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ABSTRACT

The authors examine the hydroclimatology, hydrometeorology, and hydrology of flooding in the Mil-
waukee metropolitan region of the upper midwestern United States. The objectives of this study are 1) to
assess nonstationarities in flood frequency associated with urban transformation of land surface properties
and climate change and 2) to examine how spatial heterogeneity in land surface properties and heavy rainfall
climatology interact to determine floods in urbanizing areas. The authors focus on the Menomonee River
basin, which drains much of the urban core of Milwaukee, and the adjacent Cedar Creek basin, where ag-
ricultural land use dominates. Results are based on analyses of bias-corrected, high-resolution (1-km? spatial
resolution and 15-min time resolution) radar rainfall fields that are developed using the Hydro-NEXRAD
system, rainfall observations from a network of 21 rain gauges in the Milwaukee metropolitan region, and
discharge observations from 11 U.S. Geological Survey stream gauging stations. Both annual flood peak
magnitudes and annual peaks over threshold flood counts have increased for the Menomonee River basin
during the past five decades, and these trends are accompanied by a transition of flood events dominated by
snowmelt (March—April floods) to a regime in which warm season thunderstorms are the dominant flood-
producing agents. The frequency of heavy rainfall events has increased significantly. The spatial distribution
of rainfall for flood-producing storms in the Milwaukee study region exhibits striking spatial heterogeneity,
with a maximum in the central portion of the Menomonee River basin. Storm event hydrologic response is
determined by the interactions of spatial patterns of urbanization and rainfall distribution in the Menomonee
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River basin.

1. Introduction

In this paper, we examine the hydroclimatology, hy-
drometeorology, and hydrology of floods through anal-
yses centered on the Menomonee River basin in the
Milwaukee, Wisconsin, metropolitan region (Fig. 1). The
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Menomonee River basin, which has a drainage area of
319 km?, exhibits heterogeneous land use and land cover,
including some of the most heavily urbanized portions of
Milwaukee (Zhang and Smith 2003). Adjacent to the
northern boundary of the Menomonee River basin is the
Cedar Creek basin (Fig. 1), which has nearly the same
basin area (311 km?) but is predominantly agricultural.
Cedar Creek will serve as a “‘reference” watershed for
hydroclimatological analyses of flooding in the Meno-
monee River, providing a representation of the regional
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FIG. 1. (left) Location of the study area in the upper Midwest, USGS streamflow gauges, and MMSD rain gauges.
Milwaukee metropolitan region is shaded in gray. Basin boundaries for the Menomonee River basin, Cedar Creek
basin, and their subbasins are shown in black lines. Red circle indicates the 200-km radius from the KMKX WSR-88D
radar. (top right) NLCD1992 land use map. (bottom right) NLCD2006 land use map. USGS stream gauge IDs:
1) 04087120, 2) 04087119, 3) 04087088, 4) 04087070, 5) 04087050, 6) 04087030, 7) 04086500, 8) 04087000, and

9) 04087100.

flood response of southern Wisconsin, in which agricul-
tural land use dominates.

Previous studies have examined changes in hydro-
logical response of watersheds due to land use change
and climate change. Paired watershed studies, which can
yield direct evidence of impacts (e.g., Changnon and
Demissie 1996; Hewlett and Helvey 1970), provide a
useful approach to assessing changing responses. The
combined analyses of hydrologic response for the Me-
nomonee River and Cedar Creek basins in this study
draw on approaches developed in paired watershed
studies. Statistical and hydrologic modeling advances
have also played an important role in assessing changing
flood response of watersheds (e.g., Hejazi and Markus
2009; Villarini et al. 2009b, 2011a, 2013a; Smith et al.
2010; Chung et al. 2011; Cuo et al. 2009; Franczyk and

Chang 2009; Claessens et al. 2006; Semadeni-Davies
et al. 2008a,b; Praskievicz and Chang 2009). In this study,
we draw on statistical approaches for assessing non-
stationarities in flood records and rainfall records, mo-
tivated in part by the observation of Milly et al. (2008),
that “‘stationarity is dead” (for cautionary discussion of
the demise of stationarity, see, e.g., Villarini et al. 2009a).

A central theme of this study is that spatial hetero-
geneities in land surface processes associated with run-
off production and the climatology of heavy rainfall
interact to determine the spatial and temporal proper-
ties of floods. Changes in the regional climatology of
heavy rainfall are potentially linked to large-scale warming
(e.g., Solomon et al. 2007; Easterling et al. 2000; Voss et al.
2002), especially as it affects water vapor in the atmo-
sphere (e.g., Held and Soden 2006). Changes in the heavy
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rainfall climatology for the Milwaukee region, and other
urban areas around the world, are also potentially linked
to urban modification of regional climate through urban
heat island (UHI), urban canopy, and urban aerosol ef-
fects (as reviewed by Shepherd 2005; Collier 2005; Lowry
1998). Urban modification of the regional precipitation
climatology is an important issue examined in this study.

Previous studies have pointed to increasing trends in
rainfall over the midwestern United States (Karl and
Knight 1998; Angel and Huff 1997; Lettenmaier et al.
1994; Kunkel et al. 1999). Villarini et al. (2011b) analyzed
annual maximum daily rainfall accumulation for 221 rain
gauges in the Midwest and found a slight tendency toward
increasing trends. More recently, Villarini et al. (2013b)
found increasing trends in the number of days with rainfall
accumulation exceeding the 95th percentile over large
areas of the upper Midwest, including Wisconsin.

It is well established, both theoretically and from ob-
servations, that urbanization can modify regional cli-
mate, including precipitation. Urban modification of
the regional precipitation climatology has been reported
in numerous empirical studies around the world (e.g.,
Changnon et al. 1971; Changnon 1980; Shepherd et al.
2002; Mote et al. 2007; Dixon and Mote 2003) and nu-
merical modeling studies have provided insights to physi-
cal mechanisms at play (e.g., Yang et al. 2010; Zhang et al.
2009; Bornstein and Lin 2000; Lei et al. 2008; Miao et al.
2011). Smith et al. (2012) and Wright et al. (2012) have
examined the fingerprints of urbanization on regional
rainfall climatology based on long-term, high-resolution
radar rainfall datasets over the Baltimore and Atlanta
metropolitan regions, respectively, and presented anal-
yses suggesting changes to the “‘extremes’ of the regional
rainfall climatology. In these settings, the impact of ur-
banization on heavy rainfall climatology is also linked to
natural heterogeneities of terrain features (e.g., Ntelekos
et al. 2008; Wright et al. 2012). The Milwaukee metro-
politan region is located on the western boundary of Lake
Michigan, which plays a key role in the local rainfall cli-
matology. Urban modification of heavy rainfall for this
region, as for many urban regions around the world
(Changnon 1980; Lo et al. 2007; Shepherd et al. 2010; Lin
et al. 2011; Cheng and Chan 2012), must be examined in
the broader context of land-water—atmosphere inter-
actions. This study will provide evidence for urban im-
pacts on rainfall and lay a foundation for future numerical
modeling studies.

Merz (2003) found that flood frequency distributions
in Austria can be represented as “‘mixtures” of different
flood-producing agents and that these mixtures are
strongly linked to seasonally varying floods (see also
Smith et al. 2011). Their results highlight the utility of
examining the seasonality of floods, which can reflect
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the dominant flood-producing mechanisms and provide
avenues for investigating the impacts of changes in cli-
mate and land use on flood frequency (Sivapalan 2005).
Previous studies have shown that warm season thun-
derstorm systems become the dominant flood agents in
some environments because of the changes in land sur-
face properties associated with urbanization (e.g., Ntelekos
et al. 2007; Doswell et al. 1996; Baeck and Smith 1998;
Smith et al. 2005). In this study, we will further examine
the role of warm season thunderstorm systems as urban
flood agents.

Analyses of flooding and heavy rainfall presented in
section 3 are motivated by the following hypotheses.

1) Changes in land surface processes associated with
urbanization transform the dominant flood-producing
agents from winter/spring snowmelt to warm season
[June-August (JJA)] thunderstorm systems. These
warm season thunderstorm systems are increasing in
frequency and intensity, implying a component of non-
stationarity in floods associated with climate change.

2) Flood peaks in nonurban areas are linked to snow-
melt; in these basins, there is not a significant long-
term trend in flood magnitudes, but temperature increases
may lead to earlier occurrences of flood peaks during
the year.

3) Nonstationarities in urban flood frequency reflect the
complex interplay of changing hydrologic responses
and regional heavy rainfall climatology.

4) Urbanization influences the regional rainfall clima-
tology by altering the spatial distribution of heavy
rainfall.

In this paper, we examine the evidence for each of
these hypotheses and synthesize the changing flood re-
sponse in a heterogeneous region that has experienced
significant urbanization over the past five decades. We
do not provide complete answers to these hypotheses,
but attempt to provide directions that will help in de-
veloping methods that are necessary to obtain more
definitive answers.

The methodology used to examine these hypotheses is
based on analyses of streamflow and rainfall observa-
tions, for which there are exceptional resources in the
Milwaukee area. We utilize long-term daily discharge
observations from U. S. Geological Survey (USGS)
stream gauging stations, as well as high temporal reso-
lution (5-15 min) discharge observations for storm event
analyses. We use composite rainfall fields for the Wis-
consin region that we developed using the Hydro-NEXRAD
system (e.g., Seo et al. 2010; Krajewski et al. 2010; Wright
et al. 2012; Smith et al. 2012) at 15-min temporal reso-
lution and 1-km horizontal scale for hydrometeorolog-
ical and hydrologic analyses. The high-resolution radar
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TABLE 1. Details of land use types in 1992 and 2006 for Meno-
monee River and Cedar Creek Basins. Land use data are obtained
from NLCD.

Menomonee
Cedar Creek basin River basin
1992 2006 1992 2006
Types (%) (%) Change (%) (%) Change
Urban land 4 14 10 45 65 20
Forest 16 12 -4 13 7 -6
Cultivated 70 55 —15 37 20 -17
crops
Other 10 19 9 5 8 3

rainfall fields provide a detailed representation of spa-
tial and temporal variability of rainfall over urban areas
(e.g., Baeck and Smith 1998; Smith et al. 1996a; Ciach
and Krajewski 1999; Borga et al. 2002).

The paper is organized as follows. In section 2, we
introduce the study region and the data utilized in this
study, including stream gauging observations, rain gauge
records, and radar rainfall data, as well as the algorithms
used to develop bias-corrected radar rainfall fields. In
section 3 we present analyses of nonstationarity of floods
from three perspectives: hydroclimatology (section 3a),
hydrometeorology (section 3b), and hydrology (section
3c). A discussion is presented in section 4, followed by
a summary and conclusions in section 5.

2. Data and study region

The Menomonee River basin (Fig. 1), which drains
a large portion of the Milwaukee metropolitan region,
exhibits large contrasts in land use/land cover and to-
pography. Elevation ranges from about 100 to more than
400 m MSL. A significant topographic transition zone can
be seen in the Menomonee River valley, with higher el-
evations to the west and lakeside plains to the east. Much
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of the metropolitan region is located along this transi-
tion zone. On the eastern boundary of the basin is Lake
Michigan, which is also included in our study domain.

The two land use datasets used in this study were
obtained from the National Land Cover Dataset (NLCD)
(Fig. 1, right; see http://www.mrlc.gov/ for more infor-
mation) and reflect conditions for 1992 and 2006. Table 1
presents the main land use types and the percentage
changes from 1992 to 2006. The Menomonee River ba-
sin has experienced major urban transformations during
the past two decades, with the total urban fraction in-
creasing from 45%-65%. The Cedar Creek basin re-
mains largely agricultural, but has a small fraction of
urbanized land (see discussion in section 3 on urbani-
zation impacts on annual flood counts).

Although the Menomonee River basin is heavily ur-
banized, its subbasins exhibit large variability in land use
(Table 2). Honey Creek and Underwood Creek are the
most densely urbanized with 100% and 92% urban ra-
tios, respectively. The Little Menomonee River and
Menomonee Falls subbasins exhibit dense urbanization
near their outlets. Less than 20% of the upper Little Me-
nomonee River basin is urban; the remainder is forest
and other nonurban land use types.

Discharge data from USGS stream gauging stations
play a central role in this study. Analyses utilize in-
stantaneous discharge data at 5-15-min resolution (lin-
early interpolated to uniform 1-min time interval for all
stations), annual peak data, and mean daily discharge
data from nine stations over the Menomonee River and
Cedar Creek basins [station identifiers (IDs) are shown
in the caption of Fig. 1]. The instantaneous discharge
data are available for several stations from 1986 to 2010,
while the others have data only after 2000. Most of the
stations have daily discharge observations covering the
period from 1962 to 2010. Cedar Creek at Cedarburg
(USGS ID 04086500) has longer records, beginning in

TABLE 2. Summary of land use types for the subbasins of Menomonee River basin in 2006. Land use data are obtained from the NLCD.

Land use ratios over five subbasins (%)

Underwood Lower Little Menomonee Upper Little
Land use types Honey Creek Creek Menomonee River Falls Menomonee River
Developed, open space 10 32 8 8 6
Developed, low intensity 48 40 25 19 10
Developed, medium intensity 33 13 15 6 0
Developed, high intensity 9 7 7 3 0
Urban total 100 92 55 36 16
Forests 0 3 11 10 9
Cultivated Crops 0 2 22 43 65
Other 0 3 12 11 10
Total Area (km?) 30.2 58.8 72.5 92.6 26.6
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TABLE 3. Summary of the 18 largest floods over Menomonee River basin. NA denotes missing data.

Date Peak Discharge (m3 s7! km’z) Total runoff (mm) Total rainfall (mm) Runoff ratio (-)
21 Jun 1997 1.21 84 85 0.99
6 Aug 1998 1.15 48 116 0.41
7 Jun 2008 1.12 98 165 0.59
19 Jun 2009 1.06 33 55 0.59
22 Jul 2010 0.96 76 141 0.54
15 Jul 2010 0.87 35 103 0.34
8 Jun 2008 0.67 32 32 1.00
21 Jul 1999 0.56 23 35 0.66
2 Jul 1997 0.48 14 18 0.82
9 Jul 2006 0.48 6.1 22 0.27
16 Jun 1996 0.47 43 74 0.58
4 Jul 2004 0.46 11 48 0.22
20 Jun 2009 0.44 1.5 NA NA
15 Jun 2010 0.44 8.2 13 0.64
17 Jun 1996 043 45 8.9 0.51
13 Jun 1999 043 23 24 0.96
12 Sep 2006 0.41 7.9 16 0.48
9 Jul 1999 0.39 39 13 0.31

1932. Mean daily discharge observations are converted
to peaks-over-threshold (POT) flood data for further
analysis (see section 3a for additional details).

The Milwaukee Metropolitan Sewerage District
(MMSD) maintains a network of 21 rain gauges with
hourly rainfall observations starting in 1993. We use rain
gauge observations to directly examine the rainfall cli-
matology over the study region and to carry out bias
correction for radar rainfall fields. In addition, cloud-to-
ground (CG) lightning data from the National Lightning
Detection Network (NLDN) are also used in this study
to examine the spatial patterns of warm season thun-
derstorms over the study area. CG lightning data have
been used in previous studies for climatological analyses
of lightning and thunderstorms over the United States
(e.g., Tapia et al. 1998; Carey and Rutledge 2003; Carey
et al. 2003; Bentley and Stallins 2005; Ntelekos et al.
2007), and in particular, for examining urban modifica-
tion of thunderstorms (see Shepherd 2005 for a review).

Radar rainfall fields are derived from volume scan
reflectivity observations from the KMKX Weather Sur-
veillance Radar-1988 Doppler (WSR-88D) radar located
in Milwaukee, Wisconsin (see Fig. 1, left, for location).
We use the Hydro-NEXRAD processing system to con-
vert three-dimensional volume scan reflectivity fields in
a polar coordinate system to two-dimensional surface
rainfall fields in a Cartesian coordinate system. Quality
control algorithms used for the rainfall fields include
detection and removal of anomalous propagation (AP)
returns (Steiner and Smith 2002) and hail detection and
mitigation (Fulton et al. 1998; Baeck and Smith 1998).
Conversion of reflectivity to rainfall rate is based on the
default National Weather Service (NWS) Z-R relationship:

R = aZ", where R is rain rate (mmh '), Z is radar re-
flectivity factor (mm®m™>), and the Z-R parameters
take the values @ = 0.017 and b = 0.714 (Fulton et al.
1998). The rainfall accumulation algorithm converts
rainfall rate fields on irregular volume scan times (5—
6-min time interval) to a regular 15-min time interval.
The rainfall mapping algorithm converts rainfall fields
from a 2D polar coordinate system to the Super—Hydrologic
Rainfall Analysis Project (HRAP) coordinate system,
a Cartesian coordinate system with horizontal resolution
of approximately 1km (Reed and Maidment 1999; Seo
et al. 2010).

The radar rainfall fields analyzed in this study focus on
the 18 largest flood events in the Menomonee River
basin from 1995 to 2010 (Table 3). We implement daily
mean field bias correction (Smith and Krajewski 1991;
Krajewski and Smith 2002) using the network of 21
MMSD rain gauges to improve the rainfall estimates by
reflectivity-based radar. The daily bias correction takes
the form:

B,=<—, (1)

where Gj; is the daily rainfall accumulation for gauge j
on day i, R; is the daily rainfall accumulation for the
radar pixel containing gauge j on day i, and S; is the index
of the rain gauge stations from which both rain gauge
and radar have positive rainfall accumulation for day i.
The bias value is set to be different from 1.0 only if there
are at least five positive radar-rain gauge pairs in the
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FIG. 2. Comparison of MMSD rain gauges and the corresponding radar—pixel daily rainfall accumulations (left)
before and (right) after bias correction.

domain. Bias correction is implemented by multiplying
each 15-min rainfall field on day i by B;. The daily bias
correction removes systematic bias due to variability in
Z-R relationships and radar calibration errors (Villarini
and Krajewski 2010). This bias correction procedure is
the same as that used in Wright et al. (2012) and Smith
et al. (2012).

The daily coefficient of determination (R?) improved
from 0.55 to 0.94 with bias correction (Fig. 2). The daily
root-mean-square error (RMSE) decreased from 15.4 to
5.7mm and the daily mean absolute error (MAE) from
28.2 to 10.1mm. The improvements in radar rainfall
estimates with multiplicative bias correction are con-
sistent with previous studies showing that mean field
bias correction is a key element in developing accurate
rainfall products from conventional radar reflectivity
measurements (Smith et al. 1996b; Seo et al. 1999;
Krajewski and Smith 2002). Upgrading the U.S.
weather radar network to include polarimetric capabil-
ities provides the possibility of achieving comparable
accuracy without mean field bias correction (Ryzhkov
et al. 2005).

3. Results
a. Hydroclimatology of flooding

In this section, we examine the hydroclimatology of
flooding through analyses of nonstationarities in flood
magnitude and frequency in the Menomonee River and
Cedar Creek basins (see the discussion of flood frequency
analysis for nonstationary flood records in Villarini et al.
2009b). We conclude the section with an examination of

nonstationarities in heavy rainfall frequency over the
Milwaukee metropolitan region.

The nonparametric Mann-Kendall test (Mann 1945;
Kendall 1975) was used throughout this paper to detect
monotonic trends in flood and rainfall records. The
magnitude of annual flood peaks in Honey Creek, Un-
derwood Creek, and the downstream Menomonee River
basin (Fig. 3, top and middle panels) show significant
increasing trends since 1960 (at the 5% significance
level). Changing flood peak magnitudes are particularly
notable for large floods. In Honey Creek, nine of the top
10 flood peaks in a record of more than 50 years have
occurred since 1997 (Fig. 3, middle). For the lower Me-
nomonee River gauging station (Fig. 3, top), five of the
largest seven flood peaks in a 50-yr record occurred in
1997, 1998, 2008, 2009, and 2010.

Flood peak magnitudes in the Menomonee River
basin vary with drainage area and with the extent of
urbanization. Honey Creek, the smallest and most in-
tensely urbanized basin (Table 2), has five flood peaks
with unit discharge greater than 4.0m’s™'km 2 since
2000 (Fig. 3, middle). Underwood Creek, which has an
urban fraction of 92% (Table 2), has six flood peaks
greater than 2.0m>s~ ' km ™2 since 1997 (Fig. 3, middle).
The lower Menomonee River gauging station has five
flood peaks greater than 1.0m>s ™' km 2, four of which
have occurred since 1997 (Fig. 3, top), with the 21 June
1997 peak of 1.3m’s 'km 2 as the flood of record.
Cedar Creek does not show significant trends (at the 5%
significance level) in the magnitude of annual flood
peaks in a record of 80 years. The record flood peak in
Cedar Creek is 0.33m>s 'km ™2, a factor of 4 smaller
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FIG. 3. Annual flood peaks (as a unit discharge in m*s~' km~?). (top) Menomonee River at
Wauwatosa. (middle) Underwood Creek at Wauwatosa and Honey Creek at South 68th Street.

(bottom) Cedar Creek near Cedarburg.
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TABLE 4. The p values of Mann—Kendall trend tests for peak
discharge series over different temporal periods.

VOLUME 14

The combined analyses of flood magnitudes and flood
counts in Cedar Creek suggest that there is an increasing
frequency of small floods, but the cumulative effect is

USGS Fixed period All available Significance
D (1962-2010) periods level not sufficient to produce a significant increase of annual
04087120 0.002 0.002 (1962-2010) 0.05 flood peak magnitudes. These results are consistent with
04087100 0.001 0.001 (1959-2010) 0.05 those of Villarini et al. (2013a), who found an increase
04087088 0.001 0.001 (1975-2010) 0.05 in the frequency of POT events but not in the annual
04086500 0.582 0.988 (1931-2010) ~ Not significant  maximum flood peak magnitudes. We examine hydro-

than the record flood peak in the comparably sized
Menomonee River. The two-sided p values and signifi-
cance levels of Mann—-Kendall tests for all peak dis-
charge time series are summarized in Table 4.

In addition to nonstationarities in flood magnitude,
we examined time trends in flood counts based on POT
flood records for the Menomonee River and Cedar
Creek basins. The threshold for each station was se-
lected to provide an average of 4.2 flood events per year
(e.g., Wright et al. 2012). A minimum interval of 2 days
between peaks was chosen to ensure that multiple peaks
within the “same” event are not treated as separate
flood events. We also restrict consideration to 1962—
2010, during which time the two basins have overlapping
records. Flood counts in both the Menomonee River
and Cedar Creek basins (Fig. 4) exhibit significant in-
creasing trends at the 5% significance level (by means of
Mann-Kendall test). By using the nonparametric Sen’s
estimator (Sen 1968), the linear trends of the flood peak
counts are obtained. For the Menomonee River basin,
flood peaks have increased by 3.5 events from 1961 to
2010, while the Cedar Creek basin experienced a total
increase of 1.5 events during the same period.

logic processes that may play a role in changing flood
counts in the Cedar Creek basin in section 3c.

The seasonality of annual flood peaks (Fig. 5) pro-
vides insights to changing flood regimes in the Meno-
monee River basin. In the bottom panel of Fig. 5, we
show monthly flood peak counts for the Menomonee
River and Cedar Creek during the period from 1962 to
2010. In the top panel, the same analyses are presented
for the period from 1962 to 1981; the middle panel
provides results for the 1982-2010 period. During the
period from 1962 to 1981, both basins have similar sea-
sonal distributions of flood peaks, in which March and
Avpril have the highest frequency of flood events. A shift
in the seasonality of flood occurrence in the Menomonee
basin is observed during the 1982-2010 period, during
which most flood peaks are generated in JJA instead of
in March and April, indicating a strong contribution
from warm season thunderstorm systems (see detailed
discussion of these issues in Ntelekos et al. 2007). The
seasonality of flood peaks in Cedar Creek, however,
remains unchanged.

To better understand flood-producing agents in the
region, we examined the climatology of rainfall and
snow cover using data (which covers the Menomonee
River as well as Cedar Creek basin and extends from
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FIG. 4. Time series of annual flood peak counts over Menomonee River and Cedar Creek

basins during 1962-2010. Trend lines are based on Sen’s estimator and used to highlight the
linear trends. Solid and dashed lines denote Menomonee River and Cedar Creek, respectively.
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FIG. 5. Seasonality of annual flood peaks for Menomonee River
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1940 to 2010) from the National Climate Data Center
(NCDC). Monthly maximum rainfall occurs during
JJA, with median monthly rainfall ranging from
102 mm in June to 93 mm in August. Winter months
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(December-February) have the minimum rainfall dur-
ing the year. The probability of snow cover in Milwau-
kee peaks in February, with a value of approximately
70% in early February, and decreases to approximately
40% by the beginning of March. At the end of March,
the probability of snow cover is less than 10%. Rainfall
increases sharply in April (with a median value of 85 mm).
Thus, snowmelt may contribute directly in some cases to
the flood regime of Cedar Creek and indirectly through
elevated soil moisture associated with snowmelt.
Because of the shift of annual flood peak seasonality
in the Menomonee River basin from March-April to
JJA, it is not surprising to detect an increasing trend in
the timing of the peaks (at the 10% significance level,;
Fig. 6). These results confirm the transition in the Me-
nomonee from March—April floods to JJA floods. We do
not detect significant trends in the timing of annual flood
peaks for the Cedar Creek basin. Because flood peaks in
Cedar Creek are associated with snowmelt and are due
to the strong temperature dependence on snowmelt, it is
likely that temperature increase will lead to significant
trends in the timing of flood peaks in basins like Cedar
Creek. This is not, however, a significant component of
the flood hydroclimatology of flood record to date.
The frequency of heavy rainfall during the past two
decades is examined based on hourly rainfall observa-
tions from 21 MMSD rain gauges. The hourly data have
been aggregated to the daily scale. The number of days
with daily rainfall accumulation exceeding 15mm (an
approximate value with 10% exceedance probability for
most rain gauges) are computed for each year (Fig. 7).
Although the variability of heavy rainfall days is large
among the 21 gauges for certain years, the minimum,
maximum, and mean values are consistently increasing
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FIG. 6. Timing of the annual flood peaks in Cedar Creek and Menomonee River basin during
1962-2010. Lines are based on Sen’s estimator and used to highlight the linear trends. Solid and
dashed lines denote Menomonee River and Cedar Creek, respectively.
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(at the significance level of 5%), indicating an increasing
heavy rainfall climatology over the Menomonee River
basin during the past two decades. All of the heavy rain-
fall days occur during the warm season (May—September,
figure not shown), which is consistent with the results of
Villarini et al. (2011b).

b. Hydrometeorology of flooding

The hydrometeorology of flooding is examined through
analyses of high-resolution, bias-corrected radar rain-
fall fields (see section 2) for the 18 flood events de-
scribed in the following subsection. The 18 storms are
all warm season thunderstorms, with occurrence times
contained during the June-September time window
(Table 3). There is a strong seasonal concentration for
these storms during midsummer, with 16 of the 18 storms
occurring in June and July.

A composite map of mean rainfall for the 18 storms
(Fig. 8) shows a striking concentration of rainfall in the
central portion of the Menomonee River basin. The
maximum value of mean rainfall for the 18 storms ex-
ceeds 90mm and is located downstream of the Little
Menomonee and Menomonee Falls subbasins and up-
stream of the confluence of Underwood and Honey
Creeks. Mean rainfall decreases sharply along the south—
north direction of the basin, with a minimum of 54 mm on
the northern boundary of the Menomonee basin. The
gradients are very sharp to the west, with the abrupt in-
crease in terrain marking the western margin of the
rainfall maximum (Fig. 1). Mean rainfall varies more
gradually to the east over Lake Michigan. Comparable
spatial contrasts in warm season convective rainfall
are described in Smith et al. (2012) for the Baltimore
metropolitan region.
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F1G. 8. Composite map of mean rainfall for the 18 largest flood-
producing storms over the Menomonee River basin.

The storm total rainfall fields for the storms that
produced the six largest flood peaks (see Table 3 for
details) in the Menomonee River basin illustrate the
systematic concentration of extreme rainfall over the
Menomonee basin (Fig. 9). All six storms have maxima,
or local maxima, in the central portion of the Meno-
monee River basin.

The largest spatial gradients in storm total rainfall
occurred for the June 1997 and August 1998 storms. For
the 21 June 1997 storm, which produced the flood of
record for the Menomonee River at Wauwatosa, storm
total rainfall ranged from 150 mm in the central portion
of the basin to 75 mm along the northern boundary of
the basin and 100mm along the southern boundary
(Fig. 9a). The most pronounced concentration of heavy
rainfall for the central Menomonee basin occurred
during the 8 August 1998 storm (Fig. 9b), with 150 mm
over the central Menomonee, 3 times larger than the
rainfall along the northern boundary of the basin
and more than twice the rainfall along the southern
boundary.
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(f) 22-23 July 2010. Basin boundaries are shown in black lines. Milwaukee metropolitan region is shaded in gray.

Heavy rainfall in the Menomonee River basin for
each of the six storms was embedded in a larger area of
heavy rain. Heavy rainfall for the 7-8 June 2008 storm
(Fig. 9¢), as for most of the other storms, extended
westward over the state of Wisconsin for more than
200 km, with rainfall maxima exceeding 200 mm in western
Wisconsin. Like each of the six storms, the 7-8 June
2008 storm was a severe thunderstorm system and
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produced multiple tornadoes in western Wisconsin
(figure not shown). The 22-23 July 2010 storm system
also produced rainfall accumulations exceeding 200 mm
in western Wisconsin. This storm was an organized
thunderstorm system that moved rapidly over the Mil-
waukee metropolitan region from west to east. Each of
the six storms has a dominant west to east component of
motion (figure not shown).
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FIG. 10. Mean warm season (JJA) CG lightning flash density
(flashes km~2) over the Menomonee River basin.

The climatology of warm season (JJA) CG lightning
frequency (Fig. 10) for the study region exhibits a local
maximum over the Menomonee River basin. CG ob-
servations used in this study covered the period of 1995-
2010, the same period as the 18 major storms. The
maximum density of CG lightning flashes extend from
the central to lower Menomonee River basin. The pat-
tern of CG lightning density distribution, like the com-
posite mean accumulated rainfall field for the 18 storms,
exhibits a concentration over the metropolitan region
and sharp gradients over the Milwaukee-Lake Michigan
region.

¢. Flood hydrology

We examine the flood hydrology of the Milwaukee
metropolitan region through analyses of high-resolution
radar rainfall fields and discharge for flood events in
the Menomonee River basin. We present analyses for
flood events during 1996-2010, based on flood peak
magnitudes for the lower Menomonee River stream
gauging station at Wauwatosa (see also composite
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hydrometeorological analyses in the previous subsection).
During this period, discharge observations are also
available at Underwood Creek and Menomonee Falls
gauging stations. Underwood Creek is highly urbanized,
and Menomonee Falls has only a small urbanized area
concentrated near the outlet of the basin. Land use in
the majority of the Menomonee Falls subbasin is similar
to the adjacent Cedar Creek. We present analyses for
four major flood events during the 2008-10 time period:
7-9 June 2008, 19 June 2009, 15 July 2010, and 22-23 July
2010. For the 2008-10 time period, two stream gauging
stations in the Little Menomonee River and one station
in Honey Creek are available, in addition to the lower
Menomonee River, Underwood Creek, and Menomo-
nee Falls stations.

1) RAINFALL-RUNOFF RELATIONSHIPS

To obtain our sample of flood events, we selected
a peak discharge threshold for the Menomonee River at
Wauwatosa (0.38 m>s ™' km™?) that produced 18 floods
(Table 3), for which WSR-88D radar rainfall observa-
tions were available. The flood discharge threshold
provides a homogeneous population of warm season
(June-September) flood events. For each of the 18 flood
events, we computed peak discharge (expressed in Table 3
as a unit discharge in m®>s~!km™?), total runoff (mm)
and total rainfall (mm), based on bias-corrected Hydro-
NEXRAD rainfall fields (Table 3).

We examined runoff ratios (i.e., the ratio of runoff in
millimeters to rainfall in millimeters) over a range of
time scales. Figure 11 shows the relationships between
maximum 3 and 24 h rainfall and runoff for the three
basins. Runoff ratios at the 3-h scale for Underwood
Creek have a median value of 0.30. By contrast, the
median value of the runoff ratio at the 3-h scale for
Menomonee Falls is 0.05. The 3-h runoff ratios for the
full drainage basin represented by the Wauwatosa gauge
have a median value of 0.20, smaller than the highly
urbanized Underwood Creek, but 4 times as large as
Menomonee Falls. The inferences from maximum 24-h
runoff ratios are similar (Fig. 11, right). For Underwood
Creek, the runoff ratios at 24-h scale range have a me-
dian value of 0.58, compared with the median value 0.17
in Menomonee Falls. Runoff ratios for Wauwatosa lie
between those of the other two basins, with a median
value of maximum 24-h runoff ratio of 0.43. The con-
trasts in maximum 3-h and maximum 24-h runoff ratios
between the heavily urbanized portion of the Meno-
monee basin (represented by Underwood Creek) and
the less urbanized portion of the watershed (represented
by Menomonee Falls) reflect contrasts in both net runoff
generation over the course of the storms and in the timing
of flood response.
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three basins: Menomonee River (blue dots), Menomonee Falls (orange dots), and Underwood Creek (red dots).
Lines are used to highlight the linear relationship between the two variables.

Underwood Creek has much larger rainfall accumu-
lations than Menomonee Falls for the 18 flood events.
The median values at 1-, 3-, 6-, and 24-h periods for
Underwood Creek range from 1.7 times larger than
Menomonee Falls at 24-h time scale to more than twice
as large at 6-h time scale (Table 5). For Underwood
Creek, six of the 18 storms have 3-h rainfall accumula-
tions greater than 50 mm, while for Menomonee Falls,
no storms have rainfall accumulations greater than
50mm (Fig. 11). Median rainfall accumulations in the
entire Menomonee basin are smaller than values for Un-
derwood Creek, but significantly larger than the values for
Menomonee Falls, reflecting spatial heterogeneities in
rainfall for flood-producing storms in the Menomonee
River basin (see section 3b for additional analyses).

The contrasts in runoff among the three basins are
even larger than for rainfall. At the 24-h time scale,
median runoff in the lower Menomonee is 19 mm, 5 mm
smaller than the median value for Underwood Creek,
but more than 4 times larger than the median value for
Menomonee Falls. The smallest 3-h runoff value of
7mm in Underwood Creek among the 18 storms is 3 mm

greater than the largest 3-h runoff value in Menomonee
Falls (Fig. 11).

The variability of runoff and flood peak magnitudes
across storm events exhibits qualitatively different be-
havior for the three basins than the results for median
runoff (Table 5). Although Underwood Creek and the
lower Menomonee River basin have higher variability in
maximum 1-, 3-, 6-, and 24-h rainfall, the runoff vari-
ability is not correspondingly large, compared to the
upper Menomonee River basin. The unitless coefficient
of variation of flood peak magnitudes is 0.83 for Me-
nomonee Falls, while Underwood Creek and Meno-
monee River basins are 0.50 and 0.45, respectively.
Considering the large impervious fractions and com-
pacted urban soils of Underwood Creek and Menomo-
nee River, the dominant runoff generation mechanism is
infiltration excess runoff (or Hortonian runoff), imply-
ing that the variability of flood peak discharge is mainly
controlled by rainfall rate for the two subbasins. For
Menomonee Falls, which has relatively low relief and
extensive vegetated surfaces, saturation excess runoff
production (or Dunne runoff), comes into play, such

TABLE 5. Median flood water balance for the 18 largest floods over three basins: Menomonee River, Underwood Creek, and Menomonee
Falls. Quantities in parentheses are the dimensionless coefficients of variation.

Max 1h Max 3h Max 6 h Max 24 h
Peak discharge Runoff Rainfall Runoff Rainfall Runoff Rainfall Runoff Rainfall
Basins (m*s™'km™?) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
Menomonee River 0.48 (0.45) 2.1(0.43) 20(0.79) 4.4(0.53) 30(0.8) 7.2(0.64) 37(0.84) 19(0.75) 41(0.89)
Underwood Creek 1.60 (0.50) 5.7(0.56) 25(0.91) 10(0.68) 34(1) 12 (0.78) 38 (1.03) 24 (0.88) 62 (0.94)
Menomonee Falls 0.12 (0.83) 0.4 (0.85) 14(0.74) 1.0(0.85) 17(0.75) 1.5(0.89) 18(0.85) 3.9(0.94) 35(0.88)
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TABLE 6. Summary of the four major flood events. NA denotes missing data.

Events Basins Peak (m3 s7! km’z) Rainfall (mm) Runoff (mm) Runoff ratio (-)
7-9 Jun 2008 Menomonee River 1.12 165 98 0.59
Honey Creek 3.25 160 159 0.99
Underwood Creek 3.78 206 157 0.76
Menomonee Falls 0.26 132 58 0.44
Upper Little Menomonee 0.43 140 77 0.55
Lower Little Menomonee 0.57 140 78 0.56
19 Jun 2009 Menomonee River 1.06 40 30 0.75
Honey Creek 3.54 47 NA NA
Underwood Creek 1.59 46 17 0.36
Menomonee Falls 0.12 25 3.8 0.15
Upper Little Menomonee 0.06 34 38 0.11
Lower Little Menomonee 0.17 34 8.7 0.25
15 Jul 2010 Menomonee River 0.87 103 35 0.34
Honey Creek 3.02 93 50 0.54
Underwood Creek 3.83 124 60 0.48
Menomonee Falls 0.22 85 23 0.27
Upper Little Menomonee 0.29 93 24 0.25
Lower Little Menomonee 0.30 93 27 0.29
22-23 Jul 2010 Menomonee River 0.96 125 72 0.58
Honey Creek 2.89 144 NA NA
Underwood Creek 2.29 134 94 0.70
Menomonee Falls 0.46 92 37 0.40
Upper Little Menomonee 0.30 100 36 0.36
Lower Little Menomonee 0.55 100 52 0.52

that flood peak variability is tied to both spatiotemporal
variability of rainfall totals and spatial heterogeneities
of urbanization in the watershed, as detailed below. The
high variability in flood peak discharge and runoff vol-
ume illustrates the role that spatial heterogeneity of
surface properties (tied with different runoff generation
mechanisms) play in the basin flood response.

2) EVENT HYDROLOGIC RESPONSE

Analyses of four major flood events in the Menomo-
nee River basin provide additional insights into the role
of spatial heterogeneity of land surface processes and
the variability of rainfall in time and space in shaping
flood response in urban watersheds (Table 6, Fig. 12).
Six gauged watersheds (the Menomonee River basin
and its five subbasins listed in Table 2), which vary in
area and land surface properties, are included in the
analyses. We distinguish the upper drainage basins with
relatively low urbanization (Menomonee Falls, upper
and lower Little Menomonee River) from the highly ur-
banized subbasins in the lower watershed (Underwood
Creek and Honey Creek). The four flood events reflect
the major flood episodes during the recent period of el-
evated frequency of heavy rainfall (Fig. 7). Peak discharge,
total rainfall, and total runoff are summarized for each
event and for each subbasin in Table 6.

For each of the four flood events, the magnitudes of
flood peaks in Underwood Creek and Honey Creek are

much larger than those for Menomonee Falls and
the Little Menomonee (Table 6). Underwood Creek
and Honey Creek flood peaks range from 1.59 to
3.83m>s 'km 2. Flood peaks for Menomonee Falls
and the Little Menomonee basins are all less than
0.6m>s 'km 2.

Flood peak magnitudes for Honey Creek and Un-
derwood Creek are quite similar for the 15 July 2010 and
7-9 June 2008 storms (3.0-4.0m>s~'km?) and for the
22-23 July 2010 storm (2.5-3.0m>s~'km™?), but differ
substantially for the 19 June 2009 storm, for which the
Honey Creek unit discharge peak is more than twice
that of the Underwood Creek unit discharge peak. This
highlights the conclusion that spatial variability of rainfall
can be an important element of extreme flood response,
even for the highly urbanized portion of the lower Me-
nomonee basin.

Menomonee Falls exhibits a marked split in storm
event response between the small urbanized portion of
the basin concentrated near the outlet and the rest of the
basin that has not undergone significant urbanization.
The 22-23 July 2010 flood response provides the most
striking example of this phenomenon. The flood peak of
0.46m>s ™' km 2 occurs earlier than the peaks for either
of the highly urbanized Underwood or Honey Creek
basins and occurs within 30 min of the peak rainfall rate
(Fig. 12d). A gradual rise produces a secondary peak
more than 24 h after the initial peak. Similar response is
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seen for each of the four flood events in Menomonee
Falls (Fig. 12). There is, for example, a sequence of
peaks associated with each of the major pulses of rain
from the 7-9 June 2008 storm period (Fig. 12a).

The flood peaks produced by the small urbanized
fraction in Menomonee Falls provide insight into the
mechanisms associated with increasing flood counts in
Cedar Creek (Fig. 4). A moderate increase in urbani-
zation can increase the number of small peaks in a
drainage basin. For Cedar Creek, urbanization is not
sufficiently extensive that the urban contribution makes
a significant contribution to the magnitudes of annual
flood peaks, which are still dominated by March—April
events. There are, however, increasing frequencies of
“small” flood peaks associated with fast response from
the urbanizing portions of the watershed.

Rainfall variability, in particular the timing of maxi-
mum rainfall rate, plays a key role in determining flood
peak response for the urban portion of the Menomonee
watershed. The 7-9 June 2008 peaks in Underwood and
Honey Creek, for example, follow the initial period of
rainfall, which includes the highest rain rates during the
storm (Fig. 12a). The extended period of heavy rainfall
following the initial pulse of heavy rain produces sub-
sequent smaller peaks, but these are not relevant to peak
response at Wauwatosa for the flood event.

The urban flood response to the 7-9 June 2008 rainfall
contrasts with flood response in the Little Menomonee

and Menomonee Falls subbasins. The peak discharge
in the lower Little Menomonee results from the first
rainfall pulse. The peak for the upper Little Meno-
monee is from the last of three rainfall pulses, and the
peak magnitude increases for each of the three pulses.
For the final pulse, the unit discharge peak for the
upper Little Menomonee exceeds the unit discharge
peak from the lower Little Menomonee; this does not
occur for any other events. The Menomonee Falls
peak is for the last pulse but reflects the urban con-
tribution (see discussion above) superimposed on
slowly increasing nonurban flood response. The 7-9
June 2008 flood response in the Menomonee River
basin again highlights two different runoff generation
mechanisms in a watershed. For the urban portion of
the watershed, Hortonian runoff dominates and flood
response is dictated by short-term rainfall rates. For the
nonurban portion of the watershed, runoff is generated
by first reaching saturation in the soil column (Dunne
runoff) resulting in slower response and flood peak
magnitudes that are mainly controlled by the cumulative
rainfall.

Flood response for the Menomonee basin at the 319 km?
scale, represented by the Wauwatosa stream gauging
station, reflects the heterogeneities in runoff pro-
duction described above and the variability of rainfall
in space and time. The 15 July 2010 flood response at
Wauwatosa is characterized by unusually rapid rise
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and decay of discharge (Fig. 12c), closely reflecting
the Underwood and Honey Creek contributions. For the
22-23 July 2010 flood event, Menomonee Falls and the
Little Menomonee contribute to peak response at Wau-
watosa. The response of the Menomonee at Wauwatosa
closely reflects details of the Honey Creek peak response,
with a sharp rise, brief pause and slower increase to the
peak discharge. The Little Menomonee peak for the
June 2008 storm is comparable to the 22 July 2010 peak,
but unlike 22 July 2010, the Little Menomonee peak
occurred substantially later than the Wauwatosa peak
and consequently did not contribute to downstream
flood response. The spatial pattern of urbanization and
rainfall rate variability combine to create a complex set
of processes controlling flood peak response for the
lower Menomonee.

4. Discussion

The striking transition in the seasonality of annual
flood peaks in the Menomonee River basin is consistent
with urbanization impacts on runoff production mech-
anisms due to increasing impervious area and decreased
response times associated with elaboration of the drain-
age network through the storm drain system (see, e.g.,
Smith et al. 2002; Ntelekos et al. 2007). The role of warm
season thunderstorms, which have large rainfall rates
relative to other storms, is enhanced as urban flood agents
as impervious cover increases and the storm drain net-
work increases drainage density. The changing seasonal
distribution of flood peaks may also be linked to modifi-
cation of the heavy rainfall climatology by urbanization.
Analyses in the previous section (see, in particular, Figs.
8-10) suggest that the sharp concentration of rainfall for
flash flood—producing storms in the Menomonee River
basin is linked to spatial heterogeneities in the structure
and evolution of organized thunderstorm systems over
the region. The resulting hypothesis is that urban modi-
fication of heavy rainfall through UHI, urban canopy, or
urban aerosol effects (see Shepherd 2005) plays a sig-
nificant role in the hydroclimatology of flooding for
the Milwaukee metropolitan region. Of particular in-
terest is the role of circulation anomalies associated
with interactions between lake breeze from the Lake
Michigan and UHI properties induced by urbanization
in Milwaukee. Yang et al. (2013) have carried out a
numerical modeling study over the Milwaukee-Lake
Michigan region and showed that the UHI can enhance
the intrusion of the lake breeze. The associated formation
of a convergence zone over the urban region provides
a mechanism for increasing rainfall over the city relative
to the surrounding area. Additional research will be
carried out to further address the role of urban land cover
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in modifying the regional climatology of flash flood-
producing storms.

5. Summary and conclusions

The hydroclimatology, hydrometeorology, and hy-
drology of urban flooding are examined through analy-
ses of rainfall, runoff, and flood peak magnitudes for
the Milwaukee metropolitan region. We focus on non-
stationarities of floods associated with the alterations of
land surface processes and the regional climatology of
heavy rainfall linked to urbanization. The major findings
of this paper are as follows.

1) Both annual flood peak magnitudes and flood fre-
quency have increased for the Menomonee River
basin during the past five decades. During this period,
the Menomonee River basin has also experienced
a transition of flood events dominated by snowmelt to
aregime in which warm season thunderstorms are the
dominant flood agents. The agricultural ‘‘reference”
watershed, Cedar Creek, has not seen a significant
increase in flood magnitudes. The flood regime of
Cedar Creek is dominated by March—-April events
(linked to the effects of snowmelt) and there is no
evidence of changing seasonality of peaks. There is,
however, an increase in the annual counts of POT
flood events. A possible explanation is an increased
frequency of small flood events associated with
modest urbanization in Cedar Creek. This interpre-
tation is consistent with the storm event hydrologic
analyses of gauged watersheds in the Menomonee
basin that have experienced only modest urbanization.

2) Analyses of rain gauge observations for the Milwau-
kee area over the past 20 years suggest that annual
counts of heavy rainfall events (daily rainfall accumu-
lations exceeding 15 mm) have increased significantly
over the study region. These events are concentrated
during the warm season and include a sequence of
years from 2006 to 2010 with elevated counts of
heavy rainfall events and major flood events. As
noted below, there is a large spatial heterogeneity in
flood-producing rainfall in the Milwaukee metropol-
itan area, which (see item 4 below) may also be linked
to the temporal trends in heavy rainfall.

3) The spatial distribution of rainfall totals from storms
that produce flood peaks in the Menomonee basin
exhibit striking spatial heterogeneities. The mean
storm total rainfall field for the 18 largest flood
events in the Menomonee basin has a maximum of
approximately 90 mm in the center of the basin and
drops to 54 mm in less than 20 km along the south—
north axis of the basin. Rainfall analyses for the six
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largest flood events demonstrate that the rainfall
maximum over the central Menomonee basin is an
important element of the flood regime for the region.
The spatial distribution of warm season (JJA) CG
lightning flash density (1995-2010) also exhibits a
maximum over the Menomonee River basin. These
results suggest that urban modification of heavy
rainfall may play an important role in the regional
flood regime. Future studies will examine whether
trends in heavy rainfall and its spatial heterogeneities
are tied to urban modification of warm season thun-
derstorm systems.

4) Storm event hydrologic response in the Menomonee
basin varies markedly with land surface properties
that affect runoff production. The densely urbanized
Underwood Creek exhibits larger flood peak dis-
charge and runoff than the Menomonee River above
Menomonee Falls, which has experienced only mod-
est urbanization. A notable element of the contrasts
in storm event hydrologic response between Under-
wood Creek and Menomonee Falls is the variation
in rainfall, with Underwood Creek having markedly
larger accumulations and higher short-duration rain-
fall rates. Analyses of rainfall and discharge obser-
vations in the Menomonee basin for the four major
flood events in the 2008-10 time period highlight the
role of spatial heterogeneities of hydrologic pro-
cesses for urban flood response. The spatial pattern
of urbanization interacts with rainfall distribution to
control the scale-dependent flood peak responses in
the Menomonee River basin.

The changes of flood response in a heterogeneous
region highlight the interplay of large-scale climate
change, regional climate change induced by urbaniza-
tion, and contrasting runoff generation mechanisms
associated with land surface properties. Assessing non-
stationarities in flood hydrology will increasingly require
the ability to distinguish the effects of global climate
change, regional climate change, and changing land
surface hydrologic responses associated with urbaniza-
tion. Because of the large uncertainty of climate vari-
ability and limited in situ observations, we are not able
to quantify the influence of large-scale climate vari-
ability on rainfall climatology in this study. For urban-
ized basins, like those in the Milwaukee metropolitan
region, land surface processes can alter the types of storm
systems that are dominant flood agents. In the urbanizing
Milwaukee metropolitan region, the transformation is
from snowmelt to organized warm season thunderstorm
systems. Spatial patterns and temporal trends of heavy
rainfall climatology can also be connected with urbani-
zation. Urban modification of rainfall is one of the critical
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problems to address in assessing nonstationarities in
urban flooding.
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