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Abstract
Fast hydrologic responses to storms in urban areas are often attributed to high per-
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response is channel burial. No previous studies have documented storm event
responses in buried streams despite how common stream burial is in urban areas,

with some US cities having over 75% of all headwater channels buried. Understand-
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ing event dynamics is particularly important as climate change predictions suggest an
increase in frequency of high intensity storms and urban flooding. This study used
15-min precipitation and discharge data over a period of 6.5 years to categorize
storm event responses in Nine Mile Run, an urban watershed in Pittsburgh, Pennsyl-
vania where 98% of all channels are buried. Extensive stream burial led to lower
watershed retention capacity and resulted in faster storm event responses relative to
other urban streams with comparable imperviousness. Additionally, urban water sub-
sidies in the form of sewer overflows, hydrant flushing, or water line breaks can have
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measurable contributions to flow event responses and result in seemingly unfeasible
runoff ratios. This study demonstrates novel watershed runoff responses in systems
dominated by subsurface infrastructure, which play a key role in urban water balance.

Additionally, this study highlights the fact that stream restoration is not a universal
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solution to urban stream flashiness because downstream restoration cannot resolve
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the impacts of upstream burial.
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1 | INTRODUCTION

much attention in terms of its effect on runoff routing and storm
responses (Graf, 1975). Some buried streams are given their own pipe

The impacts of urbanization on hydrologic response to storms are
well-known: urban hydrographs are characterized by a steeper rising
limb, higher peak flow, and shorter recession compared to similarly-
sized rural watersheds. These impacts on flow scale with increasing
watershed imperviousness and percent of landscape served by storm
drainage systems. (Leopold, 1968; Schueler, 1994; Schueler
et al., 2009; Shuster et al., 2005). However, stream burial, the process
of relocating surface water channels into subsurface pipes, is another
common characteristic of urban watersheds that has not received as

networks while others are deliberately captured by existing sewers
(Broadhead et al., 2013).

A more precise understanding of hydrologic response to precipi-
tation in buried streams on an event-by-event basis is important for
storm water management and flood prevention (Merz et al., 2012)
both now and into the future. Predicted climactic shifts will impact
the hydrologic cycle both globally and locally (Kundzewicz, 2008;
Trenberth, 1999) as warmer air can hold more moisture, increasing
annual rainfall and the frequency of intense precipitation events
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(Georgakakos et al., 2014). Due to this increased precipitation, both
the overall magnitude of floods and their frequency are already
increasing, and are predicted to increase further in the future
(Hirsch & Archfield, 2015). Flooding in urban areas can damage build-
ings, roads, and other urban infrastructure (Schreider et al., 2000), as
well as permanently alter ecosystems and habitat, jeopardizing the
success of stream restoration projects (Bain et al., 2014).

Areas of urban land with predominantly buried surface waters
have been called ‘urban stream deserts’ (Napieralski et al., 2015) and
constitute over 11 000 km? of the contiguous US (Napieralski &
Carvalhaes, 2016). Stream burial is more common in central portions
of older North American cities, with extensive channel loss docu-
mented in Baltimore, MD (Elmore & Kaushal, 2008; Weitzell
et al., 2016), Washington, DC (Weitzell et al., 2016), Cincinnati (Roy
et al., 2015), Detroit, Ml (Napieralski & Welsh, 2016), and Pittsburgh,
PA (Hopkins & Bain, 2018). In these cities, headwaters are often pref-
erentially buried because of their small size and spatial prevalence
(Leopold, 1968).

Stream burial decreases hydrologic residence time because artifi-
cial channels and pipes are smoother and straighter than natural chan-
nels so water passes through more quickly (Henderson, 1966;
Kaushal & Belt, 2012). Decreased residence time in headwater chan-
nels can result in higher flows downstream (Ogden et al., 2011), as
water from more distant parts of the catchment reach the watershed
outlet at the same time as nearby tributaries, Additionally, relocating
stream channels to pipes complicates the connections between sur-
face water, hyporheic zone, and riparian areas (Broadhead
et al., 2013; Hopkins & Bain, 2018). Burying streams can completely
separate surface water from hyporheic and soil flowpaths and prevent
exchange of water. Older pipes are more likely to leak, leading to spa-
tially heterogeneous hot-spots of infiltration and exfiltration through-
out the buried drainage network (Bhaskar & Welty, 2012). The dense
network of subsurface pipe conveyance created by widespread
stream burial has been called “urban karst’ (Bonneau et al., 2017;
Hibbs & Sharp, 2012; Kaushal & Belt, 2012). Buried pipes are often
surrounded by high permeability sand and gravel that acts as a prefer-
ential flowpath for drainage of groundwater in the basin (Soulsby
et al., 2014) and promote lateral movement and interactions with
sewer and drinking water pipes (Sharp et al., 2003). Runoff models like
SWMM do not account for pipe leakage or the preferential flowpaths
around them (Bonneau et al., 2017) so the contributions from these
urban water subsidies are seldom included in event studies (Bhaskar &
Welty, 2012).

Watershed response to storm events can be complicated because
stream discharge is a mixture of precipitation inputs and water stored
in the watershed. Overland flow across impervious surfaces is the
dominant transport mechanism for both water and pollutants in urban
streams (Buda & DeWalle, 2009), but storm flow still contains a con-
siderable proportion of pre-event water, ranging 20%-90%, due to
groundwater travelling through wurban karst (Meierdiercks
et al., 2010b). Delineating the relative contribution of event and pre-
event waters is challenging and there are several methods, using
tracers, graphical approaches, or digital filters (Blume et al., 2007).

‘Event flow’ can be categorized as rainfall from a particular event, or

the results of a rapid increase in hydraulic head that causes a fast
release of groundwater discharge and thus a mixture of old and new
water (Wittenberg, 2003). Dingman (2002) defined event flow as
water volume attributable to a single event, thus, event flow includes
surface runoff, interflow, sewer overflows, and fast groundwater
response as a direct reaction to rainfall inputs.

Flow separation is more complex in urban systems due to contri-
butions from combined and sanitary sewer overflows to stream dis-
charge. Combined sewers are single pipe systems with both storm
water and sanitary sewage combined in the same pipes. During flows
that exceed pipe capacity, combined sewer pipe systems are designed
to overflow into surface water. Separated sanitary sewers also have
overflows in the case of excess pressure, which can occur when pipe
capacity is exceeded from high infiltration into sewers during storm
events (EPA, 2004; Pangle et al., 2022). For our purposes, both types
of sewer overflows are also considered event flow because an individ-
ual overflow event is directly related to a given storm event.

To clarify patterns in buried stream event responses, we investi-
gate the following questions in this study: How does widespread
headwater stream burial affect the hydrograph response to precipita-
tion inputs? Are there seasonal trends in the rainfall-runoff relation-
ship? Do the thresholds of change in this relationship reveal
connections among the various networks of subsurface urban
infrastructure?

2 | DATA AND METHODS

2.1 | Study site

The Nine Mile Run watershed drains 15.7 km? of eastern Pittsburgh,
PA and surrounding suburban communities. The watershed is 38%
impervious surfaces and predominantly urban land cover (66%); the
remainder is 18% forested, 10% grassy field, and 5% barren land
(PAMAP Program Land Cover for Pennsylvania, 2005) (Figure 1b).
Half of the watershed is served by combined sewers and half by sepa-
rated storm and sanitary sewer networks (Figure 1c). About 60% of
this sewer network in Nine Mile Run is made of vitrified clay pipe (Joe
Fedor, personal communication), which commonly fails along pipe
joins (Kuliczkowska, 2017). A majority of the headwaters of Nine Mile
Run were buried in the 1920s (Historic Pittsburgh Maps, 2021) during
a time of rapid residential development (Hopkins et al., 2013). These
buried channels were often deliberately located in the same pipes as
the storm sewer network (Hopkins & Bain, 2018). Today, almost all
headwater channels in the Nine Mile Run watershed are buried (3 Riv-
ers 2nd Nature, 2006), with only the most downstream portion in a
restored surface channel (Figure 1b). This multi-million dollar stream
restoration project was completed in 2006 and aimed to restore the
main stem of Nine Mile Run, prevent erosion and flooding by con-
necting the stream to the adjacent floodplain wetlands, and support
the recovery of instream biotic communities (Bain et al., 2014). While
there were water quality and ecological improvements following res-
toration, this effort did not address the effects of headwater stream
burial on downstream flooding.
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2.2 | Data collection

We measured Nine Mile Run discharge with a HOBO pressure trans-
ducer (Onset Computer Corporation, Bourne, MA) in a stilling well
installed in 2014, 300 m downstream of the culvert where the above
ground portion of Nine Mile Run emerges (Figure 1). The rating curve
for this pressure transducer was created with 12 paired stage-
discharge measurements collected from 2014-2015 at a variety of
flow conditions. The gauged reach is a concrete, trapezoidal channel,
so the stage-discharge relations should remain relatively stable over
time. The highest storm flow we could safely measure was 1.02 m*/s,
resulting in higher uncertainty in the stage-discharge relationship at
flows above this threshold (Figure S1). The coefficient values for the
rating curve were determined with an iterative non-linear least-

Legend
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FIGURE 1  Maps of the Nine Mile Run watershed showing:

(a) buried streams (dotted lines) and surface streams (solid lines) along
with radar precipitation pixels designated as headwater or
downstream based on the location of the discharge sensor (black dot).
USGS gage installed from 2006-2009 is shown in the white dot. Map
(b) shows the currently visible surface stream channels and land use
from PAMAP Program Land Cover for Pennsylvania 2005. Map

(c) shows the sanitary and combined sewer networks of the Nine Nile
Run watershed
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squares regression method in R, and each have their own associated
error. This uncertainty in coefficients was used to calculate a range of
potential discharge values for any given stage (Figure S1). The distri-
bution of discharge from the pressure transducer record collected for
this study was comparable to the distribution of discharge data from a
USGS gage (03085049, active 2006-2009) that was installed farther
downstream (Kolmogorov-Smirnov test, p < 0.0001, Figure S2). The
upstream discharge measured with the pressure transducer was often
larger than the downstream discharge measured with the USGS gage
due to sewer infiltration (Divers, unpublished data).

The watershed metrics calculated for this study only considered
the portion of the watershed that drained directly to the gauged reach
rather than the entirety of Nine Mile Run This headwater sub-
watershed above the pressure transducer drained a land area of
8.2 km?, is 81% urban land use, and has 98% of all channel length bur-
ied, so it was an ideal location for investigating the effects of channel
burial on storm event responses.

The buried subwatershed is served by separated storm and sani-
tary sewer networks. There were several gaps in the discharge record
due to equipment malfunction of the pressure transducer, barometric
correction station, or data shuttle, as well as the clogging of the stilling
well access following a large flow event (Table 1, Figure 2). These data

TABLE1  Summary of discharge data record with data gaps and
storm events by year
Percentage of days Number of

Year missing from flow record storm events

2014 45% 47

2015 9% 81

2016 48% 36

2017 26% 79

2018 38% 68

2019 0% 126

2020 12% 88

801

Discharge (m®/sec)
5 8

N
=]
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2016 2018 2020
Year

FIGURE 2 15-minute flow data time series for the entire study
period (2014-2020). Gaps in data are highlighted by grey shading.
Line colour designates seasons with spring in green, summer in
yellow, fall in red, and winter in blue. 2019 stands out as an extremely
wet with year with four of the overall 10 largest events
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gaps occur in all seasons but are slightly more common in spring,
potentially biasing comparison of events across seasons.

Watershed precipitation data was obtained from NEXRAD radar
calibrated by a network of 33 rain gages across Allegheny County
(3 Rivers Wet Weather, 2021). This data included rainfall depths for
every 1 km? grid cell in Allegheny County at 15-min intervals
(Loehlein et al., 2005). For this analysis, rainfall from the 12 pixels that
overlay the buried watershed (Figure 1a) was averaged to calculate a
precipitation depth for each 15-min interval.

2.3 | Storm selection
The Nine Mile Run discharge data and radar precipitation data were
joined into a single dataset by matching timestamp to create a 7-year
record (2014-2020). We used the BaseflowSeparation function within
the EcoHydRology R package, to separate the discharge record into
‘quickflow” and ‘baseflow’ components using a recursive digital filter
(Fuka et al., 2018), with a filter parameter of 0.99 and three passes.
This filter parameter is recommended over the traditional 0.95 or
0.925 for sub-hourly time steps (Duncan, 2019; Hopkins et al., 2019)
and was validated by visually inspecting hydrographs. Storm events
were selected from the discharge record based on three criteria:
(1) discharge greater than the threshold of 0.8 m3/s, (2) event
quickflow (Q) greater than 0.5 m*/s, and (3) a discharge slope greater
than a threshold slope (S¢) of 0.01 m3/s calculated as discharge minus
a 4-h leading (ti+4) and 2-h lagging minimum discharge (ti—2) (adapted
from Hopkins et al., 2019). The thresholds were chosen to ensure that
each storm was above baseflow conditions, which vary widely
throughout the year. This selection process resulted in a set of 448 dis-
charge events. Each of these identified hydrograph events were then
matched with the most recent precipitation event up to 3 h before the
corresponding hydrograph event. We identified precipitation events
as periods of time when precipitation was greater than 0 mm, where a
break in precipitation greater than 2 h was considered a separate pre-
cipitation event, resulting in a total of 1309 distinct precipitation
events. There were many more precipitation events than flow events
because there are no gaps in the precipitation data, and extremely
small precipitation events did not produce a detectable a flow event.
In several cases (n = 84), multiple distinct discharge peaks were
classified as the same event because the stream did not return to
baseflow conditions before the next precipitation event created a dis-
charge response. These were manually separated at each streamflow
minima. In sum, a total of 525 matching discharge and precipitation
events were used in the following analyses. For seasonal analyses,
spring is March 20th-June 19th, summer is June 20th-September
21st, fall is September 22nd-December 20th, and winter is December
21st-March 19th.

2.4 | Event metrics and statistics

For each paired precipitation-discharge event, the precipitation met-
rics calculated included: total event precipitation depth (mm),

precipitation event duration (h), precipitation intensity (mm/h), and
5-day total antecedent precipitation depth (mm). For all precipitation
metrics, only the buried watershed area above the pressure trans-
ducer was considered. We chose 5-day antecedent precipitation as a
measure of antecedent conditions because it is more directly compa-
rable to flow metrics than measurements of soil moisture (Smith
et al., 2013). The hydrologic response variables were hydrograph peak
duration (h), maximum discharge (m3/s), runoff yield (total runoff vol-
ume converted to a depth by dividing by watershed area) (mm), and
the hydrograph rise time (hours from start of hydrograph event to
peak of discharge).

To evaluate the relationships between precipitation and discharge
events, we calculated runoff ratio and lag time. Runoff ratio, also
called runoff coefficient, is a unitless volume ratio of event rainfall to
either total flow volume or quickflow volume (Blume et al., 2007).
Runoff ratio can be calculated in an annual or event basis. Since this
paper focuses on events, we calculate runoff ratio as total quickflow
divided by total event rainfall for each event. Lag time is the amount
of time between the precipitation event and hydrograph event. It is
often calculated as the hours between the centroid of precipitation
and the maximum discharge (Smith et al., 2013), but for some events
with very fast watershed responses and extended precipitation, the
maximum flow occurred before the centroid of precipitation which
would result in a negative lag time, so we chose to use the time
between the start of precipitation and start of the hydrograph rise.

We assessed correlations between maximum discharge, runoff
yield, and event precipitation using simple linear regression performed
in R. Except for runoff ratio, all precipitation and discharge response
variables were log transformed for linear regressions. Runoff ratio is
approximately normal without transformation. While log transformed
data are not statistically normal, they do follow an approximate
Gaussian shape, with the exception of streamflow rise time (Figure 3).
Rise time is limited by the 15-min data collection interval, so anything
faster than 15-min will appear in the data as a 0-min rise time, and
thus be removed from log-transformed data. Seasonal variation in
both the precipitation input and watershed response metrics listed
above were assessed with ANOVAs and Tukey's post-hoc tests per-

formed in R.
3 | RESULTS
3.1 | Precipitation events and hydrologic

responses

Over the full study period from 2014-2020, there were 525 distinct
storm events that met the criteria defined above (Figure 2, Table 2).
2019 was the wettest year during the study period with a total of
1328 mm of precip from 130 storm events and was also the only year
in the record with no data gaps (Table 1). Total event precipitation
depth ranged from 0.24 to 181.7 mm, and event duration spanned
from 0.25 to 63.5 h. Precipitation event intensity ranged from 0.2 to
45.4 mm/h. The 5-day antecedent precipitation depth prior to event
onset ranged from 0.0 to 87.5mm. In terms of event responses,
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FIGURE 3  Histograms of log transformed data: (a) precipitation depth, (b) precipitation intensity, (c) precipitation duration, (d) peak discharge,

(e) hydrograph rise time, and (f) discharge duration. All distributions except rise time are approximately normal, though they are all statistically
different from normal due to the influence of a few outliers (Shapiro-Wilk test, precipitation depth: p = 0.0036, precipitation intensity:
p = 0.0027, precipitation duration: p = 0.0019, discharge peak: p < 0.0001, rise time: p = NA, discharge duration: p = 0.0008)

;Aet?’il_cf 2 Summary statistics of event Mean Median Minimum Maximum
Precipitation metrics
Total event precipitation (mm) 10.22 6.32 0.24 181.67
Precipitation duration (h) 5.62 3.75 0.25 63.50
Precipitation intensity (mm/h) 2.76 1.64 0.18 45.38
5-day antecedent precip (mm) 16.75 13.23 0.00 87.47
Hydrograph response metrics
Peak discharge (m3/s) 6.13 3.65 0.81 81.05
Hydrograph event duration (h) 9.02 6.25 1.00 81.50
Runoff yield (mm) 5.02 2.49 0.24 124.56
Rise time (h) 1.92 0.75 0.00 39.50
Combined metrics
Lag time (peak starts) (h) 2.1 1.75 0.00 13.00
Runoff ratio 0.46 0.42 0.10 3.14

discharge events spanned between 1.0 and 81.5 h in duration. Lag
times between the start of the precipitation event and the start of the
discharge event ranged from 0.0 to 13.0 h with a median of 1.8 h.
Hydrograph rise time ranged from 0.0 to 39.5 h with median of
0.75 h. Measurement of response time is fundamentally limited by the
data collection interval (15 min). There were 24 events where the rise
time from the start of hydrograph rise to its peak was 15 min or less,
meaning that the entire hydrograph rise occurred between data col-
lection points. These extremely fast storms have hydrograph rise
ranging from 14.1 to 40.6 m3/s in that 15-min interval. Peak discharge

ranged from 0.81 to 81.1 m3/s. This highest flow is 400x the average

baseflow condition of 0.2 m3/s. For these extremely high peaks, the
error of the coefficients of the stage-discharge curve means the
81.1 m?/s peak flow could be anywhere between 55.3 and
110.1 m/s.

3.2 | Relationships among the precipitation and
streamflow metrics

In general, longer precipitation events led to longer flow events
(R? = 0.605, p<0.001). A higher precipitation depth led to both
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higher peak streamflow (R? = 0.523, p < 0.001, Figure 4a) and a larger
runoff yield (R? = 0.889, p < 0.001, Figure 4d). Although higher pre-
cipitation intensity resulted in higher peak streamflow (R? = 0.526,
p < 0.001, Figure 4b), the relationship between precipitation intensity
and runoff yield was weak (R? = 0.142, p < 0.001, Figure 4e). These
relationships are affected by the presence of a few storms with very
high flows, or very low precipitation, but are not considered outliers
(Rosner's test in the EnvStats R package) and are thus not excluded
from the analysis. Neither peak streamflow nor runoff yield were cor-
related with 5-day antecedent precipitation (Figure 4c,f) and thus indi-
cated that pre-event water plays a negligible role in determining event
response.

3.3 | Seasonal variation in watershed response

Throughout the study period, summer had the highest total number
of storms (n = 167), followed by fall (n = 137), spring (n = 123),
whereas winter had the fewest storms (n = 99). However, there were
several month-long gaps in the flow data that could affect these num-
bers. While days without data occurred in all seasons, the majority of
them (56%) occurred in spring and fewest in fall (5%) (Figure 2), so
spring storms will be slightly underrepresented in this analysis com-
pared to their actual frequency. To illustrate this point, if we consider
only years where <15% of the flow data is missing (2015, 2019, and
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2020), the greatest number of storms was in the spring or summer,
followed by winter or fall.

The average event precipitation depth for each season was within
3.2 mm of each other (winter = 10.4 mm, spring = 8.3 mm,
summer = 9.4 mm, and fall = 11.5 mm), and there was a significant
difference between precipitation depth in both spring and summer
(drier) and fall (wetter) seasons (Tukey's test, p = 0.02 for spring-fall,
p = 0.04 for summer-fall, Figure 5a). These seasonal differences in
precipitation were more apparent in precipitation event duration.
Pittsburgh has a humid climate that experiences convective thunder-
storms in the late spring and summer. These thunderstorms storms
deliver similar amounts of precipitation in a shorter time interval, aver-
aging 3.3 and 4.2 h for spring and summer, relative to 7.6 and 8.3 h
for fall and winter (ANOVA, p < 0.001, Table 3, Figure 5b). The shorter
duration summer and spring precipitation events lead to significant
differences in precipitation intensities with an average intensity of
4.5, 2.6, 1.9, and 1.2 mm/h for summer, spring, fall, and winter,
respectively (ANOVA, p < 0.001, Table 3, Figure 5c).

This intense precipitation in summer and spring led to rapid and
high discharge responses. The average summer hydrograph peak
(9.2 m3/s) is nearly twice as large as in fall (4.6 m3/s) and winter
(3.8 m3/s). Summer discharge peaks were significantly higher com-
pared to fall and winter (Tukey's test, p < 0.001 for summer-winter,
p < 0.001 for summer-fall) and spring was significantly higher than
winter (Tukey's test, p = 0.005, Figure 5f). Spring and summer
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TABLE 3  Average event metrics separated by season

Event metric Winter Spring Summer Fall
Event precipitation (mm) 10.37 8.24 10.44 11.46
Precipitation intensity (mm/h) 1.24 2.60 4.48 1.92
Precipitation duration (h) 8.26 4.17 3.39 7.63
Runoff depth (mm) 5.97 3.69 5.19 5.34
Flow peak (m3/s) 3.80 5.84 9.20 4.59
Flow peak duration (h) 12.38 7.43 7.07 10.48
Runoff ratio 0.55 0.47 0.48 0.46
Rise time (h) 3.04 1.28 1.10 2.61
Lag time (h) 2.73 1.76 1.61 2.51
discharge events were both of significantly lower duration (Tukey's spring and summer storms tend to be a single discharge peak followed
test, p < 0.001 relative to summer-winter, summer-fall and spring- by a recession, whereas longer-duration storms in fall and winter
winter, p = 0.001 for spring-fall, Figure 5e). This reflects the fact that often have multiple peaks in response to individual pulses of
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precipitation inputs, leading to an overall longer time above baseflow
conditions. Discharge rose more quickly in summer and spring, 1.1
and 1.3 h, respectively, compared to 2.6 h for fall and 3.0 h for winter
(Tukey's test, p<0.001 for summer-winter and summer-fall,
p = 0.003 for spring-winter, and p = 0.002 for spring-fall, Figure 5h).
The lag time between precipitation and flow events also followed this
same pattern of shorter in summer and spring than fall and winter
(Tukey's test, p < 0.001 for summer-winter, summer-fall, spring-win-
ter, and spring-fall, Figure 5i).

3.4 | Runoff ratios

The average event-specific runoff ratio across the full dataset was
0.48 + 0.27. The average value for winter (0.50 + 0.17) was slightly
higher than the other seasons (spring = 0.47 + 0.23, summer = 0.48
+£0.37, fall = 0.46 £0.23), but this difference was not significant
(ANOVA, p = 0.22, Figure 5g). The high standard deviation shows
considerable variation in runoff ratios among events. However, almost
none of the observed variability in runoff ratios can be explained by
log-transformed event precipitation (linear regression, R? = 0.003,
p = 0.003), precipitation intensity (R? = 0.002, p = 0.13), or pre-event
discharge (R? = 0.056, p < 0.001).

3.5 | Time lags between precipitation and
streamflow

Across all events, the lag time between the start of the precipitation
and start of the hydrograph event was an average of 2.1 h, but it
ranged from less than 15 min up to 13 h. There were 70 events with a
lag time of 30 min or less, showing the Nine Mile Run system is

extremely reactive to rainfall. One example of these storms with a
15-min lag time is shown in Figure 6.

4 | DISCUSSION

4.1 |
streams

Buried streams are the flashiest urban

Although urban streams are often described as ‘flashy’, characterized
by faster hydrograph rise and fall than rural reference streams (Walsh
et al., 2005), the widespread channel burial in Nine Mile Run makes it
respond faster and with a larger peak discharge per square kilometre
of drainage area than most other urban streams (Table 4). Throughout
the literature, hydrograph ‘flashiness’ has had several definitions

TABLE4  Summary of watershed flashiness in this study and
other urban streams in the literature
Metric defining This study (buried
‘flashiness’ stream) Other urban streams
Fast watershed Average of 79 min Average of 102 min
response time/ (Smith et al., 2013)
lag time
Short hydrograph Average of 45 min Less than 1 h (Smith
rise time et al., 2013)
Frequent high flow Average of 12 events/year over
events 16.7 events/year 1 m3/s/km? (Smith,

Short duration of
elevated flow

over 1 m3/s/km?

24% of the record
over mean flow

Miller, et al., 2005)

30% of total time
above mean flow

conditions (Konrad

et al., 2005)

)

61 Precipitation !
Event Start =|
16:15 :

Precipitation (mm)

15:00 18:00

Lag Time = 15 min

21 -l 0

—_
O
~

23 Discharge ;
@ Event Start = :
“E 16:30
o 90
=
o
£
@25
&
0.01

15:00 18:00

Time

FIGURE 6  Precipitation and
discharge time series for one example
storm to illustrate the short lag time
between the start of the precipitation
event and the start of the rise in
discharge. This event is from 15:00-
23:00 on July 7, 2017
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based on fast watershed response time (Smith et al., 2013), high rate
of change in hydrograph on both rising and falling limbs (McMahon
et al., 2003; Poff et al., 1997), the short duration of elevated flow con-
ditions (Konrad et al., 2005; McMahon et al., 2003), or high frequency
of events over a specific threshold (Smith et al., 2013; Smith, Miller,
et al., 2005).

In the context of flashiness reported for urban streams, the larg-
est 50 events recorded in Dead Run (30% impervious) in Baltimore
from January 2000-December 2009 had an average watershed
response time, also known as lag time, of 102 min from the time of
the rainfall centroid to the peak discharge (Smith et al., 2013). In con-
trast, in Nine Mile Run (38% impervious), the largest 50 events have
an average lag time of 41 min from centroid of precipitation to flow
peak (Figure 6). This number is complicated by the fact that nine of
these storms have negative lag times using this approach, where the
peak discharge occurs before the bulk of precipitation has occurred,
due to an extremely fast hydrograph rise. For this reason, we chose to
use the time between precipitation start and start of hydrograph rise
as the lag time for all events. Using this approach, the watershed
response time of the largest 50 storms events averages 79 min, still
22% faster than Dead Run. The short lag times in urban watersheds
are due to impervious surfaces that prevent infiltration and
engineered drainage systems that efficiently route runoff to streams.
This drainage efficiency means that rain falling in the headwater can
reach the watershed outlet almost as fast as rain falling adjacent to
the channel. In general, event lag times scale with the percent imper-
vious cover (Meierdiercks et al., 2010b). However, as demonstrated in
this study, stream burial further accelerates the short lag times of
urban streams due to the integration of surface, soil, and pipe
flowpaths that routes all water in pipe networks engineered to con-
duct water as fast as possible. As a result, any precipitation in the Nine
Mile Run watershed reaches the stream via the fastest route possible
soon after the storm begins.

In contrast to lag times that include both the time for rain to
become runoff and travel times through watershed flowpaths, hydro-
graph rise time—the amount of time between when stream discharge
starts to rise and when it reaches peak discharge—only reflects runoff
travel times. The median hydrograph rise time in Nine Mile Run for all
events was 45 min, but there are 28 events with a rise time of 15 min
or less. This rise time is comparable to urban watersheds in the
Baltimore area where six watersheds have hydrograph rise times of
less than an hour and three of them are less than 15 min, (Smith
et al., 2013). One notable difference is that the Baltimore study only
quantifies the 50 largest storm events in a 10-year period for each
watershed, whereas we characterize the median rise time for this
study based on all events in a 6.5-year period. In Baltimore, rise times
were not related to land use, but time period of urban development
and presence of stormwater detention infrastructure (Smith
et al., 2013). In contrast, buried streams have no stormwater deten-
tion facilities and instead conduct all stormwater to the stream as fast
as possible, explaining the extremely fast rise times. A study of urban
and suburban watersheds in New York state found a decrease in rise
times with urbanization that is closer to the watershed outlet as

WILEY_°3

opposed to farther away in the headwaters (Roodsari &
Chandler, 2017) but this spatial organization of landscape impacts is
less relevant when the stream is fully-buried, because all flowpaths
are artificial drainages and travel times from the headwaters to the
outlet are extremely fast.

The rapid hydrograph rise time in urban streams translates to a
shorter overall time in elevated flow conditions compared to rural
streams (McMahon et al., 2003). In Nine Mile Run, there were
58 events where the entire hydrograph rise and recession occur in
less than 3 h. These quick events had some large flows: one event
rose up to 18 m3/s and back down to 0.3 m3/s in less than 3 h. The
overall impact of fast hydrograph changes can be quantified by com-
paring the percentage of time that a stream exceeds its mean
streamflow over long time periods (Konrad et al., 2005). For example,
urban streams in the Puget Sound region of Washington State had
less than 30% of the total time above mean flows (Konrad
et al., 2005). During the study period, Nine Mile Run is similar with
flows exceeding the mean discharge only 24% of the total record.

The frequency of rapid storm response is also indicative of stream
flashiness. Moores Run in Baltimore (9.1 km?) has been reported as
one of the flashiest streams in the contiguous US based on a 10-year
dataset with an average of 12 events per year when discharge
exceeded 1 m3/s/km? (Smith, Miller, et al., 2005). These frequent high
flows are attributed to high urbanization (82% urban land use), stream
burial in the upper watershed, efficient concentration of runoff in the
storm drain network, and a lack of stormwater detention structures
(Smith et al., 2013; Smith, Miller, et al., 2005). The Nine Mile Run bur-
ied subwatershed, which is a comparable size (8.2 km?) and urbaniza-
tion (81% urban land use), had 117 total events exceeding this same
discharge threshold of 1 m3/s/km? threshold in 6.5 years of data with
an average of 16.7 events per year. The frequency of fast storm
responses in these two extremely impacted urban watersheds sup-
ports the role of stream burial in generating flashy storm response.
Most discussions of flashy urban streams have focused on urban
watersheds where total imperviousness or connected imperviousness
is a primary driver of fast storm responses, whereas Hopkins
et al. (2015) emphasized the importance of regional physiographic
characteristics in determining the relationship between urban devel-
opment and high flows. Catchments with shallower slopes, higher soil
permeability, and more lakes, such as Boston, MA; Detroit, MI; Port-
land, OR; and St. Paul, MN can buffer the impacts of urbanization and
generally have lower peak flows compared to cities in areas with
higher slopes or less permeable soils including Pittsburgh, PA; Atlanta,
GA; and Raleigh, NC (Hopkins et al., 2015). Conversely, Roodsari and
Chandler (2017) found that when comparing watersheds within a sin-
gle region, catchment morphology, hydraulics, topography, and soils
were less correlated with runoff peak flows and stream flashiness
than the percentage of artificial pathways in the watershed. This study
supports both of these previous studies and demonstrates that in
addition to regional physiographic characteristics, the type of urban
development also impacts event responses. The Nine Mile Run sub-
watershed has steep slopes, impermeable soils, but also is composed
of 98% buried channels. This dominance of stream burial creates a
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system where streamflow responses are higher, faster, and more fre-
quent than other urban watersheds of comparable size, impervious-
ness, and underlying geology.

4.2 | Dominance of convective summer
thunderstorms in climate-driven flooding

Throughout the study period, convective summer thunderstorms
dominated the overall watershed response. These storms are intense
localized storms triggered by the vertical movement of heat and mois-
ture and characterized by heavy rain, thunder, lighting, strong winds,
and sudden changes in temperature (Smith, Baeck, et al., 2005; Smith,
Miller, et al., 2005). Intense summer storms dominated overall storm
response trends because of the high discharge peaks, short duration,
and small spatial area (Figure 5b,c), and also because summer had, on
average, more storm events than other seasons. While this finding in
itself is not new (Valtanen et al., 2014; Yang et al., 2013), it is impor-
tant because warm season thunderstorms are the primary mechanism
of flashy floods in urban environments (Ntelekos et al., 2008; Smith,
Baeck, et al., 2005; Smith, Miller, et al., 2005). These summer rainfall
events are predicted to become more intense in next decades as
warmer air temperatures lead to a higher frequency of intense storms
(Drum et al., 2017; Hirsch & Archfield, 2015). Urban areas can even
increase likelihood of thunderstorms because the urban heat island
effect can create convergence zones above and downwind of the
urban area, as well as the increased concentration of aerosols from
emissions can increase rainfall and streamflow in urban streams
(Bornstein & Lin, 2000; Ntelekos et al., 2008). This climatic pressure
will be even more apparent in watersheds with buried streams
because the pipes that contain buried streams were built to accom-
modate the stream flow of 100 years ago, whereas increased runoff
from development and climate change leads to stream flows that
exceed pipe capacity. Urban stream deserts with no surface stream
channels due to complete burial, which comprise the 6% of all urban
land across the continental U.S., are more likely to flood, potentially
affecting up to 73 million people (Napieralski & Carvalhaes, 2016).

4.3 | Runoff ratios reflect water subsidies from
failing urban infrastructure

Runoff ratios describe how landscapes transform rainfall inputs into
runoff that contributes to streamflow (Blume et al., 2007) where high
values can indicate higher risk of surface floods. The average annual
runoff ratio is 0.46 for Nine Mile Run and reveals that for a typical
event, half of the event rainfall becomes runoff in the stream. The
other half infiltrates into soil, groundwater, or buried pipe infrastruc-
ture, where it is released back into the stream after the event or lost
to evapotranspiration. In the case of pipe infiltration, water can also
be transported to other watersheds via sanitary sewer networks.
Despite seasonal variation in precipitation amounts and hydrograph
responses, event runoff ratios are consistent throughout the year

(Figure 5g), suggesting that this metric reflects the effects of urban
infrastructure on flow routing rather than any hydroclimate pattern.
Runoff ratios are usually related to antecedent rainfall (Haga
et al., 2005; Smith, Baeck, et al., 2005; Smith, Miller, et al., 2005). For
example, when a watershed is more saturated from past rainfall inputs,
more rainfall is converted to event runoff. This relationship of runoff
ratios with watershed saturation is also seasonal, with slightly higher
runoff ratios in winter when there is more storage of water in the
catchment due to decreased evapotranspiration losses. Event runoff
ratios in Dead Run and Moores Run, both urban streams in Baltimore,
ranged 0.38-0.88 and had a positive relationship with total event rain-
fall and antecedent moisture conditions However, event runoff ratios
in Nine Mile Run are also not related to event precipitation inputs or
antecedent moisture, suggesting that due to channel burial and rapid
routing of runoff, there is minimal watershed storage of event water
between events to affect the runoff ratio of the next event.

During the study period, 14 storm events had a runoff ratio
greater than 1, meaning that there is more event water in the stream
than precipitation inputs. We initially thought this was due to accumu-
lated responses to multiple, closely-timed storms that confounded run-
off accounting among events. Even after these events (n = 6) were
eliminated, there are eight other events, all in the summer, with runoff
ratios greater than 1. This ‘water subsidy’ could be from sewer over-
flows, hydrant flushes, or water line breaks. While the uncertainties in
the stage-discharge relationship (Figure S1) can affect calculation of
event runoff ratios, even with the lowest possible discharge from the
stage-discharge relationship, there are still multiple events with runoff
ratios exceeding 1. The phenomenon of urban water subsidies has
been considered in other urban hydrology studies (Bhaskar &
Welty, 2012; Kaushal & Belt, 2012; Pangle et al., 2022) and warrants
further exploration, particularly because these subsidies are heteroge-
nous in space and time. Pipe leakage is not evenly distributed around a
watershed but concentrated in certain places (Bhaskar & Welty, 2012),
and new fractures can form due to changes in weather, or old frac-
tures can be repaired or blocked with debris and stop leaking (DeSilva
et al., 2005), making attribution to one particular urban water source
challenging. The likelihood of sewer overflows in Nine Mile Run is high
due to proximity of sewage pipes—a large (1.4 m diameter) collector
sewer pipe runs alongside the mainstream channel for its entire
length—and advanced sewer age of this network (~100 years old)
(Divers et al., 2013). While sanitary sewers are not designed to receive
storm water, old pipes are subject to fractures, failures, and intrusion
by tree roots that introduce opportunities for groundwater to infiltrate
through pipe cracks and create flows that exceed pipe capacity. We
have observed sanitary sewers overflowing through utility access
points into the stream during many storm events. Inflow and infiltra-
tion of freshwater into sanitary sewers can constitute 20%-50% if the
total flow (Bares et al., 2012; Karpf & Krebs, 2011; Kracht et al., 2007;
Kracht & Gujer, 2005; Pangle et al., 2022), and is the dominant cause
of sanitary sewer overflows (EPA, 2004).

The remaining eight storms with runoff ratios greater than one
fall into three groups based on the magnitude of the discharge peak:
discharge peak less than 2 m®/s, discharge peak 2-4 m3/s, and
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discharge peak above 4 m*/s. For the four storms below 2 m3/s, we
attribute the high runoff ratios (1.1-1.7) to water infrastructure fail-
ures such as drinking water main breaks and hydrant flushing. These
storms all have low event precipitation (0.3-0.4 mm) that cannot
account for the size of the discharge peaks (1.0-1.7 m3/s), so the high
runoff ratio could be due to the contribution of anthropogenic
sources of water in the watershed. The two storms with discharge
peaks of between 2 and 4 m*/s also have low event precipitation (0.2
and 0.4 mm) but have high antecedent precipitation (6.5 and
15.7 mm), suggesting that higher soil saturation, and sewer pipes at
higher capacity from previous storms may create favourable condi-
tions for sanitary sewer overflows and lead to the observed event
runoff ratios of 2.0 and 3.2, respectively. In the last case, the two
storms with very high discharge peaks (17.7 and 24.4 m*/s) have both
high event precipitation and high antecedent precipitation, suggesting
event precipitation filled pipes beyond capacity.

All storms with runoff ratios greater than one occurred in summer
or the very end of spring, further supporting the role of high intensity
convective thunderstorms for triggering sewer overflow events, espe-
cially when there are multiple consecutive high-intensity events in the
watershed over several days. These overflow-driven streamflow sub-
sidies are spatially heterogenous, and infrequent, but can still affect
the hydrology, especially in a stream that is as responsive to storm
drainage inputs as Nine Mile Run.

5 | CONCLUSIONS

While Nine Mile Run is comparable in size and imperviousness to
many prominent urban watershed case studies (Konrad et al., 2005;
Meierdiercks et al., 2010a; Smith et al., 2013; Smith, Miller,
et al., 2005), it is considerably flashier by almost all metrics. We attri-
bute this to the widespread (98%) stream burial of Nine Mile Run
stream channels. The inconsistent linkage between flow events and
antecedent precipitation, and the narrow range of runoff ratios
observed throughout the year seem to result from the dominant piped
drainage. Runoff ratios greater than one suggest considerable infra-
structure failures and highlight the importance of urban water subsi-
dies, such as sewer overflows and water main breaks, as important
contributors to urban streams during storm events, especially those
when systems are at capacity from previous storms.

We observed the largest and fastest event responses to convec-
tive summer thunderstorms, and it is these high intensity storms that
are predicted to increase in frequency over the next several decades
(Hirsch & Archfield, 2015). It is essential to support projects that build
watershed retention capacity and mitigate the effects of urban
flooding. However, this is no easy task. For example, while some stud-
ies show stormwater detention decreases peak flows (Pennino
et al., 2016), other studies determined that the presence of
stormwater management facilities have an negligible effect on reduc-
ing peak flows or discharge rise time (Miller et al., 2021). Our study
results further underline limitations inherent in using stream restora-
tion projects as end-of-pipe solutions to flashy urban streams.

Hydrologic responses driven by buried headwaters can threaten the
success of restoration projects when flows exceed design flows and
wash out wetlands, riparian areas, and other habitat restoration inter-
ventions (Bain et al., 2014).
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(Georgakakos et al., 2014). Due to this increased precipitation, both
the overall magnitude of floods and their frequency are already
increasing, and are predicted to increase further in the future
(Hirsch & Archfield, 2015). Flooding in urban areas can damage build-
ings, roads, and other urban infrastructure (Schreider et al., 2000), as
well as permanently alter ecosystems and habitat, jeopardizing the
success of stream restoration projects (Bain et al., 2014).

Areas of urban land with predominantly buried surface waters
have been called ‘urban stream deserts’ (Napieralski et al., 2015) and
constitute over 11 000 km? of the contiguous US (Napieralski &
Carvalhaes, 2016). Stream burial is more common in central portions
of older North American cities, with extensive channel loss docu-
mented in Baltimore, MD (Elmore & Kaushal, 2008; Weitzell
et al., 2016), Washington, DC (Weitzell et al., 2016), Cincinnati (Roy
et al., 2015), Detroit, Ml (Napieralski & Welsh, 2016), and Pittsburgh,
PA (Hopkins & Bain, 2018). In these cities, headwaters are often pref-
erentially buried because of their small size and spatial prevalence
(Leopold, 1968).

Stream burial decreases hydrologic residence time because artifi-
cial channels and pipes are smoother and straighter than natural chan-
nels so water passes through more quickly (Henderson, 1966;
Kaushal & Belt, 2012). Decreased residence time in headwater chan-
nels can result in higher flows downstream (Ogden et al., 2011), as
water from more distant parts of the catchment reach the watershed
outlet at the same time as nearby tributaries, Additionally, relocating
stream channels to pipes complicates the connections between sur-
face water, hyporheic zone, and riparian areas (Broadhead
et al., 2013; Hopkins & Bain, 2018). Burying streams can completely
separate surface water from hyporheic and soil flowpaths and prevent
exchange of water. Older pipes are more likely to leak, leading to spa-
tially heterogeneous hot-spots of infiltration and exfiltration through-
out the buried drainage network (Bhaskar & Welty, 2012). The dense
network of subsurface pipe conveyance created by widespread
stream burial has been called “urban karst’ (Bonneau et al., 2017;
Hibbs & Sharp, 2012; Kaushal & Belt, 2012). Buried pipes are often
surrounded by high permeability sand and gravel that acts as a prefer-
ential flowpath for drainage of groundwater in the basin (Soulsby
et al., 2014) and promote lateral movement and interactions with
sewer and drinking water pipes (Sharp et al., 2003). Runoff models like
SWMM do not account for pipe leakage or the preferential flowpaths
around them (Bonneau et al., 2017) so the contributions from these
urban water subsidies are seldom included in event studies (Bhaskar &
Welty, 2012).

Watershed response to storm events can be complicated because
stream discharge is a mixture of precipitation inputs and water stored
in the watershed. Overland flow across impervious surfaces is the
dominant transport mechanism for both water and pollutants in urban
streams (Buda & DeWalle, 2009), but storm flow still contains a con-
siderable proportion of pre-event water, ranging 20%-90%, due to
groundwater travelling through wurban karst (Meierdiercks
et al., 2010b). Delineating the relative contribution of event and pre-
event waters is challenging and there are several methods, using
tracers, graphical approaches, or digital filters (Blume et al., 2007).

‘Event flow’ can be categorized as rainfall from a particular event, or

the results of a rapid increase in hydraulic head that causes a fast
release of groundwater discharge and thus a mixture of old and new
water (Wittenberg, 2003). Dingman (2002) defined event flow as
water volume attributable to a single event, thus, event flow includes
surface runoff, interflow, sewer overflows, and fast groundwater
response as a direct reaction to rainfall inputs.

Flow separation is more complex in urban systems due to contri-
butions from combined and sanitary sewer overflows to stream dis-
charge. Combined sewers are single pipe systems with both storm
water and sanitary sewage combined in the same pipes. During flows
that exceed pipe capacity, combined sewer pipe systems are designed
to overflow into surface water. Separated sanitary sewers also have
overflows in the case of excess pressure, which can occur when pipe
capacity is exceeded from high infiltration into sewers during storm
events (EPA, 2004; Pangle et al., 2022). For our purposes, both types
of sewer overflows are also considered event flow because an individ-
ual overflow event is directly related to a given storm event.

To clarify patterns in buried stream event responses, we investi-
gate the following questions in this study: How does widespread
headwater stream burial affect the hydrograph response to precipita-
tion inputs? Are there seasonal trends in the rainfall-runoff relation-
ship? Do the thresholds of change in this relationship reveal
connections among the various networks of subsurface urban
infrastructure?

2 | DATA AND METHODS

2.1 | Study site

The Nine Mile Run watershed drains 15.7 km? of eastern Pittsburgh,
PA and surrounding suburban communities. The watershed is 38%
impervious surfaces and predominantly urban land cover (66%); the
remainder is 18% forested, 10% grassy field, and 5% barren land
(PAMAP Program Land Cover for Pennsylvania, 2005) (Figure 1b).
Half of the watershed is served by combined sewers and half by sepa-
rated storm and sanitary sewer networks (Figure 1c). About 60% of
this sewer network in Nine Mile Run is made of vitrified clay pipe (Joe
Fedor, personal communication), which commonly fails along pipe
joins (Kuliczkowska, 2017). A majority of the headwaters of Nine Mile
Run were buried in the 1920s (Historic Pittsburgh Maps, 2021) during
a time of rapid residential development (Hopkins et al., 2013). These
buried channels were often deliberately located in the same pipes as
the storm sewer network (Hopkins & Bain, 2018). Today, almost all
headwater channels in the Nine Mile Run watershed are buried (3 Riv-
ers 2nd Nature, 2006), with only the most downstream portion in a
restored surface channel (Figure 1b). This multi-million dollar stream
restoration project was completed in 2006 and aimed to restore the
main stem of Nine Mile Run, prevent erosion and flooding by con-
necting the stream to the adjacent floodplain wetlands, and support
the recovery of instream biotic communities (Bain et al., 2014). While
there were water quality and ecological improvements following res-
toration, this effort did not address the effects of headwater stream
burial on downstream flooding.
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2.2 | Data collection

We measured Nine Mile Run discharge with a HOBO pressure trans-
ducer (Onset Computer Corporation, Bourne, MA) in a stilling well
installed in 2014, 300 m downstream of the culvert where the above
ground portion of Nine Mile Run emerges (Figure 1). The rating curve
for this pressure transducer was created with 12 paired stage-
discharge measurements collected from 2014-2015 at a variety of
flow conditions. The gauged reach is a concrete, trapezoidal channel,
so the stage-discharge relations should remain relatively stable over
time. The highest storm flow we could safely measure was 1.02 m*/s,
resulting in higher uncertainty in the stage-discharge relationship at
flows above this threshold (Figure S1). The coefficient values for the
rating curve were determined with an iterative non-linear least-

Legend

_ USGS gage
@ Pressure transduce -
—— Above ground stream
==== Buried stream
Radar Precipitation Pixels
[ 1Downstream
[Tl Headwaters
Sewer Type
— Storm N
—— Sanitary

Overflow A
—— Combined
Land Use
[ Grass
I Forest

| Barren

|Urban 5-30% ISC
[ Urban 31-74% I1SC
I Urban >74% ISC
I Major Roads

FIGURE 1  Maps of the Nine Mile Run watershed showing:

(a) buried streams (dotted lines) and surface streams (solid lines) along
with radar precipitation pixels designated as headwater or
downstream based on the location of the discharge sensor (black dot).
USGS gage installed from 2006-2009 is shown in the white dot. Map
(b) shows the currently visible surface stream channels and land use
from PAMAP Program Land Cover for Pennsylvania 2005. Map

(c) shows the sanitary and combined sewer networks of the Nine Nile
Run watershed

squares regression method in R, and each have their own associated
error. This uncertainty in coefficients was used to calculate a range of
potential discharge values for any given stage (Figure S1). The distri-
bution of discharge from the pressure transducer record collected for
this study was comparable to the distribution of discharge data from a
USGS gage (03085049, active 2006-2009) that was installed farther
downstream (Kolmogorov-Smirnov test, p < 0.0001, Figure S2). The
upstream discharge measured with the pressure transducer was often
larger than the downstream discharge measured with the USGS gage
due to sewer infiltration (Divers, unpublished data).

The watershed metrics calculated for this study only considered
the portion of the watershed that drained directly to the gauged reach
rather than the entirety of Nine Mile Run This headwater sub-
watershed above the pressure transducer drained a land area of
8.2 km?, is 81% urban land use, and has 98% of all channel length bur-
ied, so it was an ideal location for investigating the effects of channel
burial on storm event responses.

The buried subwatershed is served by separated storm and sani-
tary sewer networks. There were several gaps in the discharge record
due to equipment malfunction of the pressure transducer, barometric
correction station, or data shuttle, as well as the clogging of the stilling
well access following a large flow event (Table 1, Figure 2). These data

TABLE1  Summary of discharge data record with data gaps and
storm events by year
Percentage of days Number of
Year missing from flow record storm events
2014 45% 47
2015 9% 81
2016 48% 36
2017 26% 79
2018 38% 68
2019 0% 126
2020 12% 88
80-‘
Ty 601
8
=
3, 401
2
2
(=]

2016 2018 2020
Year

FIGURE 2 15-minute flow data time series for the entire study
period (2014-2020). Gaps in data are highlighted by grey shading.
Line colour designates seasons with spring in green, summer in
yellow, fall in red, and winter in blue. 2019 stands out as an extremely
wet with year with four of the overall 10 largest events
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gaps occur in all seasons but are slightly more common in spring,
potentially biasing comparison of events across seasons.

Watershed precipitation data was obtained from NEXRAD radar
calibrated by a network of 33 rain gages across Allegheny County
(3 Rivers Wet Weather, 2021). This data included rainfall depths for
every 1 km? grid cell in Allegheny County at 15-min intervals
(Loehlein et al., 2005). For this analysis, rainfall from the 12 pixels that
overlay the buried watershed (Figure 1a) was averaged to calculate a
precipitation depth for each 15-min interval.

2.3 | Storm selection
The Nine Mile Run discharge data and radar precipitation data were
joined into a single dataset by matching timestamp to create a 7-year
record (2014-2020). We used the BaseflowSeparation function within
the EcoHydRology R package, to separate the discharge record into
‘quickflow” and ‘baseflow’ components using a recursive digital filter
(Fuka et al., 2018), with a filter parameter of 0.99 and three passes.
This filter parameter is recommended over the traditional 0.95 or
0.925 for sub-hourly time steps (Duncan, 2019; Hopkins et al., 2019)
and was validated by visually inspecting hydrographs. Storm events
were selected from the discharge record based on three criteria:
(1) discharge greater than the threshold of 0.8 m3/s, (2) event
quickflow (Q) greater than 0.5 m*/s, and (3) a discharge slope greater
than a threshold slope (S¢) of 0.01 m3/s calculated as discharge minus
a 4-h leading (ti+4) and 2-h lagging minimum discharge (ti—2) (adapted
from Hopkins et al., 2019). The thresholds were chosen to ensure that
each storm was above baseflow conditions, which vary widely
throughout the year. This selection process resulted in a set of 448 dis-
charge events. Each of these identified hydrograph events were then
matched with the most recent precipitation event up to 3 h before the
corresponding hydrograph event. We identified precipitation events
as periods of time when precipitation was greater than 0 mm, where a
break in precipitation greater than 2 h was considered a separate pre-
cipitation event, resulting in a total of 1309 distinct precipitation
events. There were many more precipitation events than flow events
because there are no gaps in the precipitation data, and extremely
small precipitation events did not produce a detectable a flow event.
In several cases (n = 84), multiple distinct discharge peaks were
classified as the same event because the stream did not return to
baseflow conditions before the next precipitation event created a dis-
charge response. These were manually separated at each streamflow
minima. In sum, a total of 525 matching discharge and precipitation
events were used in the following analyses. For seasonal analyses,
spring is March 20th-June 19th, summer is June 20th-September
21st, fall is September 22nd-December 20th, and winter is December
21st-March 19th.

2.4 | Event metrics and statistics

For each paired precipitation-discharge event, the precipitation met-
rics calculated included: total event precipitation depth (mm),

precipitation event duration (h), precipitation intensity (mm/h), and
5-day total antecedent precipitation depth (mm). For all precipitation
metrics, only the buried watershed area above the pressure trans-
ducer was considered. We chose 5-day antecedent precipitation as a
measure of antecedent conditions because it is more directly compa-
rable to flow metrics than measurements of soil moisture (Smith
et al., 2013). The hydrologic response variables were hydrograph peak
duration (h), maximum discharge (m3/s), runoff yield (total runoff vol-
ume converted to a depth by dividing by watershed area) (mm), and
the hydrograph rise time (hours from start of hydrograph event to
peak of discharge).

To evaluate the relationships between precipitation and discharge
events, we calculated runoff ratio and lag time. Runoff ratio, also
called runoff coefficient, is a unitless volume ratio of event rainfall to
either total flow volume or quickflow volume (Blume et al., 2007).
Runoff ratio can be calculated in an annual or event basis. Since this
paper focuses on events, we calculate runoff ratio as total quickflow
divided by total event rainfall for each event. Lag time is the amount
of time between the precipitation event and hydrograph event. It is
often calculated as the hours between the centroid of precipitation
and the maximum discharge (Smith et al., 2013), but for some events
with very fast watershed responses and extended precipitation, the
maximum flow occurred before the centroid of precipitation which
would result in a negative lag time, so we chose to use the time
between the start of precipitation and start of the hydrograph rise.

We assessed correlations between maximum discharge, runoff
yield, and event precipitation using simple linear regression performed
in R. Except for runoff ratio, all precipitation and discharge response
variables were log transformed for linear regressions. Runoff ratio is
approximately normal without transformation. While log transformed
data are not statistically normal, they do follow an approximate
Gaussian shape, with the exception of streamflow rise time (Figure 3).
Rise time is limited by the 15-min data collection interval, so anything
faster than 15-min will appear in the data as a 0-min rise time, and
thus be removed from log-transformed data. Seasonal variation in
both the precipitation input and watershed response metrics listed
above were assessed with ANOVAs and Tukey's post-hoc tests per-

formed in R.
3 | RESULTS
3.1 | Precipitation events and hydrologic

responses

Over the full study period from 2014-2020, there were 525 distinct
storm events that met the criteria defined above (Figure 2, Table 2).
2019 was the wettest year during the study period with a total of
1328 mm of precip from 130 storm events and was also the only year
in the record with no data gaps (Table 1). Total event precipitation
depth ranged from 0.24 to 181.7 mm, and event duration spanned
from 0.25 to 63.5 h. Precipitation event intensity ranged from 0.2 to
45.4 mm/h. The 5-day antecedent precipitation depth prior to event
onset ranged from 0.0 to 87.5mm. In terms of event responses,
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FIGURE 3  Histograms of log transformed data: (a) precipitation depth, (b) precipitation intensity, (c) precipitation duration, (d) peak discharge,

(e) hydrograph rise time, and (f) discharge duration. All distributions except rise time are approximately normal, though they are all statistically
different from normal due to the influence of a few outliers (Shapiro-Wilk test, precipitation depth: p = 0.0036, precipitation intensity:
p = 0.0027, precipitation duration: p = 0.0019, discharge peak: p < 0.0001, rise time: p = NA, discharge duration: p = 0.0008)

;Aetriil;:f 2 Summary statistics of event Mean Median Minimum Maximum
Precipitation metrics
Total event precipitation (mm) 10.22 6.32 0.24 181.67
Precipitation duration (h) 5.62 3.75 0.25 63.50
Precipitation intensity (mm/h) 2.76 1.64 0.18 45.38
5-day antecedent precip (mm) 16.75 13.23 0.00 87.47
Hydrograph response metrics
Peak discharge (m3/s) 6.13 3.65 0.81 81.05
Hydrograph event duration (h) 9.02 6.25 1.00 81.50
Runoff yield (mm) 5.02 2.49 0.24 124.56
Rise time (h) 1.92 0.75 0.00 39.50
Combined metrics
Lag time (peak starts) (h) 2.11 1.75 0.00 13.00
Runoff ratio 0.46 0.42 0.10 3.14

discharge events spanned between 1.0 and 81.5 h in duration. Lag
times between the start of the precipitation event and the start of the
discharge event ranged from 0.0 to 13.0 h with a median of 1.8 h.
Hydrograph rise time ranged from 0.0 to 39.5 h with median of
0.75 h. Measurement of response time is fundamentally limited by the
data collection interval (15 min). There were 24 events where the rise
time from the start of hydrograph rise to its peak was 15 min or less,
meaning that the entire hydrograph rise occurred between data col-
lection points. These extremely fast storms have hydrograph rise
ranging from 14.1 to 40.6 m?/s in that 15-min interval. Peak discharge

ranged from 0.81 to 81.1 m3/s. This highest flow is 400x the average

baseflow condition of 0.2 m3/s. For these extremely high peaks, the
error of the coefficients of the stage-discharge curve means the
81.1 m?/s peak flow could be anywhere between 55.3 and
110.1 m/s.

3.2 | Relationships among the precipitation and
streamflow metrics

In general, longer precipitation events led to longer flow events
(R? = 0.605, p<0.001). A higher precipitation depth led to both
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higher peak streamflow (R? = 0.523, p < 0.001, Figure 4a) and a larger
runoff yield (R? = 0.889, p < 0.001, Figure 4d). Although higher pre-
cipitation intensity resulted in higher peak streamflow (R? = 0.526,
p < 0.001, Figure 4b), the relationship between precipitation intensity
and runoff yield was weak (R? = 0.142, p < 0.001, Figure 4e). These
relationships are affected by the presence of a few storms with very
high flows, or very low precipitation, but are not considered outliers
(Rosner's test in the EnvStats R package) and are thus not excluded
from the analysis. Neither peak streamflow nor runoff yield were cor-
related with 5-day antecedent precipitation (Figure 4c,f) and thus indi-
cated that pre-event water plays a negligible role in determining event
response.

3.3 | Seasonal variation in watershed response

Throughout the study period, summer had the highest total number
of storms (n = 167), followed by fall (n = 137), spring (n = 123),
whereas winter had the fewest storms (n = 99). However, there were
several month-long gaps in the flow data that could affect these num-
bers. While days without data occurred in all seasons, the majority of
them (56%) occurred in spring and fewest in fall (5%) (Figure 2), so
spring storms will be slightly underrepresented in this analysis com-
pared to their actual frequency. To illustrate this point, if we consider
only years where <15% of the flow data is missing (2015, 2019, and
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2020), the greatest number of storms was in the spring or summer,
followed by winter or fall.

The average event precipitation depth for each season was within
3.2 mm of each other (winter = 10.4 mm, spring = 8.3 mm,
summer = 9.4 mm, and fall = 11.5 mm), and there was a significant
difference between precipitation depth in both spring and summer
(drier) and fall (wetter) seasons (Tukey's test, p = 0.02 for spring-fall,
p = 0.04 for summer-fall, Figure 5a). These seasonal differences in
precipitation were more apparent in precipitation event duration.
Pittsburgh has a humid climate that experiences convective thunder-
storms in the late spring and summer. These thunderstorms storms
deliver similar amounts of precipitation in a shorter time interval, aver-
aging 3.3 and 4.2 h for spring and summer, relative to 7.6 and 8.3 h
for fall and winter (ANOVA, p < 0.001, Table 3, Figure 5b). The shorter
duration summer and spring precipitation events lead to significant
differences in precipitation intensities with an average intensity of
4.5, 2.6, 1.9, and 1.2 mm/h for summer, spring, fall, and winter,
respectively (ANOVA, p < 0.001, Table 3, Figure 5c).

This intense precipitation in summer and spring led to rapid and
high discharge responses. The average summer hydrograph peak
(9.2 m?/s) is nearly twice as large as in fall (4.6 m3/s) and winter
(3.8 m3/s). Summer discharge peaks were significantly higher com-
pared to fall and winter (Tukey's test, p < 0.001 for summer-winter,
p < 0.001 for summer-fall) and spring was significantly higher than
winter (Tukey's test, p = 0.005, Figure 5f). Spring and summer
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FIGURE 4 Linear regressions showing relationships among log-transformed precipitation and hydrograph response variables. Each data point

is a storm event, and the line shows the linear regression.
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Seasonal differences in event metrics: (a) event precipitation, (b) precipitation intensity, (c) precipitation duration, (d) runoff depth,

(e) peak discharge, (f) hydrograph peak duration, (g) runoff ratio, (h) hydrograph response time, and (i) lag time. All metrics except runoff ratio are
log-transformed. Letters indicate significant differences from Tukey's post-hoc comparison. Events with runoff ratios greater than 1 are not

shown

TABLE 3

Event metric

Event precipitation (mm)

Precipitation intensity (mm/h)

Precipitation duration (h)
Runoff depth (mm)

Flow peak (m3/s)

Flow peak duration (h)
Runoff ratio

Rise time (h)

Lag time (h)

discharge events were both of significantly lower duration (Tukey's
test, p < 0.001 relative to summer-winter, summer-fall and spring-

winter, p = 0.001 for spring-fall, Figure 5e). This reflects the fact that

Average event metrics separated by season

Winter
10.37

1.24
8.26
5.97
3.80

12.38

0.55
3.04
2.73

Spring

8.24
2.60
4.17
3.69
5.84
7.43
0.47
1.28
1.76

Summer

10.44
4.48
3.39
5.19
9.20
7.07
0.48
1.10
1.61

Fall

11.46
1.92
7.63
5.34
4.59

10.48
0.46
2.61
2.51

spring and summer storms tend to be a single discharge peak followed
by a recession, whereas longer-duration storms in fall and winter
often have multiple peaks in response to individual pulses of

sdy) SuOmPUO) pue swo L Uy 39S “[£202/20/01] U0 A1eaqrT AUIuQ Ad[iA “DAIUN YSINGSHIA JO ANSIAIUN AQ p8SH1dAU/Z001 01 10p w00 o1y Axeiqijaut[uoy/sdiy woxy papeofumod °s ‘ZZ0Z S8016601

119}/w00" KoM A.

pi

ASUADIT SuOWWO)) dANEaI) djqearjdde ayy £q pautaroF are sa[o1e Y asn Jo sa[n 10j A1eiqy auljuQ K3ip uo (:



83 | WILEY

FORGRAVE et AL.

precipitation inputs, leading to an overall longer time above baseflow
conditions. Discharge rose more quickly in summer and spring, 1.1
and 1.3 h, respectively, compared to 2.6 h for fall and 3.0 h for winter
(Tukey's test, p<0.001 for summer-winter and summer-fall,
p = 0.003 for spring-winter, and p = 0.002 for spring-fall, Figure 5h).
The lag time between precipitation and flow events also followed this
same pattern of shorter in summer and spring than fall and winter
(Tukey's test, p < 0.001 for summer-winter, summer-fall, spring-win-
ter, and spring-fall, Figure 5i).

3.4 | Runoff ratios

The average event-specific runoff ratio across the full dataset was
0.48 + 0.27. The average value for winter (0.50 + 0.17) was slightly
higher than the other seasons (spring = 0.47 + 0.23, summer = 0.48
+£0.37, fall = 0.46 £0.23), but this difference was not significant
(ANOVA, p = 0.22, Figure 5g). The high standard deviation shows
considerable variation in runoff ratios among events. However, almost
none of the observed variability in runoff ratios can be explained by
log-transformed event precipitation (linear regression, R? = 0.003,
p = 0.003), precipitation intensity (R? = 0.002, p = 0.13), or pre-event
discharge (R? = 0.056, p < 0.001).

3.5 | Time lags between precipitation and
streamflow

Across all events, the lag time between the start of the precipitation
and start of the hydrograph event was an average of 2.1 h, but it
ranged from less than 15 min up to 13 h. There were 70 events with a
lag time of 30 min or less, showing the Nine Mile Run system is

extremely reactive to rainfall. One example of these storms with a
15-min lag time is shown in Figure 6.

4 | DISCUSSION
4.1 | Buried streams are the flashiest urban
streams

Although urban streams are often described as ‘flashy’, characterized
by faster hydrograph rise and fall than rural reference streams (Walsh
et al., 2005), the widespread channel burial in Nine Mile Run makes it
respond faster and with a larger peak discharge per square kilometre
of drainage area than most other urban streams (Table 4). Throughout
the literature, hydrograph ‘flashiness’ has had several definitions

TABLE4  Summary of watershed flashiness in this study and
other urban streams in the literature
Metric defining This study (buried
‘flashiness’ stream) Other urban streams
Fast watershed Average of 79 min Average of 102 min
response time/ (Smith et al., 2013)
lag time
Short hydrograph Average of 45 min Less than 1 h (Smith
rise time et al., 2013)
Frequent high flow Average of 12 events/year over
events 16.7 events/year 1 m3/s/km? (Smith,

Short duration of
elevated flow
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Miller, et al., 2005)

30% of total time
above mean flow
(Konrad
et al., 2005)

Precipitation and

discharge time series for one example
storm to illustrate the short lag time
between the start of the precipitation
event and the start of the rise in
discharge. This event is from 15:00-
23:00 on July 7, 2017
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based on fast watershed response time (Smith et al., 2013), high rate
of change in hydrograph on both rising and falling limbs (McMahon
et al., 2003; Poff et al., 1997), the short duration of elevated flow con-
ditions (Konrad et al., 2005; McMahon et al., 2003), or high frequency
of events over a specific threshold (Smith et al., 2013; Smith, Miller,
et al., 2005).

In the context of flashiness reported for urban streams, the larg-
est 50 events recorded in Dead Run (30% impervious) in Baltimore
from January 2000-December 2009 had an average watershed
response time, also known as lag time, of 102 min from the time of
the rainfall centroid to the peak discharge (Smith et al., 2013). In con-
trast, in Nine Mile Run (38% impervious), the largest 50 events have
an average lag time of 41 min from centroid of precipitation to flow
peak (Figure 6). This number is complicated by the fact that nine of
these storms have negative lag times using this approach, where the
peak discharge occurs before the bulk of precipitation has occurred,
due to an extremely fast hydrograph rise. For this reason, we chose to
use the time between precipitation start and start of hydrograph rise
as the lag time for all events. Using this approach, the watershed
response time of the largest 50 storms events averages 79 min, still
22% faster than Dead Run. The short lag times in urban watersheds
are due to impervious surfaces that prevent infiltration and
engineered drainage systems that efficiently route runoff to streams.
This drainage efficiency means that rain falling in the headwater can
reach the watershed outlet almost as fast as rain falling adjacent to
the channel. In general, event lag times scale with the percent imper-
vious cover (Meierdiercks et al., 2010b). However, as demonstrated in
this study, stream burial further accelerates the short lag times of
urban streams due to the integration of surface, soil, and pipe
flowpaths that routes all water in pipe networks engineered to con-
duct water as fast as possible. As a result, any precipitation in the Nine
Mile Run watershed reaches the stream via the fastest route possible
soon after the storm begins.

In contrast to lag times that include both the time for rain to
become runoff and travel times through watershed flowpaths, hydro-
graph rise time—the amount of time between when stream discharge
starts to rise and when it reaches peak discharge—only reflects runoff
travel times. The median hydrograph rise time in Nine Mile Run for all
events was 45 min, but there are 28 events with a rise time of 15 min
or less. This rise time is comparable to urban watersheds in the
Baltimore area where six watersheds have hydrograph rise times of
less than an hour and three of them are less than 15 min, (Smith
et al., 2013). One notable difference is that the Baltimore study only
quantifies the 50 largest storm events in a 10-year period for each
watershed, whereas we characterize the median rise time for this
study based on all events in a 6.5-year period. In Baltimore, rise times
were not related to land use, but time period of urban development
and presence of stormwater detention infrastructure (Smith
et al., 2013). In contrast, buried streams have no stormwater deten-
tion facilities and instead conduct all stormwater to the stream as fast
as possible, explaining the extremely fast rise times. A study of urban
and suburban watersheds in New York state found a decrease in rise
times with urbanization that is closer to the watershed outlet as

opposed to farther away in the headwaters (Roodsari &
Chandler, 2017) but this spatial organization of landscape impacts is
less relevant when the stream is fully-buried, because all flowpaths
are artificial drainages and travel times from the headwaters to the
outlet are extremely fast.

The rapid hydrograph rise time in urban streams translates to a
shorter overall time in elevated flow conditions compared to rural
streams (McMahon et al., 2003). In Nine Mile Run, there were
58 events where the entire hydrograph rise and recession occur in
less than 3 h. These quick events had some large flows: one event
rose up to 18 m3/s and back down to 0.3 m3/s in less than 3 h. The
overall impact of fast hydrograph changes can be quantified by com-
paring the percentage of time that a stream exceeds its mean
streamflow over long time periods (Konrad et al., 2005). For example,
urban streams in the Puget Sound region of Washington State had
less than 30% of the total time above mean flows (Konrad
et al., 2005). During the study period, Nine Mile Run is similar with
flows exceeding the mean discharge only 24% of the total record.

The frequency of rapid storm response is also indicative of stream
flashiness. Moores Run in Baltimore (9.1 km?) has been reported as
one of the flashiest streams in the contiguous US based on a 10-year
dataset with an average of 12 events per year when discharge
exceeded 1 m3/s/km? (Smith, Miller, et al., 2005). These frequent high
flows are attributed to high urbanization (82% urban land use), stream
burial in the upper watershed, efficient concentration of runoff in the
storm drain network, and a lack of stormwater detention structures
(Smith et al., 2013; Smith, Miller, et al., 2005). The Nine Mile Run bur-
ied subwatershed, which is a comparable size (8.2 km?) and urbaniza-
tion (81% urban land use), had 117 total events exceeding this same
discharge threshold of 1 m3/s/km? threshold in 6.5 years of data with
an average of 16.7 events per year. The frequency of fast storm
responses in these two extremely impacted urban watersheds sup-
ports the role of stream burial in generating flashy storm response.
Most discussions of flashy urban streams have focused on urban
watersheds where total imperviousness or connected imperviousness
is a primary driver of fast storm responses, whereas Hopkins
et al. (2015) emphasized the importance of regional physiographic
characteristics in determining the relationship between urban devel-
opment and high flows. Catchments with shallower slopes, higher soil
permeability, and more lakes, such as Boston, MA; Detroit, MI; Port-
land, OR; and St. Paul, MN can buffer the impacts of urbanization and
generally have lower peak flows compared to cities in areas with
higher slopes or less permeable soils including Pittsburgh, PA; Atlanta,
GA; and Raleigh, NC (Hopkins et al., 2015). Conversely, Roodsari and
Chandler (2017) found that when comparing watersheds within a sin-
gle region, catchment morphology, hydraulics, topography, and soils
were less correlated with runoff peak flows and stream flashiness
than the percentage of artificial pathways in the watershed. This study
supports both of these previous studies and demonstrates that in
addition to regional physiographic characteristics, the type of urban
development also impacts event responses. The Nine Mile Run sub-
watershed has steep slopes, impermeable soils, but also is composed
of 98% buried channels. This dominance of stream burial creates a
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system where streamflow responses are higher, faster, and more fre-
quent than other urban watersheds of comparable size, impervious-
ness, and underlying geology.

4.2 | Dominance of convective summer
thunderstorms in climate-driven flooding

Throughout the study period, convective summer thunderstorms
dominated the overall watershed response. These storms are intense
localized storms triggered by the vertical movement of heat and mois-
ture and characterized by heavy rain, thunder, lighting, strong winds,
and sudden changes in temperature (Smith, Baeck, et al., 2005; Smith,
Miller, et al., 2005). Intense summer storms dominated overall storm
response trends because of the high discharge peaks, short duration,
and small spatial area (Figure 5b,c), and also because summer had, on
average, more storm events than other seasons. While this finding in
itself is not new (Valtanen et al., 2014; Yang et al., 2013), it is impor-
tant because warm season thunderstorms are the primary mechanism
of flashy floods in urban environments (Ntelekos et al., 2008; Smith,
Baeck, et al., 2005; Smith, Miller, et al., 2005). These summer rainfall
events are predicted to become more intense in next decades as
warmer air temperatures lead to a higher frequency of intense storms
(Drum et al., 2017; Hirsch & Archfield, 2015). Urban areas can even
increase likelihood of thunderstorms because the urban heat island
effect can create convergence zones above and downwind of the
urban area, as well as the increased concentration of aerosols from
emissions can increase rainfall and streamflow in urban streams
(Bornstein & Lin, 2000; Ntelekos et al., 2008). This climatic pressure
will be even more apparent in watersheds with buried streams
because the pipes that contain buried streams were built to accom-
modate the stream flow of 100 years ago, whereas increased runoff
from development and climate change leads to stream flows that
exceed pipe capacity. Urban stream deserts with no surface stream
channels due to complete burial, which comprise the 6% of all urban
land across the continental U.S., are more likely to flood, potentially
affecting up to 73 million people (Napieralski & Carvalhaes, 2016).

4.3 | Runoff ratios reflect water subsidies from
failing urban infrastructure

Runoff ratios describe how landscapes transform rainfall inputs into
runoff that contributes to streamflow (Blume et al., 2007) where high
values can indicate higher risk of surface floods. The average annual
runoff ratio is 0.46 for Nine Mile Run and reveals that for a typical
event, half of the event rainfall becomes runoff in the stream. The
other half infiltrates into soil, groundwater, or buried pipe infrastruc-
ture, where it is released back into the stream after the event or lost
to evapotranspiration. In the case of pipe infiltration, water can also
be transported to other watersheds via sanitary sewer networks.
Despite seasonal variation in precipitation amounts and hydrograph
responses, event runoff ratios are consistent throughout the year

(Figure 5g), suggesting that this metric reflects the effects of urban
infrastructure on flow routing rather than any hydroclimate pattern.
Runoff ratios are usually related to antecedent rainfall (Haga
et al., 2005; Smith, Baeck, et al., 2005; Smith, Miller, et al., 2005). For
example, when a watershed is more saturated from past rainfall inputs,
more rainfall is converted to event runoff. This relationship of runoff
ratios with watershed saturation is also seasonal, with slightly higher
runoff ratios in winter when there is more storage of water in the
catchment due to decreased evapotranspiration losses. Event runoff
ratios in Dead Run and Moores Run, both urban streams in Baltimore,
ranged 0.38-0.88 and had a positive relationship with total event rain-
fall and antecedent moisture conditions However, event runoff ratios
in Nine Mile Run are also not related to event precipitation inputs or
antecedent moisture, suggesting that due to channel burial and rapid
routing of runoff, there is minimal watershed storage of event water
between events to affect the runoff ratio of the next event.

During the study period, 14 storm events had a runoff ratio
greater than 1, meaning that there is more event water in the stream
than precipitation inputs. We initially thought this was due to accumu-
lated responses to multiple, closely-timed storms that confounded run-
off accounting among events. Even after these events (n = 6) were
eliminated, there are eight other events, all in the summer, with runoff
ratios greater than 1. This ‘water subsidy’ could be from sewer over-
flows, hydrant flushes, or water line breaks. While the uncertainties in
the stage-discharge relationship (Figure S1) can affect calculation of
event runoff ratios, even with the lowest possible discharge from the
stage-discharge relationship, there are still multiple events with runoff
ratios exceeding 1. The phenomenon of urban water subsidies has
been considered in other urban hydrology studies (Bhaskar &
Welty, 2012; Kaushal & Belt, 2012; Pangle et al., 2022) and warrants
further exploration, particularly because these subsidies are heteroge-
nous in space and time. Pipe leakage is not evenly distributed around a
watershed but concentrated in certain places (Bhaskar & Welty, 2012),
and new fractures can form due to changes in weather, or old frac-
tures can be repaired or blocked with debris and stop leaking (DeSilva
et al., 2005), making attribution to one particular urban water source
challenging. The likelihood of sewer overflows in Nine Mile Run is high
due to proximity of sewage pipes—a large (1.4 m diameter) collector
sewer pipe runs alongside the mainstream channel for its entire
length—and advanced sewer age of this network (~100 years old)
(Divers et al., 2013). While sanitary sewers are not designed to receive
storm water, old pipes are subject to fractures, failures, and intrusion
by tree roots that introduce opportunities for groundwater to infiltrate
through pipe cracks and create flows that exceed pipe capacity. We
have observed sanitary sewers overflowing through utility access
points into the stream during many storm events. Inflow and infiltra-
tion of freshwater into sanitary sewers can constitute 20%-50% if the
total flow (BaresS et al., 2012; Karpf & Krebs, 2011; Kracht et al., 2007;
Kracht & Gujer, 2005; Pangle et al., 2022), and is the dominant cause
of sanitary sewer overflows (EPA, 2004).

The remaining eight storms with runoff ratios greater than one
fall into three groups based on the magnitude of the discharge peak:
discharge peak less than 2 m®/s, discharge peak 2-4 m3/s, and
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discharge peak above 4 m*/s. For the four storms below 2 m3/s, we
attribute the high runoff ratios (1.1-1.7) to water infrastructure fail-
ures such as drinking water main breaks and hydrant flushing. These
storms all have low event precipitation (0.3-0.4 mm) that cannot
account for the size of the discharge peaks (1.0-1.7 m3/s), so the high
runoff ratio could be due to the contribution of anthropogenic
sources of water in the watershed. The two storms with discharge
peaks of between 2 and 4 m*/s also have low event precipitation (0.2
and 0.4 mm) but have high antecedent precipitation (6.5 and
15.7 mm), suggesting that higher soil saturation, and sewer pipes at
higher capacity from previous storms may create favourable condi-
tions for sanitary sewer overflows and lead to the observed event
runoff ratios of 2.0 and 3.2, respectively. In the last case, the two
storms with very high discharge peaks (17.7 and 24.4 m*/s) have both
high event precipitation and high antecedent precipitation, suggesting
event precipitation filled pipes beyond capacity.

All storms with runoff ratios greater than one occurred in summer
or the very end of spring, further supporting the role of high intensity
convective thunderstorms for triggering sewer overflow events, espe-
cially when there are multiple consecutive high-intensity events in the
watershed over several days. These overflow-driven streamflow sub-
sidies are spatially heterogenous, and infrequent, but can still affect
the hydrology, especially in a stream that is as responsive to storm
drainage inputs as Nine Mile Run.

5 | CONCLUSIONS

While Nine Mile Run is comparable in size and imperviousness to
many prominent urban watershed case studies (Konrad et al., 2005;
Meierdiercks et al., 2010a; Smith et al., 2013; Smith, Miller,
et al., 2005), it is considerably flashier by almost all metrics. We attri-
bute this to the widespread (98%) stream burial of Nine Mile Run
stream channels. The inconsistent linkage between flow events and
antecedent precipitation, and the narrow range of runoff ratios
observed throughout the year seem to result from the dominant piped
drainage. Runoff ratios greater than one suggest considerable infra-
structure failures and highlight the importance of urban water subsi-
dies, such as sewer overflows and water main breaks, as important
contributors to urban streams during storm events, especially those
when systems are at capacity from previous storms.

We observed the largest and fastest event responses to convec-
tive summer thunderstorms, and it is these high intensity storms that
are predicted to increase in frequency over the next several decades
(Hirsch & Archfield, 2015). It is essential to support projects that build
watershed retention capacity and mitigate the effects of urban
flooding. However, this is no easy task. For example, while some stud-
ies show stormwater detention decreases peak flows (Pennino
et al., 2016), other studies determined that the presence of
stormwater management facilities have an negligible effect on reduc-
ing peak flows or discharge rise time (Miller et al., 2021). Our study
results further underline limitations inherent in using stream restora-
tion projects as end-of-pipe solutions to flashy urban streams.

Hydrologic responses driven by buried headwaters can threaten the
success of restoration projects when flows exceed design flows and
wash out wetlands, riparian areas, and other habitat restoration inter-
ventions (Bain et al., 2014).
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