 
was fastest and I/I recession was slowest. Stream baseflow recession was faster (greater a values) for urban 
watersheds compared to reference watersheds and I/I (Figure 9a); median event-scale a values were 0.15–0.34 for 

Figure 7.  Flow duration curves of (a) streamflow in urban and reference 
watersheds and (b) inflow and infiltration (I/I) in urban sewersheds. The 
central flow lines represent the median values; and the shaded areas 
correspond to different percentiles, including <25th, 25th–50th, 50th–75th, 
and 75th–90th percentiles.

Figure 8.  Comparison of flow duration curve indices between inflow and infiltration (I/I) and streamflow for the study 
period (January 2014–July 2019). Panel (a) shows distributions of Q10, Q50, and Q90 values across sites, which respectively 
refer to flow rate with exceedance probability of 10%, 50%, and 90%. Panel (b) shows the distributions of coefficient of 
variation of flow rates calculated at each individual site. Each dot represents flow indices in a sewershed or watershed. The 
numbers shown at top between two boxes refer to the p values from Kruskal-Wallis ANOVA test, which represent the level of 
statistical significance between the corresponding two groups of data. Q1 and Q3 refer to the 25th and 75th percentiles of the 
data. IQR refers to interquartile range (Q3–Q1). The outliers are values that are located outside 1.5 times IQR above Q3 or 
below Q1.
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urban watersheds, 0.05–0.16 for reference watersheds; and 0.01–0.14 for I/I. All pairwise comparisons showed 
significant differences in median a values (Kruskal-Wallis ANOVA test; p < 0.01).

The nonlinearity of baseflow recession, quantified by b values, varied across the three flow signals–the I/I reces-
sion was the most nonlinear (greater b values) and that of reference streamflow was the least nonlinear. Baseflow 
recession was more nonlinear for I/I compared to both urban and reference watersheds (Figure 9b). The median 
event-scale b values for I/I were 0.21–3.09, which were significantly larger than that of both types of streams 
(p = 0.08 and 0.06 respectively for urban and reference streams). The median event-scale b values were 1.18–2.02 
for urban watersheds and 0.98–2.22 for reference watersheds and the difference was not significant (p = 0.69).

3.4.  Imperviousness and Sewer Density Controls on Streamflow Regime and Baseflow Recession

Streamflow was flashier (greater high flows but lower intermediate and low flows) in watersheds with higher 
imperviousness and higher sewer density (Figure 10 and Table 3). High flows (Q10) increased significantly with 
imperviousness (R 2 = 0.38, p < 0.01) and sewer density (R 2 = 0.61, p = 0.013). Considering imperviousness and 
sewer density together explained more of the variability in Q10 than either variable independently (R 2 = 0.74, 
p  =  0.018 for the combined model). Intermediate flows (Q50) decreased significantly with imperviousness 
(R 2 = 0.37, p < 0.01) and sewer density (R 2 = 0.55, p = 0.02). The model was moderately improved with both 
variables (R 2 = 0.59, p = 0.017 for the combined model). Low flows (Q90) were insensitive to both impervious-
ness and sewer density. Imperviousness and sewer density together explained 30% of the variance in Q90, but the 
relationships were not significant.

Imperviousness and sewer density contributed equally to Q10, while sanitary sewer density was more impor-
tant for Q50. Imperviousness and sanitary sewer density explained 39.1% and 34.5% of the variance in Q10 
(Figure 10g), and 23.7% and 35.0% of the variance in Q50 (Figure 10h), respectively.

Baseflow recession was quicker (greater a values) in watersheds with higher imperviousness or higher sewer 
density (Figure 11, Table 3). The recession slope a increased significantly with imperviousness across all water-
sheds (R 2 = 0.65, p < 0.01). For urban watersheds only, the recession slope a increased significantly with sewer 
density (R 2 = 0.67, p < 0.01) and marginally significantly with imperviousness (R 2 = 0.37, p = 0.08). The regres-
sion model for a in urban watersheds did not improve when both variables were included (R 2 = 0.68, p = 0.034 
for the combined model). Sewer density was more important than imperviousness for explaining the recession 
rate. Imperviousness and sanitary sewer density respectively explained 18.8% and 48.8% of the variance in a 
(Figure 11e).

Baseflow recession was more nonlinear (i.e., greater b value) in urban watersheds with both higher impervious-
ness and higher sewer density (Figure 11, Table 3). The recession nonlinearity b was not significantly related to 

Figure 9.  Distributions of the recession slope, a, and recession exponent, b, for inflow and infiltration (I/I) and streamflow. 
Panel (a) includes median event-scale values, where each dot represents the median value over all recession events in a 
sewershed or watershed, while (b) includes all the event-scale data. The numbers shown at top between two boxes refer to the 
p values from Kruskal-Wallis ANOVA test, which represent the level of statistical significance between the corresponding 
two groups of data. Q1 and Q3 refer to the 25th and 75th percentiles of the data. IQR refers to interquartile range (Q3–Q1). 
The outliers are values that are located outside 1.5 times IQR above Q3 or below Q1.
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imperviousness or sewer density alone. However, in urban watersheds imperviousness and sewer density together 
explained 61% of the variance in b, and the relationship was marginally significant (p = 0.059).

4.  Discussion
4.1.  Infrastructure Flows in Urban Water Balances

Our results show that estimates of subsurface water fluxes such as I/I are generally necessary to understand the 
key processes in urban water balances and to fully characterize the impact of urbanization and water infrastructure 
on urban hydrology (Bhaskar et al., 2016; Erban et al., 2018; Pangle et al., 2022). In this study, area-normalized 
I/I depth was compared with the precipitation and the area-normalized streamflow depths. The streamflow was 

Table 3 
Correlation Statistics Between Watershed Properties and Flow Regimes (Q10, Q50, Q90) and Recession Parameters (Recession Slope, a, and Recession Exponent, b) 
of Streamflow

Variables Metrics Q10 Q50 Q90 a b

Imperviousness (All watersheds) Slope 0.014 −0.005 −0.002 0.002 0.003

R 2 0.38 0.37 0.14 0.65 0.03

p 0.006 0.007 0.131 5.53e−5 0.521

Imperviousness (Urban watersheds) Slope 0.020 −0.005 6.09e−4 0.001 0.014

R 2 0.653 0.44 0.04 0.37 0.31

p 0.008 0.052 0.604 0.080 0.119

Sewer density (Urban watersheds) Slope 0.037 −0.010 −0.001 0.004 7.4e−4

R 2 0.61 0.55 0.05 0.67 2.5e−4

p 0.013 0.022 0.580 0.007 0.968

Combined (Urban watersheds) R 2 0.74 0.59 0.30 0.68 0.61

p 0.018 0.070 0.340 0.034 0.059

Note. Contents with different shades refer to correlations with different levels of statistical significance. Dark gray: significant with p ≤ 0.01; Light gray: significant 
with 0.01 < p ≤ 0.05; Bold text: marginally significant with 0.05 < p ≤ 0.10; White: not significant with p > 0.10.

Figure 10.  Relationship between watershed variables, that is, (a–c) imperviousness and (d–f) sanitary sewer density, and 
streamflow regimes, that is, (a, d) Q10; (d, e) Q50; and (c, f) Q90. Panels (a–c) include all watersheds; (d–f) include the 9 
urban watersheds with digitized sanitary sewer network data, denoted by the black rectangles in panels (a–c). Panels (g–i) 
show the variance of correlation attributed to imperviousness and sanitary sewer density based on dominance analysis 
performed solely on 9 urban watersheds.
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normalized by the watershed area whereas the I/I was normalized by the sewershed area. Thus, the actual I/I 
depths in the watersheds can be lower than those in the sewersheds due to lower sewer density. The median 
area-normalized I/I depth (296 mm) was on the same order of magnitude as the measured precipitation (867 mm) 
and streamflow (424 mm) (Figure 5). In some sewersheds, the I/I depth was even close to precipitation (830 
vs. 867  mm). This large spatial variability of I/I depths could come from the inter-sewershed differences in 
imperviousness, groundwater level, density of sanitary sewers, and proportion of rooftops with direct connec-
tion to sanitary sewers, etc. The I/I depth relative to the other water fluxes was similar to estimates in Baltimore 
(precipitation 1,160 mm, I/I 565 mm) (Bhaskar & Welty, 2012). In contrast, the I/I depth estimated for 4 water-
sheds in Atlanta was an order of magnitude smaller than the depths estimated for Milwaukee and Baltimore 
(∼30–51 mm), although precipitation was similar (1,143 mm) (Pangle et al., 2022). The sanitary sewer density in 
Atlanta was lower than in Milwaukee (7.5–9.0 km −1 vs. 6.8–24.8 km −1), which may explain the large difference 
in I/I. In addition, the difference in I/I depth could also be attributable to differences in water table depths. While 
we lack data on water table dynamics in the study sites, the relative depth of the phreatic surface determines 
the fraction (and duration of inundation) of pipes that are inundated and is an important factor determining I/I 
response to precipitation.

As shown here, I/I can be a large component of the water balance. The sewershed-area-normalized depths of 
I/I were similar in magnitude as similarly normalized depths of precipitation in some sewersheds. Considering 
that ET and recharge emanating from these sewersheds are not zero, such results seemingly imply a negative 
imbalance between outfluxes and influxes. However, it is important to recall that some I/I measured at the outlet 
of a delineated sewershed may include water derived from sources outside of that delineated area. Such unac-
counted for fluxes are common in urban areas throughout the United States (Li et al., 2020). Additional sources 
of I/I may include net decline of stored groundwater or unaccounted water sources within the catchment such 
as leakage from water distribution systems and urban irrigation (Bhaskar & Welty, 2012; Bhaskar et al., 2016; 
Fillo et al., 2021; Lancia et al., 2020; Lerner, 2002; Sanzana et al., 2019; Tennant et al., 2021). There is evidence 
showing that the groundwater table in urban Milwaukee is dropping over time in recent years (Choi et al., 2012). 
In Milwaukee, 19%–22% of finished drinking water leaked from the distribution system between 2017 and 2020 
(Milwaukee Water Works, 2020), representing 63–82 mm when averaged over the entire service area. During the 
same period, approximately 12% of end water use is for urban irrigation, representing 40–44 mm for the entire 
service area. Therefore, up to 40% of I/I could be derived from drinking water leakage and urban irrigation in 
this system, leaving additional sources to be quantified. An additional source may be lateral groundwater sourced 
from areas outside the sewershed delineated by the sewer network, which could not be estimated here. There is 

Figure 11.  Relationship between watershed variables, that is, (a), (b) imperviousness and (c), (d) sanitary sewer density, 
and recession parameters, that is, (a), (c) recession slope, a and (b), (d) recession exponent, b. Panels (a), (b) include 
all watersheds; (c), (d) include the 9 urban watersheds with digitized sanitary sewer network data, denoted by the black 
rectangles in panels (a), (b). Panels (e), (f) show the variance of correlation attributed to imperviousness and sanitary sewer 
density based on dominance analysis performed solely on 9 urban watersheds.
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no data to support this possibility. But if this is the case, it reflects a phenomenon that leaky sewers, because of 
I/I, are draining a larger subsurface drainage area compared to the surface sewershed area. In addition, the uncer-
tainty and spatial variability in different hydrologic fluxes (e.g., precipitation and ET) can also contribute to this 
negative net annual balance of inflows and outflows.

As shown in this study, there is great uncertainty in quantifying water fluxes, especially in urban watersheds with 
infrastructure fluxes such as I/I. We recognize the existence of these uncertainties, leave the water balance open, 
and ask for further efforts to identify the unknown water fluxes (Kampf et al., 2020).

4.2.  I/I Control on Streamflow Regimes

In this study, we found evidence that subsurface drainage via I/I may be an important contributor to streamflow 
“flashiness” in urban streams, in addition to imperviousness. Most prior studies attributed flashiness to expanded 
impervious cover (Molina et al., 2015; Rosburg et al., 2017; Rose & Peters, 2001; Shuster et al., 2005), while one 
modeling study identified the effect of I/I (Bhaskar et al., 2015). Our results showed that land cover change and 
subsurface drainage, representing major urbanization signatures, explained most of the flow regime distortions in 
high and intermediate flows. Their statistical contributions were comparable for high flows (39.1% and 34.5%), 
while subsurface drainage contributed more to intermediate flows (35.0% vs. 23.7%) (Figure 11). However, we 
did not detect any correlations with low flows in this study. This result therefore differed from existing stud-
ies which detected low flow reduction by I/I, for example, in Long Island, NY (Plunhowski & Spinello, 1978; 
Simmons & Reynolds, 1982), Baltimore, MD (Bhaskar et al., 2015), and Atlanta, GA (Diem et al., 2021; Pangle 
et al., 2022). The lack of an effect on baseflow could be further evidence that I/I in our study area originated from 
other non-stream sources.

4.3.  I/I Control on Stream Baseflow Recession Rate

The I/I baseflow recession rate was slower than streamflow, which can be explained by dominance of groundwa-
ter inputs. This substantial amount of baseflow discharge through I/I may contribute to the commonly observed 
quicker baseflow recession in urban streams (Bhaskar & Welty, 2015; Bonneau et al., 2018; Burns et al., 2005; 
Konrad, 2016; Rose & Peters, 2001). The contrasting baseflow recession rates in urban and reference watersheds 
are likely driven by the combined effects of imperviousness, I/I, and differences in vegetation cover, soil depth 
and horizonation, and ET.

Subsurface drainage explained more of the variation in a (49%) than land cover change (19%), suggesting subsur-
face drainage via I/I as the primary control on baseflow recession. Watersheds with denser sewers have larger 
contact area with the subsurface, which facilitates drainage and accelerates the reduction of baseflow during dry 
periods (Marani et al., 2001; Price et al., 2011). In a modeling study, I/I was found to be the primary control on 
subsurface storage, which is proportional to baseflow recession rate, in urban watersheds in Baltimore (Bhaskar 
et al., 2015). In addition to I/I, recession rate may also be attributed to differences in watershed geology (Hopkins 
et al., 2015), ET, and other urbanization interventions (e.g., groundwater withdrawal, urban soil modifications) 
(Bonneau et al., 2018).

4.4.  Contrasting Recession Nonlinearity Between I/I and Streamflow

The I/I baseflow recession was more nonlinear than streamflow in the urban watersheds (Figure 10). High I/I 
recession nonlinearity may be explained by unique features of urban soils and sewer networks, including high 
heterogeneity in soil properties and the locations of sewer network defects, as well as the geometry of the sewer 
network structure. The recession exponent has been theoretically linked with soil hydraulic property heterogeneity 
(Harman et al., 2009) and the geomorphic structure of drainage networks (Biswal & Marani, 2010, 2014). Urban 
soils are highly heterogeneous (De Kimpe & Morel, 2000; Greinert, 2015; Herrmann et al., 2018) and soils in 
proximity to sewers can be especially heterogeneous due to trenching and backfilling (Sharp, 2010). Further, 
sewer networks have a dendritic structure similar to stream networks (Krueger et al., 2017; Yang et al., 2017), 
but I/I inflows are spatially heterogeneous. Zhao et al. (2020) found that 7.9% of the sewers contributed 58% of 
the groundwater inflow in the sewer systems. Differences in recession nonlinearity between I/I and streamflow 
are likely due to the combination of these three factors and future studies on urban soil heterogeneity, network 
structure, and their impacts on storage-discharge properties of watersheds are warranted.
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5.  Conclusions
Inflow and infiltration (I/I) into sanitary sewers substantially affects urban hydrology yet remains a poorly quan-
tified component of water balances. This study utilized an automatic approach to separate I/I from sanitary sewer 
flow based on autoregressive modeling and recursive digital filters. We then combined this estimate of I/I with 
nearby streamflow records to quantify the fraction of urban water balance discharged through I/I, analyzed and 
compared the hydrograph and recession characteristics of I/I and streamflow in urban and reference watersheds, 
and further investigated the impact of I/I on streamflow recession.

I/I exhibited a major role in urban hydrology in our study area of Milwaukee, Wisconsin, USA, given the compa-
rable area-normalized depths between I/I, precipitation, and streamflow. In particular, during winter and spring, 
I/I commonly exceeded precipitation, while exceeding urban streamflow for much of the year. I/I had greater 
median and low flows than urban streamflow with more temporally consistent I/I flow compared to streamflow. 
Thus, I/I not only reduced the low flows, but also distorted the flow regime, increasing streamflow flashiness. I/I 
recession was slower and more nonlinear than urban streamflow recession. The lower baseflow recession rate of 
I/I was caused by high dominance and temporal consistency of groundwater inflow, while high nonlinearity may 
be attributed to sewer network structure or heterogeneity in soil type and sewer defects.

Across all streams, high flows increased, intermediate flows decreased, and recession rate increased with imper-
viousness and sanitary sewer density. Imperviousness and sanitary sewer density contributed comparably to high 
flow regimes, while sewer density dominated the intermediate flow regimes and baseflow recession rate over 
imperviousness. Sanitary sewer density explained 35% of the variability in intermediate flows and 49% of vari-
ability in baseflow recession rates, whereas imperviousness only explained 24% of intermediate flow variability 
and 19% of baseflow recession variability.

This study highlights the necessity of including the impact of subsurface drainage and I/I when considering the 
effects of urbanization on hydrology. An important next step could be to perform a larger-scale meta-analysis 
on the impact of subsurface drainage on urban streamflow regime. Additional studies could also focus on better 
understanding urban soil heterogeneity and its impact on storage-discharge properties of watersheds, and stud-
ies of sanitary sewer morphology and its controls on I/I and streamflow recession. With such efforts, the key 
processes in urban water balances and the governing factors for flow regimes in urban watersheds can be better 
understood.

Data Availability Statement
The streamflow data used in this study is collected by the United States Geologic Survey (USGS). The sanitary 
sewer flow data used in this study is collected by Milwaukee Metropolitan Sewer District. All the data can be 
accessed from Zhang et al. (2023).
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