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Abstract We analyze flash flooding in small urban watersheds, with special focus on the roles of rainfall
variability, antecedent soil moisture, and urban storm water management infrastructure in storm event
hydrologic response. Our results are based on empirical analyses of high-resolution rainfall and discharge
observations over Harry’s Brook watershed in Princeton, New Jersey, during 2005–2006, as well as numerical
experiments with the Gridded Surface Subsurface Hydrologic Analysis (GSSHA) model. We focus on two
subwatersheds of Harry’s Brook, a 1.1 km2 subwatershed which was developed prior to modern storm water
management regulations, and a 0.5 km2 subwatershed with an extensive network of storm water detention
ponds. The watershed developed prior to modern storm water regulations is an ‘‘end-member’’ in urban
flood response, exhibiting a frequency of flood peaks (with unit discharge exceeding 1 m3 s21 km22) that is
comparable to the ‘‘flashiest’’ watersheds in the conterminous U.S. Observational analyses show that vari-
ability in storm event water balance is strongly linked to peak rain rates at time intervals of less than 30 min
and only weakly linked to antecedent soil moisture conditions. Peak discharge for both the 1.1 and 0.5 km2

subwatersheds are strongly correlated with rainfall rate averaged over 1–30 min. Hydrologic modeling anal-
yses indicate that the sensitivity of storm event hydrologic response to spatial rainfall variability decreases
with storm intensity. Temporal rainfall variability is relatively more important than spatial rainfall variability
in representing urban flood response, especially for extreme storm events.

1. Introduction

In this study, we examine hydrologic response to storm events which led to flash flooding over a small
urban watershed, Harry’s Brook in Princeton, New Jersey, USA, through combined analyses of rainfall and
discharge observations as well as hydrologic modeling experiments. A related study examined the structure
and evolution of storms that produced flash flooding over Harry’s Brook, and showed that extreme 1–15
min rainfall rates in this watershed are produced by warm season convective systems [Yang et al., 2016].
The question that principally motivates this study is how does rainfall variability together with urban land
surface properties (e.g., storm water management infrastructures, storm drainage network, and antecedent
soil moisture) determine storm event hydrologic response from flash flood producing storms in small urban
watersheds.

Previous observational and modeling studies [e.g., Ogden et al., 2000; Zhang and Smith, 2003; Smith et al.,
2005a,b, 2013; Wright et al., 2012] showed that spatial-temporal rainfall variability plays an important role in
hydrological processes over urban watersheds. This is particularly important for small urban watersheds,
which are characterized by short response times, and are consequently very sensitive to rainfall variability
[e.g., Emmanuel et al., 2012; Einfalt et al., 2004]. The important role of rainfall variability in urban hydrology
has resulted in a large body of research investigating the critical temporal and spatial resolutions of rainfall
fields for urban flood response [e.g., Schilling, 1991; Berne et al., 2004; Einfalt et al., 2004; Segond et al., 2007;
Gires et al., 2012, 2014; Wang et al., 2012; Notaro et al., 2013; Ochoa-Rodriguez et al., 2015; Bruni et al., 2015,
among others]. Ochoa-Rodriguez et al. [2015] found that variations in temporal resolution of rainfall inputs
affect urban hydrodynamic modeling more than variations in spatial resolution. However, Bruni et al. [2015]
showed that sensitivity to temporal resolution of rainfall inputs was low compared to spatial resolution.
Contrasting findings suggest that the sensitivity of hydrologic response to rainfall variability is dependent
on storm properties and/or basin characteristics (e.g., spatial scale and heterogeneity). Hollis [1975] found
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that the impact of urbanization on hydrologic response depends on recurrence levels of floods. Similarly,
we hypothesized that storm intensity (represented by accumulated rainfall) is an important factor in deter-
mining the relative sensitivity of storm event hydrologic response to rainfall variability. We will test this
hypothesis over Harry’s Brook, a small urban watershed, based on the examination of a large sample of
storm events (14 events, which is larger than storm samples in most previous studies).

The impacts of urban land surface properties on hydrological processes have been active research topics
over the last few decades [e.g., Anderson, 1968; Beighley, 2003; Hundecha and B�ardossy, 2004; Farahmand
et al., 2007; Smith et al., 2013; Yang et al., 2010, 2013, 2015]. An increase in the fraction of impervious surfa-
ces and introduction of storm drainage systems typically lead to an increase in flood peaks and a decrease
in lag time between maximum rainfall rate and peak discharge [e.g., Leopold, 1968; Konrad and Booth, 2002;
Konrad, 2003; Zhang and Shuster, 2014] (also see Shuster et al. [2005] for a review). Ogden et al. [2011] eval-
uated the relative importance of several characteristics (including impervious area, drainage density, width
function, and subsurface storm drainage) on urban runoff through numerical experiments using a physically
based hydrological model. In addition, the storage over impervious surfaces with microrelief, such as road
surfaces constituted from gravel and asphalt and highway embankment, also proved to be an important
factor in hydrologic response over urban watersheds [see e.g., Albrecht, 1974; Wibben, 1976; Sauer et al.,
1983] (also Shuster et al. [2005], for a review). A related aim of this study is to analyze the role of basin char-
acteristics (e.g., storm water management infrastructures, storm drainage network, depression storage, and
antecedent soil moisture) in determining storm event hydrologic response. More importantly, we will place
these analyses in the context of rainfall variability. Smith et al. [2005b] showed that for small urban water-
sheds in the Baltimore metropolitan region, drainage network structure reduces the role of spatial rainfall
variability for flood peak response.

The 6.8 km2 Harry’s Brook watershed (Figure 1) is located in the Piedmont physiographic province of the
eastern U.S. and contains portions of Princeton, New Jersey. The watershed has experienced rapid urban
and suburban growth since the 1950s, and much of this development predated the introduction of storm

Figure 1. (a) the study watershed, Harry’s Brook, covers the shaded grey area with its tributaries shown in blue solid lines. Two subwatersheds (0.5 km2 Simon Run and 1.1 km2 Harry’s
Brook subwatershed) are highlighted as well. Black dots represent stream gaging stations. A Joss-Waldvogel disdrometer is located in the center of the Harry’s Brook subwatershed, and
is represented by a black cross. Two rainfall measurement sites are represented by yellow triangles; (b) details of the mainstem of Harry’s brook subwatershed, including the storm drain-
age network. The background map is an earth-view image of the entire region (extracted from the USGS national map via http://nationalmap.gov/).
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water management regulations in the 1970s. Mixed residential and commercial development since the
1970s in the northwestern portion of the basin (Figure 1) has produced a region with a relatively high den-
sity of storm water detention basins. Analyses in this study focus on two subwatersheds of Harry’s Brook: (1)
Harry’s Brook at the intersection of Harrison St and Hamilton Ave, a 1.1 km2 subwatershed which drains the
urban core of Princeton and was entirely developed prior to storm water management, and (2) Simon Run,
a 0.5 km2 subwatershed with an extensive system of storm water detention ponds in the west portion of
the Harry’s Brook watershed. High-resolution rainfall and runoff records were collected over the two Harry’s
Brook subwatersheds during a 2 year period (from February 2005 to October 2006). These observations pro-
vide the capability to accurately estimate storm total rainfall for basin-scale water balance analyses and
characterize rainfall-runoff relationships of flash floods. Differences in storm water management between
the two subwatersheds also provide an opportunity to investigate the impacts of urban land surface prop-
erties on storm event hydrologic response.

The remaining sections of the paper are organized as follows. Detailed properties of the two subwatersheds
are introduced in section 2, along with methods used for streamflow and rainfall monitoring. We introduce
the hydrologic model used for examining storm event hydrologic response and numerical experiments in
section 3. Results and discussion are presented in section 4, followed by summary and conclusions in
section 5.

2. Study Area and Data Sets

2.1. Study Area
Experimental and modeling analyses in Harry’s Brook draw on resources developed by the Princeton munic-
ipal government, including engineering design drawings of the storm water infrastructure (including the
storm drainage system and storm water detention basins) and land use/land cover data sets. The 1.1 km2

subwatershed that drains the urban core of Princeton is almost exclusively urban land cover based on the
USGS land use/land cover data set; we will subsequently refer to this subwatershed as Harry’s Brook. The
Harry’s Brook gaging station is located immediately downstream of the main storm drain outfall that is the
upstream end of the surface channel system (Figure 1a). There are no surface channel segments in the
watershed above this station. This subwatershed includes high-density commercial and residential develop-
ment. The impervious coverage accounts for 36.8% of total area of the Harry’s Brook subwatershed, with a
relatively larger impervious fraction in the upper watershed (downtown Princeton) and a lower impervious
fraction in the downstream portion of the subwatershed (principally residential). The mean slope of the
watershed is 3.5%. The storm sewer drainage network of Harry’s Brook (Figure 1b) was designed to move
water efficiently and rapidly from the urban center of Princeton. The density of the storm drainage network
in the upper portion of the subwatershed is relatively large, compared to the rest of the subwatershed
(Figure 1b).

The 0.5 km2 Simon Run subwatershed (Figure 1a) contains a mix of residential, commercial, and forest land
use, with impervious coverage accounting for 20.1% of the entire watershed. The mean slope of Simon Run
is 4.4%. Much of the residential and commercial development was constructed following the introduction
of storm water management regulations, resulting in a distributed network of small storm water detention
ponds throughout the subwatershed. The contrasts between Simon Run and Harry’s Brook are used to
examine the role of storm water detention ponds in changing storm event hydrologic response.

2.2. Instrumentation and Data
We deployed stream gaging stations on Harry’s Brook and Simon Run. An important element in estimating
runoff is developing stage-discharge rating curves, which convert time series of stage (i.e., water surface ele-
vation) to discharge. Stage measurements are made using a pressure transducer, which measures the water
level at 1 min interval (Figure 1a). The stage recorders were deployed in straight channel reaches. The
Harry’s Brook channel is deeply entrenched, due to the discharge of high-flow events from the storm drain
network immediately upstream of the gaging station. The observing period for the two stream gaging sta-
tions is from February 2005 to October 2006.

Developing accurate discharge estimates for extreme stage values is especially difficult in small urban
watersheds, and these values play an important role in water balance analyses. In this study, stage-
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discharge rating curves for each stream
gaging station were developed using both
direct discharge measurements (with more
than ten storm events) and hydraulic mod-
eling analyses. Direct discharge measure-
ments of large urban flood events are
difficult due to the inherent hazards and
the short amount of time during which to
make the measurement. Hydraulic model-
ing results formed the foundation for devel-
oping stage-discharge relations for high
flows (the upper end of rating curves). We
principally used HEC-RAS for hydraulic anal-
yses, but TELEMAC-2D was used to examine
hydraulic properties of the largest floods,

following procedures similar to those employed for urban stream gages in Baltimore, Maryland [Smith et al.,
2005a; Lindner and Miller, 2012]. Direct discharge measurements generally determine the lower end of the
rating curves. The temporal resolution of discharge time series derived from stage measurements is 1 min.

In addition to the stream gaging stations, we deployed rain gages and a Joss-Waldvogel disdrometer in
Harry’s Brook (Figure 1a). The Joss-Waldvogel disdrometer was deployed for the 2006 observing period (the
entire year). Disdrometer measurements provide full raindrop size distribution data from which rainfall rate
time series can be computed at 1 min time intervals [Smith et al., 2009]. We setup rain gauges over two
measurement sites (see Figure 1a for locations), and one of the two sites was collocated with the disdrome-
ter. At each of the two measurement sites, two wedge-type accumulation rain gages were deployed. Obser-
vations were made manually for all storm events during the observing period of 2005–2006 (February
2005–December 2006). There was generally good agreement between the two gages at each measurement
site. Accumulated rainfall of each storm event measured by the two gauges agrees well with the collocated
disdrometer observations.

We computed rainfall rate fields at 1 km horizontal resolution and 15 min time interval using the Hydro-
NEXRAD algorithm [Krajewski et al., 2011] which provide estimates of rainfall rate from volume scan
reflectivity observations from the WSR-88D radar (the KDIX radar at Mount Holly, New Jersey, about
36 km to the south of Harry’s Brook watershed; the elevation of the radar tower is 60 m above sea level).
A constant ‘‘bias correction’’ was applied to the radar rainfall time series so that they matched the mean
storm total rainfall from rain gage and disdrometer observations. This approach corresponds to a local
version of the bias-correction algorithms commonly used for radar rainfall estimation [see also Smith
et al., 2002]. The sample bias for a storm is computed as the ratio of the mean storm total rainfall at rain
gage stations to the mean storm total rainfall from radar at rain gage locations (see Villarini and Krajewski
[2010], Smith et al. [2013], Wright et al. [2013], and Yang et al. [2013] for more details about the bias-
correction scheme).

Disdrometer, rain gages, and radar observations were used to derive rainfall fields for storm events in
Harry’s Brook and Simon Run during the 2 year observing period. Radar rainfall estimates were used for
both Harry’s Brook and Simon Run subwatershed to derive basin-averaged rainfall rate during the 2005
period, while higher-resolution rainfall rate from the disdrometer was used to analyze rainfall-runoff rela-
tionships during the 2006 period for both Harry’s Brook and Simon Run. Table 1 summarizes three key varia-
bles that characterize storms that produced flash floods over Harry’s Brook during 2005–2006 (see Yang
et al. [2016] for details). All storms that occurred over Harry’s Brook also passed over Simon Run. The spatial
coverage of the two subwatersheds (approx. 1 km3 2 km, see Figure 1a) is approximate an order of magni-
tude smaller than the scale of a single storm element (i.e., a contiguous region of radar reflectivity values
exceeding 40 dBZ and the total volume is greater than 50 km3, same as below). Due to close proximity and
favorable orientation of storm elements, most storms arrived at Harry’s Brook and Simon Run at the same
time. Rapid motion of storm elements (parallel to the connecting line of two subwatershed centers) dimin-
ishes the temporal shift of rainfall series between the two subwatersheds within 2 min (i.e., distance
between two subwatersheds centers divided by mean storm speed).

Table 1. Structural Properties of Storm Elements That Produced Flash
Floods Over Harry’s Brook Subwatershed During the Observing Period of
2005–2006

Spatial Coverage
of Storm Elements

(km2)
Storm Speed
(km h21)

Storm Direction
(8)

Mean 161 43 75
Standard deviation 189 11.8 20.5
10th percentile 41 13.8 25
25th percentile 61 31 56
50th percentile 84 42.5 65
75th percentile 157 47.3 97
90th percentile 452 60 101

aAdapted from Yang et al. [2016, Table 2]. Storm direction of 08 is toward
north.
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3. Methodology

3.1. GSSHA Setup and Model Validation
The Gridded Surface Subsurface Hydrologic Analysis (GSSHA) model [Downer and Ogden, 2004] is a gridded,
distributed, and physically based hydrologic model. The GSSHA model has been used successfully in urban
flood studies over a variety of settings, such as Dead Run watershed in Maryland [Ogden et al., 2011; Smith
et al., 2015], Atlanta, Georgia [Wright et al., 2014], and Austin, Texas [Sharif et al., 2010]. The structure of the
model used in this study includes a 2-D overland flow representation, 1-D hydraulic routing of streamflow
in the drainage systems, and grid-based infiltration routines. Previous studies found that the GSSHA model
can adequately capture urban flood responses without ‘‘significant calibration’’ [Sharif et al., 2010].

We implemented the GSSHA model over the 1.1 km2 Harry’s Brook subwatershed. The model was created
with 90 m resolution grids. The model elevation grid was created based on 1/3 arc sec (about 10 m)
National Elevation Dataset (available at http://nationalmap.gov/) for watershed delineation and stream loca-
tion. We used the diffusive wave equations for the simulation of overland flow routing. The land-use
(National Land Cover Dataset of 2011, available at http://www.mrlc.gov/)-based Manning’s roughness coeffi-
cients were directly adopted from suggested values in the literature [see Kalyanapu et al., 2009, Table 2].
Infiltration was represented using the Green-Ampt model with moisture redistribution [Ogden and Sagha-
fian, 1997]. The Soil Survey Geographic Database (SSURGO, available at http://websoilsurvey.nrcs.usda.gov/)
was used for soil data in the model, and in most cases, a compacted soil layer is present in the conductivity
values. Soil parameters related to infiltration processes were adopted from previous studies [Rawls et al.,
1982; Rawls and Brakensiek, 1985], with the exception of saturated hydraulic conductivity. Saturated hydrau-
lic conductivity values were taken from the SSURGO database as the average of the given range for that soil
type, and were further adjusted based on comparisons of modeled and observed streamflow volume for
three storm events, to ensure best partition of rainfall into runoff and infiltration [similarly see Smith et al.,
2015].

Channel and storm drainage networks play an important role as these constitute one of the principal
hydraulic transport systems in urban watersheds [Smith et al., 2005b; Meierdiercks et al., 2010; Miller et al.,
2014]. There are no surface stream channels in the Harry’s Brook subwatershed (Figure 1). We added storm
pipes into the model manually to represent the plan form of the storm drainage network. Routing of 1-D
flow in storm pipes is based on diffusive wave equations. Detailed information on pipe elevation was not
available, so we assumed a constant slope for each section of the pipes. Constant slopes of the pipes were
derived from the ground elevation difference from the furthest pipe end to the connection node (i.e., inter-
section of two pipes) divided by the length of pipe path from connection node to pipe end. Cross sections
for all the pipes were represented by a rounded semicircle bottom and walls reaching up vertically, with no
capacity restrictions of the pipes in the model (see Smith et al. [2015] for similar approaches). The man-
holes/inlets were never witnessed to overtop in this watershed during the observing period of 2005–2006
(two of the coauthors lived near the center of the watershed). The model results were also spot checked to

Table 2. Statistics of GSSHA Model Validation for Selected 2006 Events Over Harry’s Brook Subwatersheda

No.
Time

(MM/DD-HH)
Peak Discharge

(m3 s21)
Response Time

(min) NSE
Timing Difference

(min)
Absolute Peak

Difference (m3 s21)
Relative Peak
Difference (%)

1 07/13-02 5.3 18 0.83 0 20.55 210.4
2 07/22-00 11.3 21 0.89 5 21.60 214.2
3 07/22-20 29.5 17 0.85 0 213.04 244.2
4 07/21-20 1.1 24 0.83 3 0.10 9.1
5 07/22-19 3.8 18 0.92 1 20.75 219.7
6 06/03-00 12.2 16 0.84 0 23.95 232.4
7 06/03-03 9.8 32 0.93 21 21.81 218.5
8 06/03-16 3.9 22 0.94 21 20.52 213.3
9 06/08-23 3.1 21 0.95 3 0.29 9.4
10 06/14-23 4.5 21 0.76 2 0.68 15.1
11 06/23-22 2.7 21 0.68 21 0.58 21.5
12 06/24-10 2.6 20 0.87 2 20.54 220.8
13 06/24-22 1.3 26 0.89 4 20.17 213.1
14 05/16-00 2.8 23 0.81 1 20.29 210.4

aResponse time is defined as the temporal lag between the centroids of hyetograph and hydrograph for each storm event.
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ensure that pipes were not over topping. The diameter of the pipes (or diameter of the circle) was 1 m,
and Manning’s roughness coefficients were assigned a value of 0.02 for all storm pipes in the model
[Chow, 1959].

The GSSHA model was calibrated and verified for 14 selected events (with unit flood peak discharge
exceeding 1 m3 s21 km22) over the Harry’s Brook subwatershed during the observing period of 2006 (also
see Yang et al. [2016] for more details about storm properties of the selected events). The rainfall input for
the model is based on 1 min rain rate from the Joss-Waldvogel disdrometer, and is distributed uniformly
over the entire subwatershed. Like the disdrometer rainfall input, the temporal resolution of the model sim-
ulations is 1 min. Soil moisture observations were not available in the watershed during the observing
period of 2006. Soil moisture was set approximately to half of field capacity for every storm event, and we
adjusted the values to minimize the sum of errors between simulated and ‘‘observed’’ hydrographs for each
of the 14 selected events (as listed in Table 2).

The simulated hydrographs at the outlet of the model (located at the downstream end of the storm drain
network) were compared to the observed discharge time series at 1 min resolution. Comparisons between
simulated and ‘‘observed’’ hydrographs are shown in Figure 2, with detailed statistics of the model perform-
ance summarized in Table 2. The model accurately captures the shape and timing of the hydrographs. The
Nash Sutcliffe Efficiency coefficients [Nash and Sutcliffe, 1970] range from 0.68 to 0.95, with a median value
of 0.86 for all the 14 selected events. In terms of peak timing, most of the simulated peaks deviate within

Figure 2. Model verification for selected 2006 events over Harry’s Brook subwatershed: simulated (red solid line, in m3 s21) and measured hydrographs (blue dots, in m3 s21). The x axis
represents time (in minute) since the beginning of model run. See also Table 2 for statistics about the performance of the model.
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615% of mean response time (on the order of 20 min, see Table 2 for details). The only exception is 00 UTC
22 July (Event No. 2 in Table 2), for which the simulated flood peak is 5 min later than the observed peak
(about 24% deviation of response time). The model reproduced the exact flood peak timing for the two
most extreme events (22 July 20 UTC 2006 and 3 June 03 UTC 2006, Table 2). The simulated flood peak
magnitudes do not agree with observations as well as the peak timing, especially for some of the most
extreme events. For instance, the simulated flood peak magnitude for the 22 July event is underestimated
by 40%. The differences in flood peak magnitudes could be partially attributed to errors in the rainfall field
(as will be discussed in section 3.3) and to streamflow measurement errors tied to stage-discharge rating
curves [Potter and Walker, 1981, 1985]. Biases in the simulated hydrologic response may also be attributable
to features that were poorly represented or parameterized in the model [Del Giudice et al., 2015]. For
instance, the simplified representations of pipes in the model might increase the capacity of pipe flows,
while limited representation of complete storm drainage network in the model might underestimate the
capacity of pipe flows; the compactness of urban soils is another source of uncertainty that could bias simu-
lation of the infiltration process in the model.

Despite all these uncertainties, the GSSHA model successfully reproduced the correct ranks of flood events
(the 22 July event maintains the largest flood peak over all simulated events). Overall, we were able to
obtain reasonable hydrologic response to storm events that produced flash flooding with this physically
based, minimally calibrated model over Harry’s Brook subwatershed.

3.2. Numerical Experiments
Numerical experiments based on the calibrated GSSHA model were designed and implemented, with the
principal objective of analyzing the impacts of rainfall variability (both in time and space) on hydrologic
response for selected storm events (as listed in Table 2). Numerical simulations provide flexibility in analyz-
ing ‘‘hypothetical’’ rainfall scenarios for each storm event, which is beyond the capability of observations
alone. Details of rainfall scenarios are described below.
3.2.1. Temporal Rainfall Variability
Scenarios of temporal rainfall variability were generated by aggregating the 1 min rainfall input at different
time intervals. We used a large set of aggregation time intervals ranging from 1 to 120 min (i.e., 1, 5, 10, 15,
20, 25, and 30 min), and subselected multiple critical time intervals (i.e., 3, 5, 10, 30, and 60 min) for further
analyses. These critical time intervals were also recommended in previous studies [e.g., Berne et al., 2004;
Einfalt et al., 2004; Ochoa-Rodriguez et al., 2015]. Model configurations and initial conditions were all kept
the same for simulating each storm event.

Two key metrics were used to quantify the impact of coarsening temporal resolutions of rainfall input on
flood response. The metrics focus on variations in both flood peak magnitude (REt) and peaking timing
(DTt), and take the forms:

REt5 Qmax12min2Qmaxt2minð Þ=Qmax12min (1)

DTt5TðQmaxÞt2min2TðQmaxÞ12min (2)

where REt is the relative change in flood peak magnitude (Qmaxt2min ) corresponding to different averaging
time intervals (e.g., 3, 5, and 10 min) of rainfall input, in relation to the 1 min rainfall input from the disdrom-
eter. DTt is the relative difference in flood peak timing.
3.2.2. Spatial Rainfall Variability
The GSSHA model was calibrated based on the 1 min rainfall rate observations from the disdrometer, which
implicitly assumes rainfall was uniformly distributed over all model grids (Figure 3a). The uniform assump-
tion deviates from reality, but observations are not available to further resolve spatial rainfall variability. The
spatial resolution of conventional WSR-88D radar reflectivity fields (approximately 1 km) is not helpful in
resolving finer-scale rainfall variability over Harry’s Brook (1.1 km2). Accurate representations of spatial rain-
fall variability call for rainfall fields with higher spatial resolutions (as provided by, e.g., X-band Radar). In this
study, we investigate the sensitivity of storm event hydrologic response to spatial rainfall variability by
designing ‘‘hypothetical’’ rainfall scenarios representing contrasting spatial patterns of rainfall. Three con-
trasting spatial patterns of rainfall (in addition to the ‘‘Uniform’’ rainfall scenario) were designed (Figures 3a–
3d). We computed flow distance dðxÞ for point x within the watershed to the outlet of watershed. The maxi-
mum flow distance for Harry’s Brook is about 1.8 km. Rainfall input rðx; tÞ over each point x is:
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rðx; tÞ5xðxÞRðtÞA (3)

Where A is the total area of the water-
shed, RðtÞ is the 1 min rainfall rate
from the disdrometer, xðxÞ is the
weighting factor, and have various
expressions for different scenarios:

Uniform : xðxÞ51=A (4)

‘‘Random’’ : xðxÞ5randðxÞ=
ð
A
randðxÞdx

(5)

‘‘Distance’’ : xðxÞ5dðxÞ=
ð
A
dðxÞdx (6)

‘‘Distance2Reverse’’ : xðxÞ5

½dðxÞ�21=

ð
A
½dðxÞ�21dx

(7)

where randðxÞ represents any ran-
dom number between 0 and 1. The
weighting factor is a function of loca-
tion x, and is invariant with time. Spa-
tial patterns representing rainfall
variability are never exhaustive (see
e.g., Gires et al. [2012] and Paschalis
et al. [2014] for approaches to gener-
ate spatial rainfall patterns). In this
study, we only present ‘‘end-
member’’ scenarios (in terms of flood
response) to represent spatial rainfall
distribution over Harry’s Brook. For

instance, in the ‘‘Distance’’ scenario (Figure 3c), rainfall is assumed to concentrate in the upper region of
the subwatershed, while rainfall is concentrated over the downstream region close to the outlet of the
watershed in the ‘‘Distance-Reverse’’ scenario (Figure 3d). We set five different realizations for the ‘‘Ran-
dom’’ scenario for each storm event. Model output from five different random realizations exhibited negli-
gible variations. The averaged results from the five realizations are presented below to represent output
of the ‘‘Random’’ scenario for each storm event. Rainfall input (1 min from the disdrometer), including
both total accumulation and rain rate at each time step, is unchanged among different scenarios for each
storm event.

Two key metrics were used to quantify the impact of spatial rainfall variability on flood response. The met-
rics focus on variations in both flood peak magnitude (REs) and timing (DTs), and take the forms:

REs5 Qmaxuniform2Qmaxsð Þ=Qmaxuniform (8)

DTs5TðQmaxÞs2TðQmaxÞuniform (9)

where REs is the relative change in flood peak magnitude (Qmaxs) corresponding to one of the three
designed spatial rainfall scenarios (Random, Distance, and Distance-Reverse), relative to the ‘‘Uniform’’ sce-
nario. DTt is the relative difference in flood peak timing.

In addition to rainfall variability, numerical experiments based on GSSHA were designed to investigate sen-
sitivity of flood response to antecedent soil moisture for specific events. We examine changes in both flood
peak magnitudes and total runoff by setting up values that represent different initial conditions of soil mois-
ture. These values range from 0.1 (the approximate wilting point, in volumetric fraction) to 0.5 (the approxi-
mate soil porosity, in volumetric fraction), with an interval of 0.1.

Figure 3. Weighting factors for four contrasting spatial rainfall patterns: (a) uni-
form, (b) random, (c) distance, and (d) distance-reverse. Shaded colors represent
values of weighting factor AxðxÞ. Black line outlines the boundary of the
watershed.
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4. Results and Discussion

In section 4.1, we examine rainfall-runoff relationships over Harry’s Brook and Simon Run subwatersheds
and highlight key factors (e.g., detention ponds, storm drainage network, depression storage, and anteced-
ent soil moisture) that characterize hydrologic contrasts between the two subwatersheds. In the following
two subsections, we investigate how rainfall variability in both time and space together with watershed
characteristics determines storm event hydrologic response over Harry’s Brook and Simon Run.

4.1. Rainfall-Runoff Relationships
There were 57 flood peaks in Harry’s Brook exceeding 1 m3 s21 during the 2 year observation period and 48
events with a unit discharge (i.e., flood peak discharge divided by drainage area) exceeding 1 m3 s21 km22,
placing Harry’s Brook among the ‘‘flashiest’’ watersheds in the U.S. [Smith and Smith, 2015]. Flood events are
concentrated during the warm season; warm-season thunderstorms are the main agents for flash flooding
in Harry’s Brook, as in urban watersheds for much of the U.S. east of the Rocky Mountains [Smith et al.,
2005a; Ntelekos et al., 2007; Smith and Smith, 2015; Yang et al., 2016; Yeung et al., 2015]. Ten events in Harry’s
Brook had values of peak discharge exceeding 8.6 m3 s21 (unit discharge of 7.8 m3 s21 km22, see Table 3).
Seven out of 10 occurred during the period from June to August and 3 occurred in October (Table 3).

As illustrated in Figures 4 and 5, peak discharge in Harry’s Brook is strongly dependent on rainfall rate vari-
ability at 1–30 min time scales. Figure 4 presents scatterplots of maximum 5, 15, and 30 min rainfall rate
and peak discharge for the 14 selected 2006 flood events in Harry’s Brook. We use observations from the
2006 observing period because high-quality rainfall rate observations from disdrometer are available at 1
min time resolution. The correlation between maximum rain rate and peak discharge is 0.87 at a 5 min time
scale, 0.94 at a 15 min time scale, and 0.92 at a 30 min time scale (Figure 5). The averaging time that pro-
duced the largest correlation between maximum x min rain rate and peak discharge in Harry’s Brook is 13
min (Figure 5). Correlation increases from 0.70 at the 1 min time scale to 0.95 at 13 min time scale and
decays gradually to 0.88 at 60 min time scale.

The storm event runoff ratios (i.e., the proportion of rainfall that becomes runoff) range from less than 0.1
to more than 0.8 (Figure 6) for the 2006 storm events in Harry’s Brook. The striking variability in runoff ratio
is linked to rainfall properties, antecedent storage, and heterogeneities of land surface processes, as
described below. A quadratic representation of runoff as a function of storm total rain (Figure 6), character-
izes the increase in runoff ratio with total rainfall. The nonlinear dependence between rainfall and runoff,
characterized by a small rate of change at lower rainfall totals and a much larger rate of change at higher
rainfall totals, is an important feature of flood hydrology for Harry’s Brook. Similar features were reported for
Dead Run at Franklintown, a 14.3 km2 urban watershed in the Baltimore Metropolitan region [Smith et al.,
2005b]. The increase in runoff ratio with total rainfall suggests that there are capacity constraints on storm
event water balance imposed by both storage processes over pervious surfaces and depression storage
over impervious surfaces in Harry’s Brook. Previous studies found that total runoff was mainly contributed

Table 3. Summary of the Hydrometeorological Variables for the 10 Biggest Flood Events in the Harry’s Brook Subwatershed During the
2 Year Observing Perioda

No.
Date

(mm/dd/yy)
Peak Discharge

(m3 s21)
Rainfall
(mm)

Runoff
(mm)

Runoff
Ratio

Max 1-Min Rain
(mm h21)

Max 15-Min Rain
(mm h21)

Max 30-Min Rain
(mm h21)

1 07/22/06 29.5 36.8 29.8 0.81 120 78 57
2 06/29/05 19.6 24.0 16.4 0.69 78 55 35
3 10/12/05 17.4 102.3 106.6 1.04 69 61 52
4 06/03/06 12.2 15.3 7.8 0.51 115 51 28
5 10/05/06 11.3 26.8 12.9 0.48 123 66 46
6 07/22/06* 11.3 18.3 8.5 0.46 88 61 37
7 10/09/05 11.0 101.0 80.4 0.80 62 50 38
8 07/02/05 10.4 15.0 7.4 0.49 93 50 29
9 06/03/06** 9.8 21.6 9.6 0.44 81 49 29
10 08/15/05 8.6 18.6 7.7 0.41 66 37 24

aThe 22 July event in 2006 denoted with a star (for detailed information see Table 4, No.8) is a previous storm of the 22 July 2006
event that ranked No.1 in the table. The 3 June 2006 event marked with two stars (also see Table 4 No.7) is an event that happened
after the storm that ranked No.4 in the table below. (Note: rainfall data for 2005 events are based on radar and for 2006 events are
based on disdrometer, same as below).
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from impervious surfaces over the water-
sheds for small rainfall events, while pervi-
ous surfaces begin to contribute runoff
for relatively larger rainfall events
[Terstriep and Stall, 1969; Miller and Viess-
man, 1972].

A single pulse of rainfall is typically associ-
ated with passage of a convective storm
element over Harry’s Brook during a time
period of approximately 1–30 min time
scale [Yang et al., 2016]. Flash floods are
associated with organized convective sys-
tems in which multiple convective ele-
ments pass over a watershed [Doswell
et al., 1996]. Many of the 2005–2006
storms over the Harry’s Brook subwa-
tershed were characterized by multiple
pulses of rainfall for which discharge rises
and falls prior to the subsequent rainfall
pulse (Table 4). The 22 July 2006 (Event
No. 9 in Table 4) flood was associated
with an approaching upper level trough
and passage of a surface cold front. A

cluster of convective cells developed in the warm sector east of the cold front, and moved toward Harry’s
Brook with storm speeds ranging at 30–50 km h21 [Yang et al., 2016]. Repeated passage of storm elements
from the system played an important role in producing the largest flood peak in Harry’s Brook. Multipulse
flood response produced by storm elements embedded within organized convective systems is a key fea-
ture of flash flood hydrology over the Harry’s Brook subwatershed.

We summarize water balance computations from multiple pulse storms in Table 4 with the objective of
highlighting dependence of runoff properties on antecedent moisture state over the subwatershed. There
is a general increase in runoff ratio for second pulse and third pulse events, but the more pronounced fea-
ture of these analyses is the dependence of runoff ratio on total rainfall (Figure 6). The three pulses of rain

during the afternoon and evening of 22
July 2006 (Event No. 9 in Table 4) illustrate
key features of the multipulse flood
response to organized convective sys-
tems. A runoff ratio of 0.34 results from
8.3 mm of rainfall for the first rain pulse.
The runoff ratio is 0.55 for the final pulse
of rainfall, which was only 4.2 mm. Most
importantly, the runoff ratio for the
28.5 mm of rainfall from the middle pulse
was 0.95 and produced the record flood
peak in Harrys Brook, a unit discharge of
26.8 m3 s21 km22. For Harry’s Brook, rain-
fall of approximately 30 mm in 30 min
produced runoff ratio close to 1 and a
flood peak comparable to the largest unit
discharge peaks from small urban water-
sheds in the U.S.

The estimated peak discharge values in
Simon Run for the ten largest flood peaks
during the period of 2005–2006 are

Figure 4. Relationship between flood peak discharge and maximum value of
rainfall rates over 5 min (red dots), 15 min (black dots), and 30 min (blue dots)
time averaging intervals for Harry’s Brook subwatershed based on all the
events during the 2006 observing period.

Figure 5. Correlation between peak discharge and maximum x min rainfall
rate and time integration interval x (minute) for Harry’s Brook (blue dots) and
Simon Run (red circles) subwatershed, based on analyses carried out for
events during the 2006 observing period. The maxima are highlighted with
vertical dashed lines for both subwatersheds. Rain rates for both subwater-
sheds are based on the Joss-Waldvogel disdrometer (see Figure 1 for
location).
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markedly smaller than the ten largest val-
ues for Harry’s Brook (Tables 3 and 5). The
largest flood peak in Simon Run was 4.2 m3

s21 (unit discharge of 8.4 m3 s21 km22;
Event No.1 in Table 5) for the 12 October
2005 storm which is ranked third for Harry’s
Brook (unit discharge of 15.8 m3 s21 km22;
Event No. 3 in Table 3). The 22 July 2006
storm that produced the record flood peak
at the Harry’s Brook gaging station (unit
discharge of 26.8 m3 s21 km22, see Table 3)
ranked second at Simon run with a unit dis-
charge peak of 6.6 m3 s21 km22. The reduc-
tion in peak discharge associated with
storm water management for this record
urban flood is roughly a factor of 4. The
overlap among the list of top 10 flood
events at the two sites is large, with the top
7 events at Simon Run (Table 5) all appear-
ing in the top-10 list for Harry’s Brook
(Table 3).

The correlation between maximum rain
rate (based on 1 min rainfall observation
from the disdrometer) and peak discharge

for Simon Run (Figure 5) is 0.65 at the 5 min time scale (0.87 in Harry’s Brook), 0.86 at the 15 min time scale
(0.94 in Harry’s Brook) and 0.85 at the 30 min time scale (0.92 in Harry’s Brook). The averaging time that pro-
duces the largest correlation between maximum x min rain rate and peak discharge for Simon Run is 16
min, 3 min longer than for Harry’s Brook despite the fact that Simon Run is approximately half the drainage
area. Correlation increases from 0.47 at a 1 min time scale to 0.87 at a 16 min time scale and decays gradu-
ally to 0.82 at 60 min time scale. Contrasting rainfall-runoff relationships between Harry’s Brook and Simon
Run highlight the role of watershed characteristics (e.g., detention ponds, efficient storm drainage network,
depression storage, and antecedent soil moisture) in determining flood response.

Figure 6. A scatterplot of event total rainfall (mm) and runoff (mm) for the
Harry’s Brook subwatershed based on events during the 2006 observing
period. Black cure is the fitted line between runoff and rainfall, and the fit-
ted function is listed in the figure. Dashed lines denote fixed runoff ratios.

Table 4. Summary of the Hydrometeorological Variables for Selected Multiple-Pulses Storm Events Over the Harry’s Brook Subwa-
tershed During the 2 Year Observing Period

No.
Date

(mm/dd/yy)
Time
(UTC)

Peak Discharge
(m3 s21)

Rainfall
(mm)

Runoff
(mm) Runoff Ratio

Max 15-Min Rain
(mm h21)

Time Between
Peaks (h)

1 06/29/05 18:40 1.7 5.0 1.2 0.25 19 1.0
06/29/05 19:38 19.6 19.0 15.2 0.80 55

2 07/01/05 21:47 1.3 5.5 1.8 0.32 N/A 8.0
07/01/05 05:46 10.4 15.0 7.4 0.49 50

3 07/08/05 11:04 0.2 13.8 1.8 0.13 13 0.2
07/08/05 15:32 1.3 25.4 5.1 0.20 26

4 10/08/05 21:38 10.3 61.9 33.9 0.55 50 3.6
10/08/05 01:22 11.0 39.1 46.5 1.19 30

5 10/12/05 10:04 17.4 86.4 88.2 1.02 61 4.5
10/12/05 14:32 6.1 15.9 18.4 1.16 14

6 05/15/06 23:30 1.0 4.6 0.9 0.19 15 1.4
05/15/06 00:56 2.8 6.5 1.8 0.28 26

7 06/03/06 00:32 12.2 15.3 7.8 0.51 51 3.5
06/03/06 03:59 9.8 21.6 9.6 0.44 49 13.0
06/03/06 16:57 3.9 13.6 4.8 0.35 29

8 07/21/06 20:00 0.2 2.7 0.2 0.08 9 0.9
07/21/06 20:57 1.1 5.0 1.5 0.31 13 3.2
07/22/06 00:11 11.3 18.3 8.5 0.46 61

9 07/22/06 19:57 3.8 8.3 2.8 0.34 27 1.0
07/22/06 20:55 29.5 28.5 27.0 0.95 78 2.1
07/22/06 22:58 1.1 4.2 2.3 0.55 12
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4.2. Temporal Rainfall Variability
The contrast in storm event hydrologic response between Harry’s Brook and Simon Run is illustrated
through time series of rainfall and discharge in the two subwatersheds to a pulse of extreme rain rates on 3
June 2006 (Figure 7). Rainfall rate rises sharply to a maximum 1 min rate of 115 mm h21; peak 15 min rain-
fall rate is 51 mm h21. Discharge time series are represented through unit discharge to facilitate comparison
between Harry’s Brook (1.1 km2) and Simon Run (0.5 km2). Despite its larger size, Harry’s Brook peaks 7 min
before Simon Run, and its unit discharge peak is more than twice as large as that from Simon Run. Analyses
of 3-D radar reflectivity fields show that the spatial scale of storm elements responsible for the 3 June 2006
flood was approximately about 100 km2, and the mean value of storm velocity was around 30 km h21 [see
Yang et al., 2016, Figure 4]. The storm approaches Harry’s Brook and Simon Run at the same time due to
favorable spatial orientation of storm elements [see Yang et al., 2016, Figure 6], which eliminates the tempo-
ral shift of rainfall series over two subwatersheds. We thus infer that the differences in temporal lag of flood
peaks for the 3 June 2006 event is predominantly related to contrasting physical properties of the two
subwatersheds.

The largest flood peak in Harry’s Brook, as noted above, occurred on 22 July 2006. It was produced by an
organized thunderstorm system characterized by large temporal and spatial variability of rainfall rate (see
Yang et al. [2016] for analyses of storm structure and evolution). The peak rainfall rates at 1, 5, 15, and 30
min time interval were 120, 95, 78, and 57 mm h21, respectively. The event had a peak discharge of 29.5 m3

s21 (unit discharge of 26.8 m3 s21 km22; Table 3). The 26.8 m3 s21 km22 unit discharge at a drainage area
of 1.1 km2 is comparable to the largest unit discharge flood peaks in the eastern U.S. [Smith et al., 2005a;

Smith and Smith, 2015]. The lag time
between the 1 min maximum rain
rate and peak discharge for the 22
July 2006 event was only 11 min.

We carried out a series of numerical
experiments using the GSSHA model
(see section 3 for details) to examine
the dependence of flood response on
temporal rainfall variability. For the 22
July 2006 storm, the simulated peak
discharge decreases from 16.9 m3 s21

using disdrometer rainfall rates at 1 min
time resolution to 4.7 m3 s21 when
rainfall rates are averaged to 120 min
time interval (Figure 8a); We presented
simulated peak discharge values for a
broad range of averaging time intervals
in Figure 8b. The simulated peak dis-
charge generally decreases with the

Table 5. Summary of the Hydrometeorological Variables for the 10 Biggest Flood Events in Simon Run During the 2 Year Observing
Perioda

No.
Date

(mm/dd/yy)
Peak Discharge

(m3 s21)
Rainfall
(mm)

Runoff
(mm) Runoff Ratio

Max 1-Min Rain
(mm h21)

Max 15-Min Rain
(mm h21)

Max 30-Min Rain
(mm h21)

1 10/12/05 4.2 102.3 97.4 0.95 69 61 52
2 07/22/06 3.3 36.8 7.1 0.19 120 78 57
3 10/09/05 3.1 101.0 63.1 0.62 62 50 38
4 07/22/06* 2.7 18.3 7.0 0.38 88 61 37
5 10/05/06 2.6 26.8 7.8 0.29 123 66 46
6 06/03/06 2.2 15.3 7.7 0.50 115 51 28
7 06/29/05 1.9 24.0 8.4 0.25 78 55 35
8 06/14/06 1.7 11.9 8.9 0.75 N/A N/A N/A
9 06/23/06 1.5 9.4 2.4 0.26 63 63 19
10 06/28/06 1.3 35.2 19.7 0.56 39 39 19

aThe 22 July event in 2006 marked with a star is a previous storm of the 22 July 2006 event that ranked No. 2 in the table.

Figure 7. Time series of disdrometer rainfall rate (mm h21, black solid line) and
unit discharge (m3 s21 km22) at both Harry’s Brook (blue dotted line) and Simon
Run (red dotted line) subwatersheds for the 3 June 2006 event during 0000 UTC-
0130 UTC on 3 June 2006.
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increasing averaging time interval. For
time intervals larger than 30min, the rel-
ative difference (REt) between simulated
flood peak magnitude with rainfall rate
at 1 and x min interval exceeds 30%,
indicating significant reduction of simu-
lated flood peak with the coarsening
temporal resolution of rainfall input. The
simulated peak discharge with rainfall
rate at 3 and 5 min averaging interval
are 16.5 and 16.3 m3 s21, respectively,
which are comparable to simulated
flood peak of 16.9 m3 s21 with 1 min
rainfall rate.

The reduction of flood peak due to
coarsening temporal resolution of rain-
fall input is a common feature for all
storm events over Harry’s Brook (Figure
9). Simulations with rainfall input at 3
and 5 min averaging time intervals pro-
duced slight reduction (within 5%) of
flood peak magnitude relative to 1 min
rainfall input. The reduction rates
exceed 50% with rainfall input at time
averaging intervals larger than 30 min
(Figure 9c). Coarsening simulations also

delay the timing of simulated flood peak using rainfall input with larger averaging time intervals; there are only
small variations in flood peak timingwith smaller time intervals, e.g., 3 and 5min (Figure 9d). The impacts of coars-
ening temporal resolution of rainfall input on simulated flood response (both in terms of flood peak magnitude
and timing) are only weakly dependent on total rainfall (represented by maximum 60 min accumulated rainfall,
Figures 9a and 9b). For the 1.1 km2 scale of Harry’s Brook, accurately resolving rainfall rate variability at 1–5 min
time interval is critical for modeling flood peak response [e.g., Berne et al., 2004;Ochoa-Rodriguez et al., 2015].

In addition to temporal averaging of rainfall rates, the temporal distribution of rainfall pulses within a storm
event plays an important role in flood response. The 21 July 2006 and 24 June 2006 events have compara-
ble total rainfall amounts but contrasting temporal variability (Figures 10a and 10b). The 21 July 2006 event
is characterized by a relatively uniform distribution of rainfall, while total rainfall is concentrated in a period
of 10 min for the 24 June case, with peak rain rate over 60 mm h21 (a factor of 3 larger than the 21 July rain-
fall peak). The corresponding flood response to the two rainfall series is quite different due to the distinct
temporal distribution of rainfall forcing.

We present another set of comparable events (22 July 2006 and 3 June 2006, rank No. 1 and No. 4 in Table 3,
respectively) in Figures 10c and 10d. Both cases have comparable maximum rain rates, but the main pulse on
22 July is preceded by a series of small pulses, while the 3 June is isolated from other rainfall pulses. Distinct
flood peak magnitudes are observed due to temporal rainfall variability; the flood peak for 22 July is 3 times
larger than the 3 June flood peak. We use numerical experiments with the GSSHA model to evaluate anteced-
ent soil moisture impacts on flood response for the two events. Figure 11 highlights contrasting spatial pat-
terns of antecedent soil moisture 15 min before flood peaks for both events. The entire subwatershed is
almost saturated prior to the 22 July event, while the 3 June event exhibits a contrasting pattern, with only a
small portion of saturated surface over the subwatershed. Accumulated rainfall within the 15 min interval
(from the time of ‘‘soil moisture measurement’’ to time of flood peak) is 16.8 mm for 22 July and 12.5 mm for
3 June, respectively. Numerical experiments based on GSSHA for the 3 June event confirms the sensitivity of
flood peaks and runoff ratio to antecedent soil moisture (see section 3 for more details about the experi-
ments). The magnitude of flood peak for the 3 June case increases as a quadratic function of soil moisture
(Figure 12). Flood peak magnitude is still much smaller than the 22 July case, even if we assigned a saturation

Figure 8. (a) Time series of disdrometer rainfall rate (black solid line, mm h21),
observed hydrograph (black dots), and simulated discharge (m3 s21) with rainfall
rate averaged over 1, 5, 15, 60, and 120 min time interval, respectively, over Harry’s
Brook for the 22 July 2006 event; (b) scatterplot of simulated peak discharge for the
22 July 2006 event versus averaging time intervals ranging from 1 to 120 min. Hori-
zontal lines represent difference in simulated peak discharge based on x min rainfall
input relative to 1 min rainfall input ðRExmin Þ at levels of 10%, 30%, and 75%.
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value of antecedent soil moisture for the simulation. Combined analyses (based on Figures 11 and 12) indicate
that total rainfall (which affects the depression storage in the surface or near-surface zones) is a more important
factor in storm event water balance than conventional representations of antecedent soil moisture (also see Fig-
ure 6 for strong dependence of storm event runoff on total rainfall). Storm event hydrologic response to tempo-
ral rainfall variability is dictated by both antecedent soil moisture conditions and depression storage over
impervious surfaces. However, water balance is strongly linked to peak rain rates at 1–30 min and weakly linked
to antecedent soil moisture conditions (see Smith et al. [2013] for similar findings).

4.3. Spatial Rainfall Variability
We carried out a series of numerical experiments using the GSSHA model to examine the sensitivity of flood
response to spatial variability of rainfall (see section 3 for details). Both flood peak magnitude and peak tim-
ing are sensitive to spatial variability of rainfall (Figure 13). Simulated flood peak magnitudes with random
rainfall pattern are similar to the simulations with a uniform rainfall distribution (Figures 13a and 13c). Both
‘‘Distance’’ and ‘‘Distance-Reverse’’ rainfall patterns produce relatively larger flood peaks. The relative change
of flood peak magnitude REs is around 215% (median values) for both ‘‘Distance’’ and ‘‘Distance-Reverse’’
scenarios. In addition, ‘‘Distance-Reverse’’ scenario reduced the time lags of flood peaks for all simulated
events. This feature is expected since the main rainfall pulses are concentrated near the outlet which ena-
bles runoff to reach the outlet quickly (Figures 13b and 13d).

The Distance scenario, however, does not delay peak timing significantly compared to the ‘‘Uniform’’ rainfall
scenario. The average difference in peak timing between ‘‘Distance’’ and ‘‘Uniform’’ rainfall scenario is between
0 and 2 min for all 14 events. The median value of peak timing differences between ‘‘Distance’’ and ‘‘Uniform’’
scenario is no more than 1 min larger than that between ‘‘Random’’ and ‘‘Uniform’’ scenario (Figure 13d). The

Figure 9. Numerical experiments based on GSSHA model for selected 2006 events (as listed in Table 1). (a, b) Relative difference between simu-
lated flood peak magnitude and timing with rainfall rate at 1 and x min (x ranges among 3, 5, 10, 30, and 60) time interval. The events are
indexed by total rainfall (accumulated rainfall within 60 min period). (c, d) The boxplots summarizing the differences as shown in Figures 9a and
9b. The box spans 0.25 and 0.75 percentiles, and the whiskers represent 0.1 and 0.9 percentiles. The red lines in the box represent median values.
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small difference in peak timing between ‘‘Distance’’ and ‘‘Uniform’’ scenario (also ‘‘Random’’ scenario) could be
related to the high density of the storm drainage network in the upper portion of the subwatershed, which
facilitates the rapid transport of runoff to the outlet [e.g., Terstriep et al., 1976; Graf, 1977]. Well-designed and
well-graded storm drainage systems (as is the case for Harry’s Brook) are normally efficient channels with high
water velocities that rapidly conduct runoff to the outlet [Hollis, 1975]. High density of storm drainage network
in the upper portion of the subwatershed also contributes to increased flood peak magnitude in the Distance
scenarios (Figure 13b) [e.g., Hollis, 1975; Smith et al., 2002; Ogden et al., 2011].

Differences in both peak magnitudes
and timing decrease dramatically with
storm volume (represented by accumu-
lated rainfall, Figures 13a and 13b),
indicating that flood response to small
rainfall events is more sensitive to spa-
tial rainfall variability than large rainfall
events. For the 22 July event (with the
largest flood peak and total rainfall,
indicated as the points on the far right
of x axis in Figures 13a and 13b), flood
peak magnitudes and timing do not
vary much across different spatial rain-
fall scenarios. The lower sensitivity of
flood response to spatial rainfall vari-
ability from intense storms relative to
modest storms lies in the key runoff-
generation and routing processes over
Harry’s Brook. For intense storms, the

Figure 10. Time series of 1 min rainfall rate (mm h21) and discharge (m3 s21) measured at the outlet of the Harry’s Brook subwatershed
for (a) 21 July 2006, (b) 24 June 2006, (c) 22 July 2006, and (d) 3 June 2006 event. Rain rate is measured by the Joss-Waldvogel disdrometer
(see Figure 1 for location). x axis represents time (in minute) since the beginning of rainfall.

Figure 11. Spatial distribution of antecedent soil moisture (volumetric fraction,
m3 m23) in the Harry’s Brook subwatershed for (a) 22 July 2006 and (b) 3 June 2006
case. The spatial maps shown here are instantaneous model output from the GSSHA
model at 15 min before flood peaks for both cases. Storm drainage networks are
shown in red solid lines and black dots. Black line represents watershed boundary.
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importance of depression storage in
the surface or near-surface region (as
discussed in previous sections) is
greatly reduced (due to ‘‘saturation’’).
As a result, the entire watershed
becomes ‘‘connected’’ with the storm
drainage network, which enhances the
efficiency of runoff transport to the
outlet. For modest storms, flood
response is dictated by the interplay of
spatial rainfall variability and surface
heterogeneities (e.g., spatial distribu-
tion of depression storage). A quanti-
fied influence of storage depression
could be further investigated based on
hydrodynamic modeling strategies
with fine-scale resolutions and accu-
rate representations of land surface
properties in the model.

The relative importance of temporal and spatial rainfall variability in characterizing flood response could be
discerned by the intensity of rainfall events over small urban watersheds (Figures 9 and 13). For extreme
rainfall events, temporal rainfall variability (time-averaging and temporal distribution of rainfall pulses) plays

Figure 13. Numerical experiments based on GSSHA model for selected 2006 events (as listed in Table 2). (a, b) Relative differences in flood
peak magnitude and timing with different spatial rainfall patterns, as compared to the uniform rainfall pattern. The events are indexed by
total rainfall (accumulated rainfall within 60 min period, taking reference to the time of flood peak). (c, d) The boxplots summarizing the
differences as shown in Figures 13a and 13b. The box spans 0.25 and 0.75 percentiles, and the whiskers represent 0.1 and 0.9 percentiles.
The red lines in the box represent median values.

Figure 12. Sensitivity of flood peak (m3 s21) and runoff ratio to antecedent soil
moisture (averaged volumetric fraction over the entire subwatershed, m3 m23) for
the 3 June event over Harry’s Brook subwatershed. The results are based on numeri-
cal experiments with GSSHA model. Regression and correlation analyses are also
shown in the figure. We note that the upper limit of soil moisture is set to 0.5 (in
volumetric fraction), corresponding to the porosity of soils over Harry’s Brook
subwatershed.
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a relatively more important role than its spatial counterpart for the scenarios investigated in this paper in
storm event hydrologic responses for small urban watersheds like Harry’s Brook. Both spatial and temporal
rainfall variability are critical in characterizing flood response to modest rainfall events.

5. Summary and Conclusions

Storm event hydrologic response over Harry’s Brook and Simon Run is examined through analyses of rainfall
and discharge observations as well as numerical simulations with the GSSHA model during a 2 year period
(February 2005–October 2006). The principal conclusions of this study are summarized as follows:

1. For the Harry’s Brook subwatershed at 1.1 km2 drainage area, there were 57 flood peaks exceeding 1 m3 s21

during the 2004–2006 observing period. Ten events in Harry’s Brook had peak discharge values exceeding
8.6 m3 s21 (unit discharge of 7.8 m3 s21 km22), placing the watershed among the flashiest watershed in the
U.S. [Smith and Smith, 2015]. Flood events are concentrated during the warm season, with seven out of ten
occurred during the June-July-August period.

2. For Harry’s Brook, correlation of peak discharge with maximum x min rain rate increases from 0.71 at 1
min to the 0.95 maximum at 13 min, and decreases to 0.88 at 60 min. For Simon Run at 0.5 km2 drainage
area, correlation of peak discharge with maximum x min rain rate increases from 0.47 at 1 min to the
0.87 maximum at 16 min, and decreases to 0.82 at 60 min. Spatial and temporal variability of rainfall rate,
which are closely associated with structure and evolution of warm season thunderstorm systems, plays a
key role in hydrologic response in urban watersheds.

3. Storm water management infrastructure plays a pronounced role in altering storm event hydrologic
response. The Harry’s Brook subwatershed was developed prior to storm water management regulations
initiated during the 1970s and reflects ‘‘end-member’’ hydrologic response associated with rapid trans-
mission of runoff through the storm drainage network. Simon Run was largely developed following
implementation of storm water management regulations. Striking contrasts in hydrologic response to
rain rate variability (see item 2 above and Figure 7) characterize the Simon Run and Harry’s Brook obser-
vations during the 2005–2006 observing period, and place Harry’s Brook among the flashiest watersheds
in the U.S.

4. Variability in the storm event runoff ratio of Harry’s Brook is large, ranging from less than 0.1 to more
than 0.8 in the Harry’s Brook subwatershed. Storm event runoff increases quadratically with storm total
rainfall, with a much steeper rate of change for higher rainfall totals than for lower rainfall totals. Analyses
suggest that storage processes in pervious portions of the watershed and depression over impervious
portions of the watershed impose capacity constraints that control storm event water balance. Analyses
of multipulse storm events (Table 4) and numerical experiments with GSSHA on sensitivity of flood
response to antecedent soil moisture (Figures 11 and 12) provide only weak evidence of antecedent soil
moisture controls of the storm event water balance. The quantitative impacts of antecedent soil moisture
and depression storage on flood response, however, remain an important topic for future studies.

5. Numerical experiments based on the GSSHA model are used to evaluate the sensitivity of storm event
flood responses to spatial and temporal variability of rainfall. Analyses on the 22 July 2006 event high-
light the striking dependence of flood response on temporal variability of rainfall (Figures 8b and 10a).
The modeled peak discharge decreases from 16.9 m3 s21 at 1 min time interval to 4.7 m3 s21 for an aver-
aging time interval of 120 min. Ochoa-Rodriguez et al. [2015] found that the impact of temporal rainfall
resolution decreases significantly when coarser temporal resolution estimates are generated through
aggregation as opposed to sampling (e.g., sampling rainfall at desired time steps). Modeling analyses
highlight the conditional sensitivity of flood response to spatial variability of rainfall, given the magni-
tude of 60 min accumulated rainfall. The impact of spatial rainfall variability on hydrologic response
decreases as total rainfall accumulation increases. Sensitivity of hydrologic response to temporal rainfall
variability does not clearly depend on storm intensity. For extreme rainfall events, temporal variability of
rainfall plays a relatively more important role than its spatial counterpart in storm event hydrologic
response over Harry’s Brook. Resolving rainfall variability at fine temporal resolution (1–5 min) is thus a
main concern in urban hydrology studies (see also e.g., Ochoa-Rodriguez et al. [2015] for similar conclu-
sion). Higher resolution of rainfall fields at both temporal and spatial scales, is however desirable. Gires
et al. [2012, 2014] andWang et al. [2012] quantified the significant impacts of small-scale rainfall variabili-
ty on simulated urban runoff. Recent studies explored the utility of approaches to interpolate operational
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radar rainfall products (typically at 1 km/5–15 min resolution) onto finer temporal resolutions [e.g., Thorn-
dahl et al., 2014; Nielsen et al., 2014; Wang et al., 2015]. A recent operational rainfall product, Multi-Radar
Multi-Sensor (MRMS) quantitive precipitation estimate at 1 km/2.5 min resolution [Zhang et al., 2015] has
potential application in urban hydrology studies.
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