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Effect of Spatially Distributed Small Dams on Flood
Frequency: Insights from the Soap Creek Watershed

Tibebu B. Ayalew'; Witold F. Krajewski?; Ricardo Mantilla®; Daniel B. Wright*; and Scott J. Small®

Abstract: Dams are ubiquitous in the United States, with more than 87,000 influencing streamflow across the nation. The significant
majority of these dams are small and are often ignored in real-time flood forecasting operations and at-site and regional flood frequency
estimations. Even though the impacts of individual small dams on floods is often limited, the combined flood attenuation effects of a system
of such dams can be significant. In this study, the authors investigate how a system of spatially distributed small dams affect flood frequency
across a range of drainage basin scales using the 660-km? Soap Creek watershed in southeastern Iowa, which contains more than 144 small
dams. Results from continuous simulation of the system of small dams indicate that peak discharges reduced between 20 and 70% with the
effect decreasing as the drainage area increases. This means that neglecting the effects of the system of small dams may lead to an over-
estimation of flood risk, which has implications in both flood frequency estimation and real-time flood forecasting. Considering that more
small dams are being built across watersheds in Iowa and elsewhere in the country, the results also highlight how the peak discharge attenu-
ation effects of these dams is an additional factor that invalidates the stationarity assumption that is used in at-site and regional flood frequency

analysis. DOI: 10.1061/(ASCE)HE.1943-5584.0001513. © 2017 American Society of Civil Engineers.
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Introduction

According to the National Inventory of Dams (NID) that is main-
tained by the U.S. Army Corps of Engineers (USACE), there are
more than 87,000 dams built in the continental United States
(USACE 2013). The majority of these dams are categorized as
small with a height between 2 and 12 m and a storage capacity
between 0.06 and 1.2 Mm?. Nationally, the construction of these
dams peaked in the 1960s and has since decreased due to recog-
nition of the negative effects of dams on the riverine ecosystem
(Collier et al. 1996; Friedman et al. 1998; Graf 2006; Inbar
1990; Ligon et al. 1995). However, considerable numbers of small
dams are still being built across the country. For example, in the
state of Iowa, where this study is based, the construction of small
dams is on the rise with 448, 624, and 664 dams built in the last
three decades, respectively. The sheer number of these dams means
that their effect on catchment hydrology and geomorphology
deserves greater attention.
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The impact of large dams on downstream peak discharges at
the rainfall-runoff event scale as well as on flood frequency is well
documented (e.g., Graf 2006; Laurenson 1973; Magilligan et al.
2003; Williams and Wolman 1984). The complex nature of these
impacts has led to regional flood frequency methods that ignore
peak discharge information obtained from regulated sites JACWD
1982). However, these methodologies implicitly assume that
streamflow observed at the remaining stream gauging sites is
unregulated, thus ignoring the potential impacts of spatially distrib-
uted small dams on peak discharges. In addition, the continued con-
struction of small dams can lead to the violation of the assumption
of stationarity of the peak discharge distribution, which is a central
feature of conventional flood frequency estimation.

Real-time flood forecasting operations also typically ignore the
flood attenuation effects of spatially distributed small dams. The
limited size of individual small dams can be one of the reasons their
role in flood attenuation is ignored both in at-site and regional flood
frequency analysis as well as in real-time flood forecasting oper-
ations. Collectively, however, they have the potential to abstract
a considerable amount of runoff in a given watershed and hence
affect the observed peak discharge across a range of spatial scales.
As an example, the Des Moines River basin (A = 36,358 km?) in
the state of Jowa contains 858 dams with a total storage capacity of
3,290 Mm? (2,662,906 acre-ft). This roughly translates to 90 mm
(3.5 in.) of runoff storage in the basin if all the dams are assumed to
store water at their 100% storage capacity.

While some progress has been made in investigating the effect
of a single dam on flood frequency, there is limited research on the
issue of flood frequency modification by a network of small dams.
This issue appears to be gaining interest recently with the main fo-
cus on detention basins in an urban setting (e.g., Emerson et al.
2005; Ravazzani et al. 2014; Smith et al. 2015). Emerson et al.
(2005) investigated how a system of more than 100 detention ba-
sins in the 62-km? Valley Creek watershed in Pennsylvania affects
the peak discharge at the watershed scale. Based on simulation of
six storm events observed in the basin between September 2001
and August 2002, they concluded that the detention basins have
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negligible effect on the peak discharge at the outlet of the basin. In
particular, they showed that, in comparison to an unregulated peak
discharge, the regulated peak discharge decreased by 4% for one of
the events, whereas it increased by 3.5% for another event. They
attributed the increase in the peak discharge for one of the events to
the higher rate of delayed runoff that came from the portion of the
watershed that is regulated by the detention basins, which eventu-
ally coincided with the peak discharge that is generated in the
unregulated portion of the watershed. Ravazzani et al. (2014) evalu-
ated a system of seven detention basins in the 94.5-km? Olona river
basin that is located to the north of Milan, Italy. Based on the sim-
ulation of the probable maximum design flood of a 100-year return
period, they showed that the peak discharge reduced between 31
and 36% depending on how the detention basins are configured
in space. A study by Smith et al. (2015) investigated the peak dis-
charge modification effects of a system of detention basins in the
14-km? Dead Run watershed that is located in Maryland. The re-
sults from their simulation of 21 warm season flood events that
occurred in the watershed between 2008 and 2012 showed that,
on average, the peak discharge decreased between 0.03 and
27.5% at different scales in the basin. They also suggested that
the detention basin efficiency, which they defined as the ratio of
percent peak discharge decrease to percent detention-controlled
area, decreases with increasing drainage area.

In addition to the preceding studies that looked into the effect of
a network of detention basins on the peak discharge in an urban
setting, a few other studies also looked into these effects in a rural
setting. A study by Thomas et al. (2016) investigated the effects
of a network of nine multipurpose detention basins on peak dis-
charges in the 45-km? Beaver Creek watershed that is located in
northeastern Iowa. The results from their numerical simulation
of the watershed using a 24-h design storm of exceedance proba-
bilities of 0.2, 0.1, 0.04, 0.02, and 0.01 showed that the peak dis-
charges at the outlet of the watershed decreased between 3 and
17%. Mamede et al. (2012) investigated the frequency of reservoir
overflow in the 25,000-km> upper Jaguaribe basin in northeast
Brazil, which hosts approximately 4,000 reservoirs whose size
varies between 2,500 m3 and 2,000 Mm?. Using a 20-year-long
numerical simulation of the reservoir network, they showed that
the avalanche size, which they defined as the number of intercon-
nected reservoirs that overflow in a single day, follows a power law
distribution. Additional results from the investigation of the same
river basin and network of reservoirs by Peter et al. (2014) showed
that the thousands of small-sized and medium-sized dams in the
basin play a critical role in reducing the avalanche size at large
basin scales.

The preceding literature review shows that there is a growing
consensus on peak discharge reduction due to a network of small
dams. The next natural step is to investigate how a network of dams
affects the flood frequency across a range of exceedance probabil-
ities, a problem that is not yet fully addressed in the literature.
When it comes to single large dams, exploring how to estimate
the regulated flood frequency has been an area of research that
was proposed in Bulletin 17B (IACWD 1982). A notable approach
for estimating regulated flood frequencies for locations in the im-
mediate downstream of major dams is the volume-duration-
frequency (VDF) based approach used by the USACE (Goldman
2001; USACE 2010). According to this methodology, the regulated
flood frequency curve can be computed as follows: First, estimate
volume-duration-frequency curves using the unregulated period
of record. Second, estimate the inflow duration that leads to the
condition that both the inflow volume and the corresponding peak
discharge of a particular flood event will have the same exceedance
probability. This is an iterative process in which an inflow duration
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is first assumed and the inflow volume is then calculated for all the
available annual maximum peak discharge events. This is followed
by the calculation of the volume frequency. The iteration will
continue until it identifies the inflow duration that results in flow
volume and peak discharge of each flood event in the available
sample attaining the same exceedance probability, which is called
the critical inflow duration. It may not be always possible to iden-
tify a critical inflow duration that works for all the flood events on
record, in which case the duration that works for the majority of the
events is chosen. Once the critical inflow duration is identified, a
relationship between inflow volume and outflow peak discharge
can easily be established for the critical duration. A similar
volume-to-peak discharge relationship is also used by Bradley and
Potter (1992), who proposed an alternative flood frequency estima-
tion framework for simulated flows. Finally, the regulated flood
frequency curve can be estimated by combining the volume-
duration-frequency curve corresponding to the critical duration
and the inflow volume to outflow peak discharge established in
the previous step. The VDF approach is subject to significant un-
certainty due to complexities associated with the estimation of the
critical duration, the initial water level in the reservoir, and uncer-
tainties associated with the operation of the dam (Goldman 2001).
Ayalew et al. (2013) showed that the traditional VDF-based regu-
lated flood frequency estimation methodology can lead to the
underestimation of flood risk for downstream locations due to
the fact that the VDF approach assumes that the initial water level
in the reservoir is always at the bottom of the flood control pool.

Uncertainties associated with the initial water level in the dam
can be addressed using a continuous simulation approach that al-
lows for the computation of the available storage in the dam as a
function of inflow to the dam and different operation rules or outlet
structure geometries. Nehrke and Roesner (2004) used a continu-
ous simulation approach with 50 years of hourly rainfall records to
study how the design of the release structure (orifice) of detention
ponds affects the flow frequency curve. Ayalew et al. (2013) also
used a continuous simulation approach that is driven by a stochas-
tically generated rainfall time series to show how the storage capac-
ity, release capacity, and outlet geometry affects the frequency
curve of peak discharges regulated by a small dam. These studies
demonstrated that a continuous simulation approach can be used to
gain insights into how the different design and operation aspects of
a single dam affect the flood frequency for downstream locations.

Montaldo et al. (2004) investigated the flood attenuation bene-
fits of a network of 14 hydroelectric dams in the 1,534-km? Toce
River basin in Italy using a distributed rainfall-runoff model. They
simulated single rainfall-runoff events by assuming different initial
water levels stored behind the dams. As expected, they showed that
the flood peak attenuation is significant on those branches of the
river network that are regulated by dams. Liu et al. (2014) explored
how a system of small dams affects the streamflow and water qual-
ity. Using the soil and water assessment tool (SWAT) (Neitsch et al.
2011), they simulated the 75-km? South Tobacco Creek watershed
in Canada, which is regulated by 26 small dams. Their analysis
showed that the daily maximum peak discharge can be reduced
by up to 14% depending on the initial water levels behind the dams.
These studies highlight the significant role that initial water level
behind the dams plays in determining the magnitude of the peak
discharge at the catchment outlet. As discussed previously, this
problem can be circumvented by adopting a continuous simulation
approach in which the initial water level behind the dams is a ran-
dom function of the inflow and outflow time series.

Ayalew et al. (2015b) used a continuous simulation approach in
an idealized setup and investigated how the spatial configuration of
dams (in series or in parallel), the storage capacity, and the release
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Fig. 1. Soap Creek watershed and the geographic location of the 133 dams (circles) and the simulated streamflow observation points (triangles); only

streams of order 3 and beyond are shown for the sake of clarity

capacity of two small dams relative to their location in the drainage
network affect the flood frequency at different locations in the
catchment. In particular, they showed that two dams that are con-
figured in parallel offer better flood reduction than the same two
dams configured in series. Moreover, they showed that, when
two dams are configured in series, emptying the upstream dam first
offers a better flood peak reduction than if the downstream dam is
emptied first. They also show that if two dams that have different
storage capacities are to be configured in series, putting the bigger
dam in the upstream section of the catchment provides better flood
peak reduction capability. Most importantly, they explained that
these results are due to the location of the dams in the drainage
network. Specifically, they showed that dams that are placed in
the parts of the drainage network that contribute to the width func-
tion (Rodriguez-Iturbe and Rinaldo 1997) maximums offer greater
flood reduction capability than dams placed elsewhere in the
catchment.

The present study is a continuation of a systematic study on the
subject of flood frequency modification by small dams (Ayalew
et al. 2013, 2015b; Mantilla et al. 2012). Ayalew et al. (2013,
2015b) used a hypothetical but realistic catchment-dam system
to address the issue. The present study expands the analysis to
an actual system in the 660-km? Soap Creek watershed located
in southeastern Iowa, with the main objective of quantifying the
effect of 133 spatially distributed small dams on flood frequency
across a range of spatial scales in the watershed. The results provide
new insights on how spatially distributed small dams affect the
flood frequency across a range of spatial scales.

Study Watershed

The 660-km? Soap Creek watershed is located in southeastern lowa
and is a tributary to the Des Moines River, which is one of the major
tributaries of the Mississippi River. Examination of data obtained
from USACE (2013) shows that the watershed is regulated by a
network of 144 spatially distributed small dams. In the United
States, the definition of what is called a small dam can vary from
state to state depending on the state’s dam safety program. A review
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of these reports indicates that those dams that have a storage capac-
ity of less than 1.2 Mm® (1,000 acre-ft) and a height of less than
12.2 m (40 ft) are generally categorized as small dams. The 144
dams scattered across the Soap Creek watershed have an average
storage capacity of 343,000 m? (278 acre-ft) and an average height
of 9 m (30 ft) and hence generally satisfy the definition of a small
dam. Although there are 144 small dams reported in the NID data-
base, only 133 of the 144 small dams have complete engineering
design information. Hence, only the 133 dams, whose locations are
shown in Fig. 1, are used in this study.

The 144 dams that are reported in the NID database have been
built over several decades and many more dams are either under
construction or planned to be constructed in the near future. Fig. 2
summarizes the number of dams built in the watershed per decade.
In can be seen that the majority of the small dams were built in the
1990s and 2000s. Moreover, according to the NID database, there
were 15 dams built between 2010 and 2012, which suggests that
there is an increasing trend in the construction of small dams in the
watershed. Fig. 2 also shows that the total storage capacity of the
dams, which is the summation of the individual storage capacity of
the small dams, has significantly increased with time and currently
stands at 41 x 10° m3. This corresponds to 60 mm (2.4 in.) of
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Fig. 2. Number of dams built in the Soap Creek watershed per decade
and the cumulative total storage capacity of the dams; the NID database
documents only those dams built up to the year 2013
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runoff storage in the basin. The storage capacity of the dams in
the catchment ranges from 23,436 to 15,591,210 m>. The mean
and median storage capacity of the dams are 1,321,934 and
498,326 m°, respectively. Of these dams, 77 are built for flood con-
trol, 57 are built for fire protection, livestock, or small fish ponds,
and the rest are built for recreational and other purposes.

The Soap Creek watershed is monitored by four stream stage
sensors installed by the Iowa Flood Center (IFC) at the University
of Iowa. There are no USGS stream gauging sites in the watershed.
The existing IFC stream stage sensors were installed in November
2012 and can only report water level (stage) information because
there is yet no stage-discharge relationship (rating curve) available
for these sites. The short period of record of streamflow at these
gauging sites means that the watershed is essentially ungauged
and, as a result, an observation-based empirical analysis of the role
of these spatially distributed small dams on flood frequency is
impossible. As a result, a continuous simulation approach is
adopted, simulating the watershed with and without the dams using
a physically based distributed hydrologic model and two types of
rainfall inputs: a 10,000-year-long sequence of spatially uniform
hourly rainfall generated using a stochastic rainfall simulator,
and the Stage IV hourly radar-rainfall data (Lin and Mitchell
2005) that is available since 2002. The components of the continu-
ous simulation experiment are discussed in detail in the subsequent
sections.

Rainfall Data

The Soap Creek watershed is covered by the nationwide Stage IV
radar-rainfall product, which is available from 2002 onward at an
approximately 4-km spatial and an hourly temporal resolution.
This means that the radar-rainfall data are only available for the
past 13 years, which limits their application to flood frequency es-
timation. Nevertheless, the watershed was simulated using the
available radar-rainfall data to conduct a first-order analysis of
the flood frequency effects of the spatially distributed small dams.

The limited length of the available radar-rainfall data requires
looking for an alternative source of rainfall data to conduct the long
simulation experiments. To this end, a stochastic point rainfall gen-
erator that is based on the widely used Bartlett-Lewis rectangular
pulse (BLRP) model (Rodriguez-Iturbe et al. 1987) is selected. The
model, which belongs to the family of Poisson cluster processes,
assumes that a given storm system is a temporal superposition of a
random number of storm cells that have random intensity and du-
ration. The model has the following structure: Storm origins arrive
in a Poisson process of rate A and last for a random duration that is
exponentially distributed with parameter ~. During the lifetime of
each storm, a random number of storm cells arrive in a Poisson
process of rate § and each cell lasts for a duration that is drawn
from an exponentially distribution with parameter 7. Each storm
cell has a constant intensity that is drawn from an exponential dis-
tribution with parameter ;¢ and terminates at the end of the storm
duration. In this study, a modified version of the model called the
modified Bartlett-Lewis pulse (BLP) model (Cowpertwait et al.
2007), which was introduced to improve many of the limitations
of earlier stochastic rainfall models including the representation
of dry periods, is used. There are other stochastic rainfall models
(e.g., Burton et al. 2008; Ravazzani et al. 2014; Tarpanelli et al.
2012; Veneziano and Iacobellis 2002; Willems 2001) in the liter-
ature that can also be used to undertake a similar study.

The parameters of the rainfall model were fitted using an ob-
served rainfall time series that was obtained from a rain gauge that
is located in the small town of Downing, Missouri (Rain Gauge
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COOP:232318). Even though this rain gauge site is located approx-
imately 50 km from the centroid of the Soap Creek watershed, it is
the closest rain gauge site that has the longest high-resolution rain-
fall observation. The station has 43 years of 15-min. resolution
rainfall data. Fig. 3 shows the comparison between the observed
and simulated mean monthly rainfall depth, standard deviation,
and lag 1 autocovariance for the hourly and daily rainfall accumu-
lation periods. This shows that the rainfall model reasonably repro-
duces the observed rainfall statistics. Finally, the fitted BLRP
stochastic rainfall model is used to generate a 10,000-year hourly
rainfall time series.

Hydrologic Model

In this study, a distributed rainfall-runoff model that has been de-
veloped at the Iowa Flood Center was chosen. The model is based
on the partitioning of the landscape to hillslope and channel link
units as discussed in Mantilla and Gupta (2005). The individual
hillslope channel link unit constitutes two hillslopes and a single
channel that collects surface and subsurface flow from the two ad-
jacent hillslopes. Accordingly, each hillslope channel link unit
serves as the control volume at which the mass and momentum

Rainfall Depth [mm]

Jan Mar May Jul Sep Nov

Month
(b)
------ - Mean-Obs
—w— Mean-Sim
------ - SD-Obs

—— SD-Sim
------------- Lag 1 autocovariance-Obs
Lag 1 autocovariance-Sim

Fig. 3. Comparison of the observed and simulated mean monthly rain-
fall depth, standard deviation, and lag 1 autocovariance for the
(a) hourly; (b) daily rainfall accumulation periods
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conservation equations are solved. The version of the model that is
used in this study is described in detail in Ayalew et al. (2014b).
The model is known to reasonably reproduce observed streamflow
across a range of spatial scales in various watersheds in the state of
Iowa (Ayalew et al. 2014a, b, 2015a).

The topographic parameters of each hillslope channel link unit,
which are used as input to the rainfall-runoff model, are obtained
from a 30-m digital elevation model (DEM) that the USGS pro-
vides through its National Map Viewer web service (USGS 2017).
The DEM of the watershed was processed using CUENCAS-GIS
(Mantilla and Gupta 2005). The software CUENCAS-GIS has
the capability to extract the drainage network, which is shown
in Fig. 1, and the associated hillslope and channel link parameters.
This extraction process has resulted in 18,131 hillslope channel link
pairs at which scale rainfall and model parameters are assigned.
This allows for the application of spatially variable rainfall, hill-
slope, and channel link parameters. As discussed previously, both
spatially uniform and spatially variable rainfall inputs and a con-
stant runoff coefficient value of 0.5 were used. The constant runoff
coefficient scheme was chosen to isolate the effect of small ponds
on peak flows from those associated with spatial and temporal vari-
ability of antecedent conditions due to differences in soil moisture.

The rainfall-runoff model has the capability of handling spa-
tially distributed storage dams simulation. The model can either
take in the design parameters of the dam that can be used to
automatically calculate the storage-discharge relationship using
hydraulic principles or directly take in a preprocessed storage-
discharge relationship. The outflow from a given dam is then cal-
culated as a function of the storage in the dam. For this study, the
storage-discharge relationship for each of the 133 dams was ob-
tained from the corresponding design reports that are archived
by the Soap Creek Watershed Board. An additional required step
is to identify the location of each of the dams in the drainage net-
work because of small discrepancies between the actual river
network and the network computed by the DEM-based algorithms.
This step was completed manually.

All the dams are assumed to be empty at the beginning of the
simulation. The first year of the 10,000-year-long continuous sim-
ulation was used as a spin-up period. The water level in each of the
dams for the remaining years is a function of the antecedent inflow
sequence and the storage-discharge relationship of each of the
dams. This means that the initial water level in each of the dams
before the onset of the annual maximum peak discharge event is a
purely random variable that not only varies in time but also from
one dam to another. As such, depending on the antecedent inflow
sequence and the storage-discharge relationship of the dams, the
initial water level before each flood event could vary from zero
to full capacity.

Results

Impacts of Small Dams on Stationarity of Peak
Discharges

The assumption that the hydroclimate has been stationary and will
continue to remain so in the future is commonly made in both at-
site and regional flood frequency analysis techniques. Whether or
not this assumption is valid in the face of the changing climate and
how to address it in flood frequency estimation has been under de-
bate with opinions varying from stationarity is dead to stationarity
is immortal (e.g., Galloway 2011; Lettenmaier et al. 1994; Lins and
Cohn 2011; Mallakpour and Villarini 2015; Milly et al. 2008, 2005;
Montanari and Koutsoyiannis 2014; Stedinger and Griffis 2011;
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Villarini and Smith 2010). On the other hand, there is more con-
sensus on the effect of land-use change on flood frequency
(e.g., Brath et al. 2006; Bronstert et al. 2002; Crooks and Davies
2001; Hollis 1975; Konrad 2003; Niehoff et al. 2002; Villarini et al.
2009). Depending on the nature of the land-use changes in a par-
ticular catchment, flood susceptibility could increase or decrease.
An increase in impervious area due to urbanization, for example,
will amplify the peak discharge (Hollis 1975; Konrad 2003),
whereas the restoration of wetlands can attenuate flood peaks
(e.g., Hillman 1998). The construction of spatially distributed small
dams is yet another type of land-use change that can influence flood
frequency, whether or not such dams are designed explicitly for
flood-control purposes. This section asks the question: is the sta-
tionarity assumption valid in those catchments that are regulated by
spatially distributed small dams?

To investigate how spatially distributed small dams affect the
peak discharge distribution as a function of time, the following
three assumptions were made: First, the statistics describing the in-
tensity, duration, and space-time structure of rainfall have remained
unchanged over time. Second, the storage capacities of the dams
have not been affected by sedimentation and hence remain the same
over time. And third, there has been no land-use and land-cover
change in the watershed except the construction of the small dams.
The first assumption was enforced by using the same rainfall model
parameters while generating the point rainfall time series that was
used to undertake the continuous simulation experiment. The re-
maining two assumptions are imposed by making the relevant
parameters, such as the runoff coefficient and hillslope overland
flow velocity, in the rainfall-runoff model time-invariant.

Using the preceding assumptions, five scenarios were simu-
lated: the watershed with no dams, with 33 dams, with 66 dams,
with 99 dams, and with all 133 dams that were built in the water-
shed until the year 2013. The subsets were selected randomly from
the 133 dams. The systematic increase of the number of dams is
intended to mimic the growing number of dams in the catchment
as a function of time. Fig. 4 shows the peak discharge distribution at
the catchment outlet resulting from the five scenarios. It can be seen
that the peak discharge distribution is significantly affected by the
spatially distributed small dams and, as expected, the peak flood
magnitude corresponding to a given exceedance probability de-
creases with increasing number of dams. Moreover, a significant
peak discharge reduction is observed as the number of dams in-
creases from 99 to 133. This jump is because substantial storage
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o w56 Dams
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Fig. 4. Comparison of the cumulative distribution function of peak
discharges simulated under different watershed regulation scenarios
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capacity is added with the last 34 dams. The respective total storage
capacity of the 33, 66, 99, and 133 dams is 10, 20, 25, and 41 Mm?>.
This shows that there is a bigger jump in the total storage capacity
of the dams with the total storage capacity nearly doubling as the
number of dams increases from 99 to 133. This is because several
of the dams in the final group of 34 are relatively large.

The previous discussion is qualitative. Even though the cumu-
lative distribution function plots corresponding to the simulated sce-
narios appear to be different, it is important to ascertain that they
indeed come from different peak discharge distributions, a result
that will invalidate the stationarity assumption currently used in
practice. To this end, the two-sample Kolmogrov-Smirnov test is
conducted to check whether or not the simulated peak discharge
corresponding to the scenario where the watershed is regulated
by 33, 66, 99, or 133 dams comes from the same distribution that
gives the simulated peak discharge corresponding to the no-dam
scenario. The test results reject the null hypothesis that the regulated
peak discharges come from the same distribution as the unregulated
peak discharges at the 95% confidence level. This result confirms
that the stationarity assumption may not be a valid assumption in
catchments that are regulated by spatially distributed small dams.

Moreover, the results in this section indicate that these small
dams will undoubtedly affect outcomes of studies that have been
looking into trends in the annual maximum peak discharge. For
example, Mallakpour and Villarini (2015) analyzed historical an-
nual maximum peak discharges from the central United States, in-
cluding Towa, over the 1962-2011 time period and concluded that
there is no evidence of an increasing trend of the flood magnitude.
Their study ignored the flood attenuation effects of the spatially
distributed small dams that have been built over the same period.
Other similar studies (e.g., Eash et al. 2013) also ignore the flood
attenuation effect of the spatially distributed small dams and it may
be the case that a possible increasing trend of annual maximum
peak discharges due to increases in extreme rainfall or changes
in land use could have been offset by the system of geographically
distributed small dams. These issues should be addressed in future
studies.

Scale-Dependent Effects of Small Dams on Flood
Frequency

This section evaluates how the spatially distributed small dams
affect the flood frequency across a range of spatial scales in the

watershed. To this end, the simulation results that are driven by
a stochastically generated 10,000-year-long hourly point rainfall
time series that is applied uniformly over the watershed is used.
The simulation experiment was configured in such a way that
all 133 dams are included in the hydrologic model. The model out-
puts the simulation results at 24 systematically selected locations in
the watershed (Fig. 1). These locations correspond to subcatch-
ments whose drainage areas range between 2 and 660 km?. Finally,
the Weibull plotting position formula is used to calculate the ex-
ceedance probabilities of the regulated and unregulated annual
maximum peak discharges at all 24 locations. Some example re-
sults are shown in Fig. 5, which shows the regulated and unregu-
lated flood frequency curves at three representative locations in the
watershed. These results show that the spatially distributed small
dams significantly affect the simulated peak discharge over a range
of exceedance probabilities.

Another interesting insight depicted in Fig. 5 is that the differ-
ence between the regulated and unregulated peak discharges is
negligible for exceedance probabilities of greater than 0.5 and it
increases with decreasing exceedance probabilities down to 0.001.
However, the difference between the two sets of peak discharges
appears to decrease with decreasing exceedance probabilities of
less than 0.001 as less and less storage capacity is available in
the dams with increasing flood magnitudes. Other relevant studies
of flood frequency modification by single dams have shown that the
difference between the regulated and unregulated peak discharges
increases with decreasing exceedance probability up to a certain
point, after which it starts decreasing (Ayalew et al. 2013; Nehrke
and Roesner 2004), which confirms that this artifact of the regu-
lated flood frequency curve is also applicable to the case of stream-
flow regulation by a network of small dams.

The results presented in Fig. 5 do not show how the effect of the
spatially distributed small dams on flood frequency changes with
catchment spatial scale. To address this issue, the percentage peak
discharge reduction due to the 133 spatially distributed small dams
is calculated at all 24 locations where regulated and unregulated
streamflow simulation results are available. These locations are
shown in Fig. 1. The results are presented in Fig. 6, which shows
how the percentage peak discharge reduction changes with drain-
age area for the 2- and 100-year recurrence intervals (7',.). It can be
seen that the effect of the spatially distributed small dams on the
peak discharge generally decreases with increasing catchment
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Fig. 5. Regulated and unregulated flood frequency curves at three randomly selected spatial scales in the watershed; (c) depicts the flood frequency
curve comparison at the outlet of the catchment
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Fig. 6. Percentage peak discharge reduction as a function of drainage
area for the 2- and 100-year recurrence intervals; the peak discharges
are observed at the 24 sampling points shown in Fig. 1

spatial scale. The simple reason is that, as the drainage area in-
creases, the proportion of subcatchments that are regulated by
the spatially distributed small dams decreases. In other words, the
ratio of the total storage capacity of the dams to the volume of run-
off generated in a given catchment decreases with increasing catch-
ment spatial scale. This is shown in Fig. 7 using the combined
specific reservoir storage capacity, which is defined as the ratio
of the total storage capacity of dams in a given catchment to its
drainage area as a proxy. It can be seen that the effect of the spa-
tially distributed small dams on the peak discharge increases as the
total storage capacity of the dams increase relative to the drainage
area. It can also be seen in Fig. 6 that there is significant scatter in
the percentage peak discharge reduction for drainage areas less than
150 km?. However, a similar scatter is not apparent in Fig. 7, which
indicates that the combined specific reservoir storage capacity is a
good indicator of their effect on the flood peak reduction.

The preceding results clearly show how the percentage peak
discharge reduction is controlled by the total storage capacity in
the watershed and confirms a similar result reported in Smith et al.
(2015). An additional question is to test how much storage capacity
was available in the basin before the rainfall event that resulted in the
annual peak discharge arrived in the watershed. This was achieved
by checking the storage state of each dam before the arrival of the
annual maximum peak discharge. The results, which are not shown
here for the sake of brevity, indicate that, on average, 99% of the
storage capacity of the dams was available. The results also showed
that there are four dams whose available storage capacity was at, on
average, 50, 75, 81, and 85%. A close inspection of these four dams
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Fig. 7. Percentage peak discharge reduction as a function of the com-
bined specific reservoir storage capacity that is calculated at 24 system-
atically selected locations that represent different spatial scales in the
watershed; the size of the circles in the plot indicate the relative size of
the drainage area at the 24 locations shown in Fig. 1

revealed that their orifice (outlet) was elevated above the bottom
of the dam and hence there was always a certain amount of water
that is left stagnant behind the dam. These results suggest that, with
the exception of the four aforementioned dams, the dams’ outflow
characteristics are such that interevent storage is minimal.

Continuous Simulation Using Spatially Variable
Rainfall

How the spatially distributed small dams affect the flood frequency
as a function of catchment spatial scale was shown in the previous
section. The results were obtained using a stochastically generated
point rainfall time series under the assumption that rainfall is uni-
form in space. While insightful results were obtained under this
assumption, the results can be questionable because rainfall is also
variable in space and, as a result, the spatially distributed small
dams may regulate the streamflow response differently. Wright et al.
(2014), for example, show that the spatial distribution of rainfall
can play an important role in flood frequency, even in small water-
sheds. Hence, confirmation is needed about whether or not the re-
sults obtained under an assumption of spatially uniform rainfall will
hold true when a spatially and temporally variable rainfall is used
as an input. This issue is addressed by using the Stage IV radar-
rainfall data.

The watershed is simulated using the Stage IV radar-rainfall
data, which are available nationally since 2002. The region has
experienced significant flooding over this time period, with the
historical flood event of 2008 that affected the state of lowa being
a standout event (Smith et al. 2013). Examination of the past
107 years of annual maximum peak discharge observed at the outlet
of the Des Moines River basin at Keosauqua (USGS 05490500),
which includes the Soap Creek watershed as one of its subcatch-
ments, shows that 5 of the top 14 annual maximum peak discharges
were observed since 2007. This makes the past decade an interest-
ing time window for flood-related hydrologic studies in the basin.

The watershed was simulated with no dams and with the spa-
tially distributed 133 small dams, using the Stage IV radar-rainfall
data as input. The results are presented in Fig. 8. Because only
13 years of Stage IV radar-rainfall data are available, peak dis-
charges with recurrence intervals of 2 and 10 years were calculated.
However, peak discharges corresponding to these recurrence inter-
vals may be larger than usual because, as discussed previously,
the last decade has seen a frequent occurrence of extreme peak
discharge events in the watershed as can be inferred from peak
discharges observed at the outlet of the Des Moines River basin,
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Fig. 8. Percentage peak discharge reduction as a function of the
combined specific reservoir storage capacity that is calculated at dif-
ferent spatial scales in the watershed; the size of the circles in the plot
indicate the relative size of the drainage area at the 24 locations shown
in Fig. 1
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which is located approximately 30 km downstream of the junction
where it is joined by the Soap Creek. This means that the peak
discharges of 2- and 10-year recurrence intervals may not corre-
spond to the peak discharges that were simulated using the point
rainfall time series that are presented in the previous section. It can
be seen in Fig. 8 that the percentage peak discharge reduction
increases as the combined specific reservoir storage capacity in-
creases. Irrespective of the discrepancy in the estimated recurrence
intervals, these results are strikingly similar to the results presented
in Fig. 7, which were obtained under the assumption of spatially
uniform rainfall.

Considering the medium size of the watershed, it may be the
case that the annual maximum peak discharges observed in the
watershed are a result of rainfall events that cover the entire basin.
This may explain the apparent similarity between the results ob-
tained using spatially uniform and spatially variable rainfall inputs.
To investigate this further, the rainfall events that correspond to
each of the 13 annual maximum peak discharges observed at
the catchment outlet between 2002 and 2014 were examined. Fig. 9
shows plots of the rainfall time series corresponding to the smallest
(May 2004) and the largest (August 2007) annual maximum peak
discharge observed at the outlet over the 13-year period. It can be
seen in Figs. 9(a and c) that higher intensity rainfall events cover the
entire basin (gray bars in Fig. 9). These and additional results from
the analysis of the rest of the data set show that the rainfall events
that generated the annual maximum peak discharge tend to cover
the entire watershed.

It is shown in so far how the spatially distributed small dams
affect the flood frequency across a range of spatial scales in the
study watershed. A remaining question of interest is to examine
the utilization of the storage capacity of the small dams during
the rainfall events that led to the annual maximum peak discharge
at the outlet of the watershed. To address this issue, the instanta-
neous peak storage each dam attained during the event that corre-
sponds to the annual maximum peak discharge observed at the
outlet was selected. The peak storages of all 133 dams are then
summed. This information is used to estimate the percentage of

the combined total storage capacity of dams used to store runoff,
which is calculated as the ratio of the summation of the peak sto-
rages to the summation of the storage capacity of each dams. Recall
that the combined storage capacity of the 133 dams is approxi-
mately 41 x 10° m?. The results shown in Fig. 10 show that the
utilization of the combined storage capacity of the dams increases
as a function of the peak discharge observed at the catchment out-
let, which is expected. What is striking is that, during the largest
peak discharge event that occurred in the watershed over the past
13 years, i.e., during the August 2007 event, only approximately
41% of the combined total storage capacity of the 133 dams is uti-
lized. This indicates the significant potential these spatially distrib-
uted small dams possess in attenuating extreme flood events. The
existing small dams in the Soap Creek watersheds do not have
active control structures such as gates or valves. Therefore, they
should be considered as passive storage. A system of dams with
active control, if properly operated, would likely produce further
attenuation of the flood peaks. Operating such a system requires
skillful quantitative precipitation forecasting. Consideration of such
a system is outside the scope of this paper.
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Fig. 10. Percentage utilization of the total reservoir storage capacity in
the watershed as a function of the annual maximum peak discharge
simulated at the outlet for the years between 2002 and 2014
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While the results summarized previously provide some insight
into the flood mitigation potential of these spatially distributed
small dams, the flood risk resulting from a cascade failure of these
dams is a possibility. These dams could fail for various reasons
including overtopping. In order to evaluate the frequency at which
these dams could potentially fail due to overtopping, whether or not
the storage capacity of the dam is exceeded during the event that led
to the annual maximum peak discharge is checked. The results
show that the relative frequency of overtopping varies from dam
to dam (location to location) and ranges from 0-0.16% with an
average of 0.03%. That is, on average, of the 10,000 annual maxi-
mum peak discharges that were simulated, only three led to over-
topping of the dams. Considering that all overtopping events do not
necessarily lead to dam failure, the potential for a cascade failure
due to overtopping of a network of small dams discussed in this
study appears to be low. However, it is still a possibility that war-
rants an in-depth investigation, which is beyond the scope of
this study.

Conclusions

This study investigated how a system of spatially distributed small
dams attenuate the peak discharge across a range of spatial scales
using the 660-km? Soap Creek watershed that is located in
southeastern Iowa. The watershed is regulated by more than 144
small dams whose storage capacity range from 23,436 to
15,591,210 m?. The investigation is based on a continuous hydro-
logic simulation of the streamflow regulation impact of 133 small
dams for which complete design information is available and is
driven by two types of rainfall inputs: a stochastically generated
10,000-year-long sequence of hourly point rainfall-time series
and 13 years of Stage IV hourly radar-rainfall data. The main re-
sults are summarized as follows:

e The spatially distributed small dams play a significant role in
attenuating the peak discharge across a range of spatial scales
and exceedance probabilities in the watershed. As a result, they
significantly affect the peak discharge distribution. Based on the
simulation of the increasing number of small dams in the wa-
tershed that are built over time, the results showed how the peak
discharge distribution changes with time, invalidating the peak
discharge stationarity assumption that is central to regional and
at-site flood frequency estimation methods.

* The percentage peak discharge reduction due to the spatially
distributed small dams is negligible for exceedance probabilities
greater than 0.5 and it increases with decreasing exceedance
probabilities down to 0.001. However, the percentage peak dis-
charge reduction appears to decrease with exceedance probabil-
ities less than 0.001. These exceedance probabilities should not
be taken at face value because they are based on an uncalibrated
model of the watershed. As stated in the “Study Watershed” sec-
tion of the paper, calibration of the hydrologic model was not
possible due to lack of streamflow gauging stations in the basin
and it remains one of the limitations of this study.

* The effect of the spatially distributed small dams on the flood
frequency is scale-dependent, with the effect decreasing as the
drainage area increases. A closer examination of the simulation
results reveal that the decreasing effects of the dams on flood
frequency with increasing drainage area is due to the observed
reduction in the combined specific reservoir storage capacity
that is defined as the ratio of the total storage capacity of the
dams to the drainage area that they regulate, which also
decreases as the drainage area increases in the downstream
direction.
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* Results from the simulation of the watershed using the Stage IV
radar-rainfall data indicate that the proportion of the combined
storage capacity of the dams that is used to store event runoff
increases with increasing peak discharge magnitude at the out-
let. The simulation results also show that only approximately
41% of the combined storage capacity of the 133 dams was used
during the August 2007 flood event, which is the highest peak
discharge that is simulated at the outlet of the watershed for the
period between 2002 and 2014. The actual state of storage in the
distributed dams during this event is not available. Nevertheless,
these results indicate that ignoring the system of spatially dis-
tributed small dams in hydrologic models that are being used in
real-time flood forecasting operations could lead to the overes-
timation of flood risk.

The present study is not without limitations, including the
assumption of spatially uniform rainfall. Even though the results
obtained under this assumption were confirmed using 13 years
of radar rainfall data, future studies will benefit from the use of
stochastic rainfall models that are capable of reproducing the spa-
tiotemporal variability of rainfall. Moreover, the assumption that
the storage capacity of the dams remains constant over time is
an additional limitation because the storage capacity can be signifi-
cantly affected by sedimentation over time. The interplay among
the decreasing storage capacity of the dams due to sedimentation
and the construction of new dams across the watershed along with
other land-use and land-cover changes calls for a comprehensive
study of the problem. Moreover, the dams addressed here are pas-
sive storage. A similar investigation of the flood frequency effects
of active storages coupled with the spatiotemporal variability of
rainfall could reveal new insights. Additionally, there is also a pos-
sibility of cascade failure of the network of small dams, which
could exasperate the flood risk in extreme situations and needs
to be investigated in greater detail. These questions are reserved
for future studies.
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