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Abstract: Distributed attenuation in flood management relies on small and low-impact runoff
attenuating features variously distributed within a catchment. Distributed systems of reservoirs,
natural flood management, and green infrastructure are practical examples of distributed attenuation.
The effectiveness of attenuating features lies in their ability to work in concert, by reducing and
slowing runoff in strategic parts of the catchment, and desynchronizing flows. The spatial distribution
of attenuating features plays an essential role in the process. This article proposes a framework to
place features in a hydrologic network, group them into spatially distributed systems, and analyze
their flood attenuation effects. The framework is applied to study distributed systems of reservoirs
in a rural watershed in Iowa, USA. The results show that distributed attenuation can be an effective
alternative to a single centralized flood mitigation approach. The different flow peak attenuation of
considered distributed systems suggest that the spatial distribution of features significantly influences
flood magnitude at the catchment scale. The proposed framework can be applied to examine the
effectiveness of distributed attenuation, and its viability as a widespread flood attenuation strategy
in different landscapes and at multiple scales.

Keywords: distributed attenuation; flood mitigation; small reservoirs; natural flood management;
green infrastructure; wflow

1. Introduction

Large reservoirs and levees have long been the traditional engineering response for
river flood protection. In the United States, the US Army Corps of Engineers estimates
that the 715 dams and 4100 miles of levees under their management prevented $348 billion
in flood losses in 2019, and an annual average of $138 billion in the decade 2010-2019 [1].
However, levees do not attenuate floods and transfer the hazard up and downstream [2,3].
Meanwhile, large reservoirs decrease flow peak magnitude and frequency, but also act as
barriers to sediment flux and aquatic fauna mobility. With trapped sediments and less high
flows, streambed geomorphology stabilizes over time [4-6]. A fluvial landscape that is
more simplified and disconnected from a floodplain hosts less suitable habitats for aquatic
species [6-8]. Moreover, large reservoirs require high maintenance costs [9,10], while large
space and costs decrease viability of new constructions. Dams are being removed at an
increasing rate for similar reasons [11]. Finally, adapting a centralized work, such as a levee
or a large reservoir, to changing conditions or to prevent failures [12,13] and unintended
behaviors [14] is an onerous process [15-17].

As rising losses from river floods are expected to continue [18], there is a pressing
need for alternative, cost-effective, and environmentally sustainable strategies for flood
attenuation. Flood control reservoirs attenuate floods by storing large water volumes from
inflow, and slowly releasing the outflow downstream [19]. How much attenuation would
occur if smaller amounts of storage were distributed in multiple places? This question has
not been fully addressed in the hydrologic field, but is relevant when pursuing low-impact
and adaptable flood attenuation approaches.
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Runoff attenuating features reduce runoff locally by intercepting, infiltrating, storing,
and slowing precipitation water. Distributed attenuation consists of multiple runoff attenu-
ating features distributed in space that contain flooding at the catchment scale. There are
currently at least three strategies for implementing distributed attenuation: distributed
systems of reservoirs (DSRs), natural flood management (NFM), and green infrastructure
(GI). DSRs consist of small reservoirs or ponds installed on multiple reaches of a stream
network. They are specifically designed for flood control [20], although some might also
serve for water supply or filtering [21]. NFM is the use of natural practices and features
to reduce runoff and peak flow, and delay catchment response [22]. For example, trees
and low-level vegetation increase interception and infiltration capacities in the landscape;
terrain reshaping, roughening stream banks, and floodplains extend flow pathways; wet-
lands, ponds, and large woody debris temporary store water and increase flow times; and
controlled diversions disconnect flow as more water enters the stream [23]. GI refers to
a broad set of practices leveraging vegetation and soil to increase rainwater interception,
infiltration, and retention [24], especially in urban environment. GI include permeable
pavements, bioswales, green roofs, bioretention systems [25], retrofitting patches, and
fringe areas, increasing vegetation density and quality [26]. DSRs, NFM, and GI are all
realized through runoff attenuating features that are distributed in multiple locations. Their
effectiveness is partially unclear though, given their novelty, recent application, and, thus,
limited lifetime for evaluating long-term effects.

The effectiveness of a system of runoff attenuating features depends on the functioning
of its elements, both individually and in concert. Features alter flow speed and volume,
and attenuate the hydrograph locally, but they also change the interactions among volumes
of waters draining from different areas of a catchment. As features delay the flow, peak
timing becomes a crucial aspect. When inflow peaks are synchronized at a confluence, they
combine and generate a heightened outflow peak. On the contrary, peak desynchronization
results in flood attenuation [27]. Hence, distributed features can potentially diminish or
exacerbate a flood event, depending on where in the catchment they are placed.

The spatial dimension of distributed attenuation comprises all the spatial and topo-
logical characteristics of a system of attenuating features in a catchment, including their
position in the hydrologic network and their position relative to each other. By contrast,
the engineering dimension includes the type, geometry, and attributes of the single runoff
attenuating feature. Both dimensions are important factors in lessening floods, but past
research on distributed attenuation has focused mainly on the engineering characteristics.

This paper provides a framework for analyzing the spatial dimension of distributed
attenuation. To thoroughly explore it, a variety of spatial distributions of attenuating
features is necessary. The spatial distributions are obtained by first modeling attenuat-
ing features at many potential locations within the study catchment. Features are then
combined into different subsets that explicitly realize the spatial distributions. Finally, a
hydrological model incorporates the distributions and simulates the catchment response to
a precipitation event.

The following sections highlight key ideas used to conceptualize the framework, with
reference to existing studies in literature. Then, we will illustrate the framework and present
a simple application for a DSR in a northeast lowa watershed. We will finally discuss the
application results and make the case for the effectiveness of distributed attenuation and
the importance of siting in the design of a system of runoff attenuating features.

2. The Case for Distributed Flood Attenuation

Runoff attenuating features reduce surface runoff, and eventually flood magnitude,
by holding rainwater in place and lengthening the water flow path. Holding water in place
means intercepting precipitation water and storing it in place for a certain time before it
runs off [28]. Lengthening the flow pathway entails increasing the flowing distance to the
nearest water body. While these mechanisms are well-established in hydrologic theory,
the effectiveness of multiple runoff attenuating features at the catchment scale is poorly
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understood, due to limited implementation and empirical evidence. DSRs, NFM, and GI,
are the main ways by which distributed attenuation is realized in practice. Relevant studies
discussing their feasibility, performance, and possible knowledge gaps are presented in
the following.

2.1. Distributed Systems of Reservoirs (DSR)

Few studies have examined DSRs built for flood mitigation at the catchment scale,
and their attenuating effects are mixed. Studies on a system of 132 small ponds in the rural
Soap Creek watershed in Iowa, estimated a 30% peak reduction for a 24 h rainfall with a
return period of 100 years, compared to a scenario without ponds [20,29,30]. In the South
Tobacco Creek watershed, in Manitoba, a system of 26 small retention basins built for flood
control and irrigation water supply decreased peak flow at the outlet [31,32]. However,
small reservoirs do not guarantee a mitigation effect in catchments with developed areas.
Emerson et al. [33] found that in a suburban area of Philadelphia, Pennsylvania, increased
runoff generated from new developments was not offset by small detention basins designed
to limit peak rate to pre-development rate. One explanation is that basins were created
with a site-by-site approach and do not function in concert. A coordinated functioning is
essential to avoid peak flow synchronization and flood wave buildup.

Where should reservoirs be placed to work coordinately? In studies considering
simple, virtually generated watersheds, Goff and Gentry [34] found that upstream locations
are the most effective at controlling peak rates, whereas Ayalew et al. [35] determined that
reservoirs on parallel channels reduce downstream flow peaks more than when in-series
on the same channel. Other studies used real watersheds and identified a limited number
of candidate reservoir locations (<15), which were constrained by topography, land-use,
or other project-specific criteria [36-39]. Their flood mitigation results varied depending
on the watershed geometry and reservoir distributions considered. The question on how
reservoir locations influence flood attenuation does not yet have a generalizable answer.

2.2. Natural Flood Management (NFM)

NFM and nature-based solutions are particularly viable in watersheds periodically
affected by flooding but where traditional engineering is uneconomical or unfeasible [40].
Installation of runoff attenuating features, such as offline diversion ponds, disconnection
ponds, field bunds, and woody debris have occurred in the UK [41-43] and in other regions
of Europe [44]. However, this approach is not widespread due to a lack of effectiveness
evidence at the catchment scale [45,46]. While NFM features reduce and slow runoff
locally [43,47,48], the extent to which their effects are observable is unclear.

A variety of interventions in multiple locations might be necessary to observe at-
tenuation at the catchment scale. Metcalfe et al. [49] modeled a distribution of regularly
spaced, in-channel woody barriers, placed on main stem and tributaries, and found a peak
flow reduction of 10% (which would be insufficient to mitigate expected flood events).
Nicholson, O’Donnell, Wilkinson, and Quinn [23] estimated storage by offline ponds of
2000-4000 m3/km? for effective flood attenuation in a small rural catchment, assuming
attenuation only occurs by storage. Flow desynchronization also contributes to attenua-
tion [50]. Dixon et al. [51] modeled riparian forest restoration in a catchment and found a
substantial flood peak reduction, mainly due to peak desynchronization when afforestation
occurred in the upper and middle parts of the catchment. Notably absent from these
studies is the assessment of alternative siting. Overall, existing literature suggests that the
spatial dimension of NFM interventions is an influencing factor worth investigating in
the future.

2.3. Green Infrastructure (GI)

GIs in the urban environment can attenuate floods, both at the parcel and sub-
catchment scale, as demonstrated by numerous studies [52,53]. Properties and neigh-
borhoods where GI features are installed generate less runoff [54], and their hydrographs
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show a smaller peak flow [55] and sometimes a longer lag time response [56,57]. However,
such benefits greatly reduce during severe events [56,58]. Fewer studies have evaluated GI
benefits at the catchment scale. Existing findings indicate that watersheds with GI in place
show a reduced runoff [59] and have a more stable and less flashy hydrology [60,61]. There
is general consensus that the distribution of GI in a catchment influences the hydrology
of the catchment itself, similar to DSRs and NFM. The distribution of features depends
on morphological, physical, and landscape characteristics, especially the distribution of
imperviousness [62] and land cover [63].

Modeling multiple spatial configurations can provide indications toward best prac-
tices for feature siting. For example, scattering GI features has been found to be more
effective than clustering them [58]. This can be explained by flows from different parts of
the catchment being reduced and delayed, and combining to a lesser flow downstream [57].
Stronger runoff reduction was found when GIs were placed on street sides, which are
obvious flow paths [58,64]. Di Vittorio and Ahiablame [65] obtained a significant discharge
reduction at the outlet with GI in the downstream part of the catchment, although al-
ternative configurations were not included. Given the importance of decentralization in
urban stormwater management [66,67], where to place GIs and what their effect is at the
catchment scale are still two important questions in the field [68-70].

2.4. Distributed Attenuation Spatial Modeling

Distributed attenuation depends on the positions of its elements, yet there are no
universally valid criteria for siting runoff attenuating features. Empirical studies over large
areas require long times for installation and observation. Complex network interactions and
confounding processes represent additional difficulties [71]. Conversely, spatially explicit
models provide results within a model simulation timeframe and allow the experimentation
of spatial alternatives [55,58,71,72]. The framework proposed in this article aims to support
spatially explicit studies on distributed attenuation. It can help answer research questions
such as, how does the spatial distribution of attenuating features influence flooding? How
much flood attenuation can realistically be expected from a distributed strategy? For what
range of flood events is distributed attenuation effective?

3. Framework

A framework for studying the influence of runoff attenuating feature locations is
hereby proposed (Figure 1). The pivotal concept is identifying a high number of locations
for installing attenuating features in the context of a given study area. This is instrumental
in analyzing multiple and diverse spatial distributions of features. Features are charac-
terized in each location and entered in a hydrologic model of choice. For a given rainfall
event, the model estimates how spatial distributions of features affect the mitigation objec-
tives. By comparing results, one can determine which spatial distributions show the most
desirable behavior, and what spatial characteristics these distributions display. A further
step is modeling different rainfall events and/or initial conditions, and evaluating the
robustness of desirable spatial distributions. The next subsections describe each component
of the framework.

3.1. Study Area Characterization

One goal of the framework is to evaluate numerous locations, hence the delineation
of smaller streams and flow paths is especially important. This is typically completed
with watershed analysis, where a Digital Elevation Model (DEM) raster of the catchment
is used to delineate flow paths [73,74]. The choice of the DEM resolution considers the
scale of analysis and the size and distancing of attenuating features. For example, if
the DEM cell size is larger than the minimum expected distance between two nearby
locations, the model might even out elevation and differences of feature functioning in
those locations. Those differences would instead be observable using a higher resolution
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DEM. In general, high-resolution data, when available, allow for better local modeling of
hydrologic processes.

* Extent

Study area

* Topography
* Soil, land cover

Runoff attenuating features :|$ Potential locations

Attributes Functioning | Identify potential locations |

» Storage capacity * Storage-outflow
™ | Create potential features |

* Infiltration capacity * Inflow-outflow
‘I\/q%; * Lag time * Threshold values 4
Hydrologic model =] Large set of
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* Relevant mechanisms !L
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Attenuation effect £

Select distributions
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- J 7‘ outcome #2 I' l distribution #2 | Effectiveness
T — =y * Achievable mitigation
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* Peak lag ¢ -I best outcome(s) |~ -| best distribution(s) | C5¢ < Different precipitation events
* Volume * Past events « Different watershed conditions

Figure 1. Proposed framework for studying the effect of distributed runoff attenuating features.

3.2. Runoff Attenuating Features

Feature attributes that determine how the feature functions and how it is installed
locally are part of the feature modeling. Attributes include geometry (volume, extent,
depth) and physical quantities, such as interception capacity, infiltration capacity, and
increased flow path. Attributes may consist of fixed values (e.g., Manning’s roughness,
hydraulic conductivity) or can be a function of other parameters. For example, reservoir
volume (DSR) is a function of water depth; the volume of water diverted to an offline
area (NFM) is function of the water height in the main water course [75]; and the rainfall
fraction intercepted by vegetation (NFM, GI) can be expressed with an exponential decay
function of rainfall quantity [76,77].

The viability of runoff attenuating features attributes is constrained by the local context.
For example, high DSR dams in a topographically flat area would require costly terrain
reshaping. In a developed catchment, the existing built environment affects the type and
size of plants that can be introduced to intercept the rainfall (GI). Such local constraints will
differ by location. Depending on the study objective, modelers can loosen such constraints,
but compatibility between potential features and their locations makes the study of flood
attenuation more realistic and useful.

3.3. Potential Locations

Potential locations for mitigating features should be high in number, cover the whole
study catchment, and be diverse. This allows for the full exploration of the spatial dimen-
sion and a broader understanding of where runoff attenuation is more effective. Altogether,
features modeled on multiple locations form a set of potential attenuating features. The
local context might influence the attributes and the functioning of a feature. In this light,
location and other geometric and structural attributes are not independent, and feature
location is an integral component of runoff attenuation.

The number of potential locations is more important than the feasibility of installing
the runoff attenuating feature. For instance, it is not important to know which landowners
agree on having a rain garden in the front yard (GI) or a pond in their property (DSR),
since the purpose of the framework is to study the effect of spatial distributions, not to
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actually design a system of attenuation. However, a location can be deemed infeasible if it
generates a paradox, such as the controlled inundation of an inhabited area (DSR, NFM),
or for physical reasons, such as soil type not being suitable for permeable pavement (GI).
Environmental, socio-economic, legal, and aesthetic aspects can be initially overlooked and
considered at a later stage when designing the system, to filter the set of potential features.

Locations are diverse when the corresponding features produce distinguishable effects.
Due to spatial autocorrelation, installing a feature a few meters upstream or downstream
on the same flow tract would likely affect runoff in the same way. Furthermore, the
marginal benefit of adding features in the same part of the catchment might eventually
decrease. In general, a high feature density implies low diversity. To find a compromise
between features” high number and moderate to low density, some preliminary runs of the
hydrologic model can help in resizing a larger than needed set of potential locations. An
ideal spacing of locations depends on topography, flow path geometry, external constraints,
and can change across the catchment.

3.4. Hydrologic Model

There are numerous tools for modeling rainfall runoff transformation and other hydro-
logic processes. We will refer to these tools as “hydrologic models,” although the model of
choice can also contain a hydraulic component. All key processes leveraged by runoff atten-
uating features should be part of the hydrologic model. For example, reservoir functioning
(DSR, NFM) necessitates that the model implements equations from hydraulics, whereas
a simple infiltration capacity value is sufficient to define the functioning of permeable
pavements or bioinfiltration cells (GI) at the feature scale. The spatial and temporal scales
of the analysis are also a factor. For example, groundwater recharge and flow can be
neglected when modeling short rainstorm events in a small urban catchment. In a large
rural watershed, antecedent soil moisture conditions and groundwater flow play a more
important role.

3.5. Attenuation Effect

At this point of the framework, a large set of potential runoff attenuating features is
available. By subsetting it in multiple ways, one can create different spatial distributions of
features. Distributions can be selected randomly; can be spatially scattered or clustered;
can regard a few, many, or all flow paths; can target hydrologically relevant locations, such
as confluences; can be limited to features of a certain size, etc. Similar to individual features,
subsets of features should be sufficiently diverse to cover the range of possibilities, and
show distinct effects on runoff and overland flow.

Features of each distribution are plugged into the hydrologic model. The hydrologic
model simulates the same rainfall event for each feature distribution and results are
compared. It is common practice to create a baseline scenario with no features in place,
against which to compare the mitigating scenarios. Performance evaluation occurs by
comparing hydrograph characteristics, such as peak flow, lag time to peak and runoff
volume, or other quantities of interest (e.g., soil moisture, flood extent). When available,
measured outcomes from past events are an excellent reference for evaluation.

3.6. Effectiveness and Robustness

A distribution of runoff attenuating features is effective if it achieves the mitigation
objective (e.g., flow peak reduction) for a flood event. Multiple such distributions may
exist. A limiting criterion, such as construction cost or landscape disturbance, is necessary
to avoid a distribution with an unrealistically large number of features. There is a trade-off
between attenuation costs and benefits, with the ideal distribution of features realizing the
desirable attenuation at the minimum cost.

A distribution of features is robust if its attenuation is observable for different flood
events. Distributed features respond with decreasing attenuation when runoff volume
increases due to precipitation (intensity, duration, spatial pattern) or ground (soil moisture,
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snowmelt) conditions. However, a robust distribution can still effectively control a range
of events. Spatial patterns of precipitation are predictable to a certain extent, and extreme
events that overwhelm the distributed features put in place have a low probability of
occurrence. Distribution robustness can be assessed by testing its response to different
precipitation events and ground conditions.

In the application of the framework that follows, we considered a few eminent dis-
tributions. More distributions and hydrologic simulations would be needed to assess
distributed attenuation in the study area. Effectiveness and robustness, methods and tools
for their analysis, and their practical implications in distributed attenuation design will be
the focus of future research.

4. Case Study

This section describes a practical application of the framework with the installation of
a DSR in a rural catchment. The mitigating feature is a small inline reservoir. Reservoirs
are modeled in all the reaches of the stream network, including the non-perennial source
reaches, which are not commonly investigated in the literature. Some spatial distributions
are considered, and their effect is simulated with a hydrologic model.

4.1. Study Area and Stream Network Characterization

The study area is the Hewett Creek watershed, 12-digit Hydrological Unit Code (HUC)
070600040603, in northeast Iowa (Figure 2). Hewett Creek is a tributary of the Volga and
Turkey River system. The watershed has a drainage area of 42.6 km? (10,580 acres). The
landscape is characterized by hills, with an elevation ranging from 385 m to 232 m, and an
average slope of 10% calculated from a 1 m DEM. The watershed is rural and there are no
inhabited centers. Approximately 36% of the area is cultivated, mainly in corn and soybean
rotation. Grassland and pasture make up about 33% of the area, while forests cover 27%.

Hewett Creek watershed
070600040603

Elevation [m]

*\ - High : 388
B Pt ' Low : 232
\‘2,5 i
0 1 2 3
[ eeesssas WEY

Figure 2. Overview of the study area.
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We hydrologically corrected the DEM by lowering elevation values of roads to estab-
lish the continuity of elevation values on both sides of a bridge. We then ran a watershed
analysis on the hydrologically corrected DEM using the CUENCAS software [78] to extract
the drainage network and drainage areas for each point in the watershed. The extracted
network of reaches (Figure 2) was classified by Strahler order, which assigns an integer
number to each reach of the network, in a hierarchical fashion. All source reaches have
order 1. When two reaches of order i and j (i # j) join, the outflowing reach has the higher
of the two orders. When two reaches of the same order 7 join, the outflowing reach has
order i + 1. In this classification, the main stem has the highest order. The Strahler order on
Hewett Creek ranges from 1 to 6. After visual comparison with satellite images, reaches
of order 1 were excluded from further analysis since a majority of them was either not
perennial or too small to host an inline pond.

4.2. Runoff Attenuating Features

The runoff attenuating feature is a small inline reservoir that allows lower discharges
to flow through, and fills when the waters rise. A transversal dam acts as a barrier and
generates an impoundment (Figure 3). The dam has an orifice and a pipe conduit to
discharge water when the reservoir is not completely full. At full capacity, an auxiliary
spillway discharges water past the dam (Figure 3b). As such, the reservoir works as a
passive mitigation system [79,80]. Despite being a common practice when building a small
reservoir, excavation behind the dam was excluded to keep this application simple and
avoid differing enhancements of storage among locations.

Embankment

Pipe Orifice g = %MEM mu
\ A a1 === =S
=== I _I§ MEM ;..--H Sk
MEMEMEEEETEEE=
e s L = = 1

auxiliary
spillway

Pipe inlet

Figure 3. Examples of inline reservoir used as runoff attenuating feature. (a) Simplified cross-section; (b) aerial view of a

pond on Clear Creek, IA (courtesy of Iowa Flood Center).
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4.3. Potential Locations

All reaches of Strahler order from 2 to 6 were considered for potentially installing a
reservoir. We used ESRI ArcPy and GDAL [81] libraries to develop an algorithm generating
reservoir objects in three steps. The first step identified points for locating dams and placed
a dam segment across the streamline (Figure 4a). To maximize the number of reaches with
at least one reservoir, we set a regular spacing between points of 100 m, starting 20 m from
the start point of each reach. These choices resulted in 1154 locations.

. Dam points
2 Strahler 2
@ Strahler 3
@ Strahler 4

Dam segments
Strahler 2

—— Strahler 3

— Strahler 4

stream

i

a 50

B

100

o

0
Meters

x—a-._j.)—

* Dam points
o Strahler 2 (-
e Strahler 3 i ' ;
e Strahler 4
Reservoir polygons
[ Strahler 2

| Strahler 3
[ Strahler 4

— stream

100 0
Meters

Figure 4. Small reservoir modeling consists of (a) identifying locations along streamlines and (b) delineating reservoir

footprints using elevation lines.

In the second step, the algorithm delineated the reservoir footprint based on contour
lines (Figure 4b). The assumption is that in steady-state conditions, the stored water surface
has the same elevation, which is reasonable given the limited extent of the temporary reser-
voirs. This exercise employed a dam height range between 1 and 5 m (about 3.5-17 feet),
to align with the intent of having “small” reservoirs. There is no consensus definition
for the size of a small dam, neither at the legislative level nor in practice [82,83]. As a
reference, guidelines from the Natural Resources Conservation Service set a maximum
dam height for ponds at 35 feet (10.7 m), although terrain excavation is generally expected.
The algorithm searched for an upstream contour line intersecting the dam segment and
within the drainage area of the dam location. The initial elevation value was 5 m above the
bottom of the dam. The elevation was lowered by 0.5 m until a contour line was found, or
the minimum dam height was reached. Dam points, lines, and reservoir polygons take the
same Strahler order as the reach where they are modeled.

In the third step, the GIS-based algorithm calculated water volume and footprint
extent for different water depths using ArcGIS’s Surface Volume function [84]. At this
point, every reservoir was defined geographically and geometrically. A storage-outflow
relationship sets the reservoir functioning. When the reservoir is not full, the outflow
is discharged through the pipe. We applied the formula for the flow through a large
rectangular orifice (Equation (1), [85]). When the reservoir is full, the outflow is equal to
the inflow as per continuity equation (Equation (2)), and is discharged by the pipe and the
auxiliary spillway.

2
Qout = 5-Ca /28 Lorig- (HI* = H}®), H < oo (1)
Qout = Qinr H > Hdam (2)

where Q;,, and Qo are the inflow and outflow discharges respectively, C; is a coefficient
of discharge, g is the gravity acceleration constant, L, is the orifice width, H is the water
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height from the bottom of the dam, Hy,,,, is the dam height, H; and H) are the head over the
bottom and top of the orifice, respectively. From Equations (1) and (2) outflow is a function
of water level H, which was calculated for the same water depths as storage volume. Thus,
outflow could be expressed as a function of storage.

In engineering practice, dams would be designed individually for a discharge with a
certain return period, and orifice size would likely vary by location affecting the functioning
of each dam. While the objective of this exercise is to determine if reservoirs have a higher
attenuation power due to their location, dam characteristics, including orifice size, represent
a confounding factor. Assigning the same geometric characteristics to all dams, from source
stream to main stem, would be unrealistic, so we set the dam orifice size proportionally
to the local channel width. As the channel section widens proceeding downstream, dam
dimensions and orifice size also increase.

4.4. Hydrologic Model

Reservoirs defined in terms of location and functioning become a component of a
hydrologic-hydraulic model. Many such models exist, differing in modeled processes, do-
main of applicability, input data requirement, programming language, and license [86,87].
For this application we chose wflow, a collection of distributed models for hydrological
simulation developed at Deltares, written in Python 3.6, and made available under the
General Public License 3.0 [88]. Simulations ran the wflow_sbm module, which models
subsurface and overland flow, with inputs of a DEM, land cover, and precipitation data in
raster format. We chose this model because (1) the possibility of modifying the original
code allowed for the best integration of the GIS-based reservoir objects into the model,
and (2) wflow_sbm is a distributed model where variables are spatially explicit. Hence,
wflow_sbm was able to accommodate geographically defined reservoirs.

We wrote a module for routing water through reservoir objects by implementing a
continuity equation among inflow Q;,, outflow Q,,t, and storage S [85]:

25 25
(Qin,prev + Qin,curr) + ( Ap;ev - Qout,prev) = ( Acz;rr - Qout,curr) (3)

where subscripts indicate previous and current timesteps, separated by time interval At.
Unknown quantities are on the right-hand side of Equation (3), since all terms from the
previous timestep are known and inflow is calculated by the kinematic wave routing
module. Using the storage-outflow relationship previously calculated, one can determine
both Scurr and Qout,curr at every timestep. The reservoir routing module was plugged into
the existing wflow_sbm model, as shown in Figure 5.

SN e Kinematic wave routing
water Flux based on ratio
slope cell and slope

I Surface upstream cell

Reservoir
routing

water

‘—b

Infiltration
Exfiltration, Excess

Kinematic wave routin,
Surface .

UL Surface

water

Saturated Exchange based on
store Ksat at water table

Saturated

Kinematic subsurface flow store Flux based on ratio

slope cell and slope
upstream cell

Figure 5. Scheme of wflow hydrologic model with the addition of the reservoir routing module
(modified from [88]).
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In this application of the framework, the modified wflow_sbm was used to simulate
a 1 h long, spatially uniform rainfall event. The spatial uniformity of precipitation likely
does not hold for a region as large as an HUC 12 watershed. However, assuming uniform
rainfall is an acceptable modeling choice at the beginning of a study and prevents the
confounding effects of spatially varying precipitation. We set rainfall intensity at 70 mm/h,
which corresponds to a 1 h event with a return period between 25 and 50 years in northeast
Iowa [89]. We set the timestep to 1 min, after finding that a bigger timestep triggered
numerical instability when reservoirs approached full capacity.

Values for wflow_sbm parameters were based on watershed characteristics (topography,
soil type, land cover) and the recommendations of wflow developers. The model however
was not calibrated. Hewett Creek, similar to many other HUC 12 watersheds in Iowa,
is ungauged. Scaling down measured discharge from a larger catchment proved to be
complicated and carried many uncertainties. The Turkey-Volga River system lies across
two geological formations with distinct topographies. There are marked differences in
land cover composition between the two regions, complicating the regionalization process.
While calibration is fundamental to the setup of a hydrologic model, the purpose of this
application is not to reproduce the natural hydrologic processes and design a DSR, but to
explore and detect differences in watershed response to different DSRs.

4.5. Spatial Distributions of Reservoirs

A spatial distribution of reservoirs, or DSR, is any feasible subset from the set of
reservoirs modeled with the GIS-based algorithm. The only condition for feasibility is that
no two reservoirs have overlapping footprints. Among the many possible distributions,
we chose nine for this case study; they are displayed in Figure 6 and summarized in
Table 1. The subsets have distinct spatial patterns to help understand the effect of the
spatial dimension on the hydrograph.

Single Reservoir . Upstream Parallel Upstream Series

A
Qi 2 4KM ® &

DSR 1 Midstream Parallel Midstream Series
@ e e
” ¥ 8
¥ ; 0:, 0. \\x g Y
v \
8 Py @ 2 v Q.
. ot & ke S
ag ¥ J & 2. R g
\‘.Ti'ﬁ’ ~Pee

DSR2 A
@
@&
-9 ] 2
j Reservoir i:| Upstream © ~ 1 Midstream i~ Downstream
footprint area -~ area L...iarea

Figure 6. Reservoir locations for the spatial distributions in Hewett Creek watershed.
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Table 1. Distributions of reservoirs used in the analysis.

Distribution Description Number of Reservoirs Capacity [m®] Regulated Drainage [km?]
Baseline No reservoir 0 0 0
Single Reservoir One large reservoir (ID 601667) near 1 87,258 3913
the outlet

Reservoirs on reaches of Strahler order
DSR 1 3,4 and 5, scattered across 6 87,819 8.03
the watershed

Same as DSR 1, with the addition of
DSR2 Single Reservoir 7 175,077 39.13

Reservoirs on reaches of Strahler order
Upstream Parallel <5, in the upstream region of the 15 300,611 5.16
watershed; all reservoirs in parallel

Reservoirs on reaches of Strahler order
Midstream Parallel <5, in the midstream region of the 23 300,649 5.06
watershed; all reservoirs in parallel

Reservoirs on reaches of Strahler order
Downstream Parallel <5 in the downstream region of the 17 300,916 5.02
watershed; all reservoirs in parallel

Reservoirs on reaches of Strahler order
<5, in the upstream region of t_he 12 300,520 8.56
watershed; some reservoirs in series on
longer reaches

Upstream Series

Reservoirs on reaches of Strahler order
< 5, in the midstream region of ‘the 23 300,267 926
watershed; some reservoirs in series on
longer reaches

Midstream Series

Reservoirs on reaches of Strahler order
< 5, in the downstream region of the 19 300,639 764
watershed; some reservoirs in series on
longer reaches

Downstream Series

The Baseline distribution represents the reference scenario where no reservoir is
installed. Single Reservoir consists of one large reservoir regulating the whole watershed,
and represents a traditional engineering approach to flood control. DSR 1 and DSR 2 are
used to compare DSRs against a single reservoir; DSR 2 is equal to DSR 1 with the addition
of Single Reservoir. This choice can help understand the benefit of having some small
reservoirs upstream in addition to a large one downstream. Single Reservoir and DSR 1
have a similar value of overall storage capacity to make the contrast unbiased (Table 1).

There are six distributions of in-parallel and in-series reservoirs on upstream, mid-
stream, and downstream regions of the watershed. In-parallel reservoirs control streams
draining from completely different areas, whereas in-series reservoirs control the same
drainage path, and their drainage areas partially overlap. The upstream, midstream, and
downstream regions depicted in Figure 6 were determined as follows. The region draining
to the beginning of the main stem (Strahler 6) is the upstream region; the rest of the wa-
tershed is divided approximately in half into midstream and downstream areas. Table 2
lists geometric characteristics of upstream, midstream, and downstream regions and of the
distributions selected within each.

Table 2. Geometric characteristics of regulated areas and reaches for in-parallel and in-series distributions.

Region Upstream Midstream Downstream
Total reach length (Strahler < 5) 29.70 55.01 50.08
Distributions parallel series parallel series parallel series
Total lfer‘a%f‘e;’f[;ffflated 11.71 10.21 19.40 2391 17.77 18.32
(% of total reaches) (39.4%) (34.4%) (35.3%) (43.5%) (35.5%) (36.6%)
Regulated drainage [km?] 5.16 8.56 5.06 9.26 5.02 7.64

Previous studies on distributed attenuation considered in-parallel vs. in-series con-
figurations and proximity to the outlet to be influential in flood control. It was natural to
explicitly include those patterns in this application. The novel aspect here is that DSRs
consist of multiple reservoirs (>12, Table 1) selected from a large initial set. This has two
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implications. First, it allowed selection of enough reservoirs to strongly characterize DSRs
according to spatial patterns, e.g., multiple reservoirs in-parallel, in the upstream region.
Second, it was possible to fine tune the selection to equalize certain attributes, i.e., similar
storage capacity for all DSRs (Table 1), and similar drainage area for the in-parallel distri-
butions (Table 2). Since the spatial patterns are DSRs’ most distinctive trait, it is plausible
to expect that they are responsible for hydrograph differences.

5. Results and Discussion

Wflow_sbm simulated a 1 h rainfall event independently for each distribution, gener-
ating output discharge values at the watershed outlet at 1 min timesteps. The simulation
lasted five hours after the end of the rainfall. Discharge values were plotted as hydrographs.
Given the small size and quick response of the catchment, the peak flow rate showed atten-
uation more clearly than lag time and was used to compare watershed responses under
different DSRs.

5.1. Single Reservoir vs. Distributed Reservoirs

Figure 7a shows hydrographs for the Baseline, Single Reservoir, DSR 1, and DSR
2 distributions. As expected, the presence of reservoirs reduced the peak flow. A less
obvious result is that DSR 1 generated a larger reduction in peak flow than Single Reservoir,
even though the two have about the same storage capacity. Single Reservoir strongly
regulated incoming flow at the beginning. Once it was full, discharge increased sharply, as
no regulation occurred and the auxiliary spillway discharged water excess. By contrast, in
DSR 1, attenuation occurred at multiple points and smoothed the flow to generate a lower
peak than in Single Reservoir.

Hewett Creek, 1 h event (70 mm/h)
0
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@ 155 AN 15d 151 @ 725
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Figure 7. Hydrograph for (a) single large reservoir, DSR 1, and DSR 2 distributions, (b) upstream, (c¢) midstream,
(d) downstream distributions.

The peak flow reduction in DSR 2 (26 m3/s) is greater than the sum of Single Reservoir
(7 m3/s) and DSR 1 (15 m3/s) reductions. In fact, in DSR 2, the attenuation generated
by upstream reservoirs decreased the inflow for the larger reservoir at the outlet. This
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filled more slowly than when it operated alone, it worked less time at full capacity and
attenuated the flow for a longer time. This is an example of how a reservoir attenuation
power is tightly related to the presence of other reservoirs. A given reservoir can be more
or less effective in association with other reservoirs of a distributed system.

5.2. In-Parallel vs. In-Series Distributions

In-series distributions performed consistently better than in-parallel in all the regions
of the watershed (Figure 7b—d), despite having approximately the same total storage
capacity (Table 1). Similar to that in DSR 2, one or more upstream reservoirs generated
a peak reduction that lowered the inflow for the next reservoir in the series. This further
slowed and reduced water discharge, and so on until the last element of the series. On the
contrary, in-parallel reservoirs reduced peak independently, and the presence of a reservoir,
or lack thereof, did not affect the functioning of other in-parallel reservoirs.

The main criterion for in-series DSRs reservoir selection was the total storage capacity,
as for all the other DSRs. A second criterion was to place in-series reservoirs only on longer
tributaries. After experimenting with in-series distributions, we found that two or more
in-series reservoirs on short tributaries overregulated flow without contributing to peak
flow reduction at the outlet. In fact, close in-series reservoirs generate inefficiencies in DSR
functioning [90] because (1) the downstream reservoir does not work at full capacity due to
the small inflow received, and (2) most of the drainage area regulated by the downstream
reservoir is already regulated by the upstream one. In-series reservoirs ended up being
800 m apart or more.

The better performance of in-series over in-parallel DSRs may not be generalizable.
While other in-parallel and in-series distributions were modeled and showed similar results,
the number of analyzed distributions is small compared to the population of possible in-
parallel and in-series DSRs. Furthermore, it is unknown where the modeled flow peaks fall
in the statistical distribution of flow peaks generated by all the existing in-parallel/in-series
DSRs with the same capacity and/or same drainage criteria. Notably, both Del Giudice,
Rasulo, Siciliano, and Padulano [90] and Ayalew, Krajewski, and Mantilla [35] found that
in-parallel configurations performed better than in-series. They used reservoirs on the
main stem, without constraints on capacity, drainage, and distancing between reservoirs.
In this exercise, in-series reservoirs were sufficiently distanced from each other, attenuation
was likely better distributed along a channel, and inefficiencies were minimized.

Downstream distributions showed a smaller reduction than midstream or upstream
configurations (Figure 7b—d). Two circumstances can explain this result. First, attenuation
on downstream tributaries has a limited effect on the flood wave on the main stem, which
flows unattenuated from upstream and midstream regions. A second reason is the delay
introduced by downstream reservoirs can synchronize the peak flow of downstream
tributaries, with the peak or near-to-peak flow on the main stem. A downstream DSR
attenuation benefit would then be partially offset by the flow’s synchronization, resulting
in a small peak reduction at the outlet. Other downstream DSRs might increase the Baseline
peak flow by synchronization, as found by Goff and Gentry [34], in elongated watersheds.

In-parallel upstream and midstream DSRs were equivalent, whereas the in-series
midstream DSR was superior to the in-series upstream DSR (Figure 7b,c). Midstream
long tributaries drain elongated areas, while the drainage areas of the two main upstream
tributaries (Strahler 5) have more of a compact shape. For this reason, and despite efforts
of aligning regulated drainage area for both DSRs, Midstream Series regulates a larger
drainage area, and about 43% of the reaches compared to 34% regulated by Upstream Series
(Table 2). Midstream Series reservoirs regulate a larger portion of the drainage network,
have a higher attenuation power, and reduce peak flow at the outlet more. Apparently, the
synchronization of midstream reservoirs with waters from upstream was not substantial.
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5.3. Framework Role and Future Development

The framework allows for the exploration of opportunities for flood attenuation that
otherwise would not be apparent. The application presented example distributions, but
numerous other distributions of small reservoirs are possible. For example, other DSRs
with the same storage capacity as DSR 1 might produce a larger (or smaller) attenuation
because of the spatial arrangements of their elements. One key aspect of the framework
is the availability of many potential locations, which enables numerous combinations
of features and spatial distributions. Runoff attenuating features in places that are not
typically considered, such as source streams and small tributaries, can highlight potentially
novel and even counterintuitive results. The stronger attenuation power found for in-series
DSRs is an eminent example. It shows that the parallel vs. series dichotomy is worthy of
further analysis in the future.

Thoroughly investigating the spatial dimension of distributed attenuation requires the
systematic analysis of many distributions. Eventually the modeler wants to identify a few
spatial distributions, realizing the desired attenuation at the minimum cost. Spatial patterns
or specific features in common among the best performing distributions can then guide
the design of distributed attenuation for a given study area. The problem of identifying
the optimal set of attenuating features is already present in the literature [39,91-95], but
it has so far been limited to specific case studies without generalization. Future work
may develop heuristic search methods to efficiently solve the optimization problem. Our
framework supports the solution of the optimization problem, because heuristic methods
leverage the set of many locations and attenuating features.

The engineering dimension of a system of attenuating features also influences atten-
uation at the watershed scale. The design of a single feature determines its functioning
locally and within the system. In the case study for example, changing dam geometry or
allowing excavation behind the dam would likely lead to different results. Some previous
research has addressed the optimization of dam design in DSRs [37,96-98] and GI type and
design [99,100]. The engineering dimension represents an additional set of parameters that
can be optimized for flood attenuation.

Rainfall magnitude and spatial pattern also influence runoff attenuation. A spatial
uniform rainfall is a convenient initial assumption, but generally it is not acceptable for
HUC12 catchments, even less for larger watersheds. The hydrologic model should be
related to a stochastic model for rainfall event generation, accounting for rain spatial and
temporal variability [101,102]. In general, future enhancement of the framework should
consider the robustness of systems of attenuating features, and check if these systems are
still effective given different events and conditions (e.g., soil moisture, snowmelt).

Finally, when designing distributed attenuation, it is important to consider the scale
of interventions. Attenuated flow effectively realized in one catchment might synchronize
with flow from other adjacent and/or parallel catchments, and worsen flood effects down-
stream. While the impact of a single feature is relatively modest, the combination of effects
cannot be neglected and might extend beyond the study area boundary initially consid-
ered. The framework is general enough that it can be applied to any spatial scale. Further
research might take advantage of the framework to determine if and how distributed
attenuation can be down- or upscaled across catchments of different size.

6. Conclusions

Distributed attenuation represents a change from the dominant paradigm in flood
control. While a single centralized structure controls flooding at a specific location, at-
tenuating features reduce runoff and flooding in multiple places, closer to where runoff
is generated. This article presents a framework for analyzing distributed attenuation, in
which attenuating features are modeled on a large number of potential locations. Features
are then combined into subsets and entered into a hydrologic model that simulates their
effect on runoff.
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This methodology was applied to study DSR configurations in a northeast Iowa
watershed. The results showed that a DSR can yield the same or more attenuation com-
pared to a larger reservoir of the same capacity. Further results suggested that upstream
and midstream distributions yield a larger attenuation than downstream. Contrary to
other previous studies, in-series reservoirs had a larger flow rate control than in-parallel,
capacity being equal. This suggests that the positions of reservoirs, the streams they con-
trol, and their mutual distance along the flow path play an important role and deserve
specific attention.

The framework’s main contribution is a methodology to analyze distributed attenua-
tion, specifically in its spatial dimension. The combination of effects from each feature is
influenced by spatial and topological components and cannot be determined algebraically.
The geometry of the drainage network and where attenuating features are located in
the network affect water flow in a manner that is challenging to predict and generalize.
Our framework supports the systematic analysis of the spatial behavior of distributed
attenuation. Future studies can use the framework to investigate the benefits and costs of
attenuating features on catchments of varying scales and landscapes.
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