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ABSTRACT

East lIowa experienced large flooding during June of 2008. This study used
Cuencas hydrological model to simulate the discharges of June 2008 at Eldorado and
Elkader, in the Turkey River Watershed, in North East lowa. The results of this study
were used to test the performance of Cuencas modeling this flood event and to explore
the role of land cover change in the floods of 2008 at Elkader, lowa.

Cuencas was found to be a suitable tool to predict this event and it required
relatively low resources. The total time to run each simulation was around two hours
which is reasonable for such large watershed (900 mi’), but a computer cluster was
needed to run these simulations.

The results from this study suggest that the role of land cover change from pre-
settlement to current conditions was significant when using the rainfall conditions of
2008. The discharges simulated at Elkader, lowa were almost twice as large when using
the 2001 land cover, than when using the land cover found during 1832-1859, recorded
during the General Land Office (GLO) survey. These results need to be taken only as
preliminary results, since there is no data to validate the model at the time of the GLO
survey, and since it is the first time that Cuencas is used to model the effects of land
cover in lowa’s hydrology. However, the potential large reduction on discharge of the
pre-settlement land cover is an incentive to investigate this issue further and continue

developing Cuencas to capture the effects of less drastic land cover changes.
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INTRODUCTION

The large flooding experienced in Iowa in June of 2008 made the state realize that
there was a need to have a fast and reliable tool to predict flooding, even in the absence
of functioning stream gauges. To respond to this need, the Iowa Flood Center of the
University of lowa, is developing Cuencas, a hydrological model that in a short time can
predict the water discharge at different locations in a watershed, even in ungauged
streams. Cuencas started to be developed several years ago, but it is being adapted to fit
Iowa’s watersheds and to predict accurately and in real time the discharge in small and
large (state level) watersheds. This study had as an objective to use Cuencas to model the
discharges of June 2008 in the Turkey River Watershed at Eldorado and Elkader, which
encompasses 900 mi’. The results from this study were used to test the performance of
Cuencas modeling this event at this scale, contributing to the overall development of this
tool.

Another objective of this study was to give some light into the role that the drastic
land cover change of lowa’s watersheds had in the 2008 flooding. This study used a
version of Cuencas modified by Luciana Cunha (Cunha’s Model) that includes the effects
of land cover in stream discharge to explore the possible role that the land cover
conversion had in the floods of 2008 at Elkader, lowa. The model was run using the 2008
rain event and the land cover of the Turkey River watershed present before European
settlement (1832-1859) and the 2001 land cover. The predicted discharge under both land
covers was compared as an indication of the effects of land cover in the floods
experienced. Since a flood event is the result of many factors that vary in space and time,
the results of this study only apply to Elkader and Eldorado, lowa, and to the rainfall
conditions present in June 2008. However, this study can be used as a framework to
investigate other rainfalls and other land covers and can give some insight into the effects

of land cover conversion on flooding.



CHAPTER I: LITERATURE REVIEW

1.1 Land use land cover change in lowa

Iowa’s ecosystems have been drastically modified. Among the 50 states of the
United States, lowa has lost the highest percentage of its native vegetation due to
agriculture. Since the European settlement in the 1830’s, vast prairies and woodlands
have been replaced mainly by corn and soybeans, and wetlands have been drained.
Iowa’s land use and land cover (LULC) has changed from a mixed landscape that
included prairies, woodlands and wetlands to a predominantly agricultural landscape with
corn and soybeans covering more than 70% of the state (U.S. Census Bureau 2009). It is
estimated that 89% of wetlands have been drained in the state (Mitsch & Gosselink
2007), the second highest rate of wetland loss after California (91% loss). Even though
the total land cultivated with corn has not increased significantly in the last 50 years,
there has been significant conversion of pastures to soybean production, which has

resulted in increased of total area dedicated to row crops (Jackson & Keeney 2010).

1.2 Effects of Iowa’s land use land cover change on hydrology

LULC changes affect the partitioning of rainfall into the different components of
the hydrological cycle (e.g., evapotranspiration, infiltration, and runoff), altering flood
generation processes. LULC changes are frequently the result of agriculture
intensification, urban development and/or deforestation.

In Iowa, the intensification of agriculture has caused most of the LULC changes.
To obtain the current agricultural landscape it was necessary to construct artificial
drainage systems (subsurface tiles and surface ditches), drain wetlands, modify stream
courses, fill floodplains and of course, change the vegetation.

The change of vegetation alone has many implications in the hydrology of the
land. The pre-agricultural heterogeneous vegetation structure of native prairies and

woodlands intercepted water and slowed down overland flow. In the contrary, the current



homogenous vegetation of row crops routes precipitation rapidly to artificial drainage
networks and streams as runoff. Bharati et al. (2002) found that the cumulative
infiltration for multi species buffers that replicate the pre-agricultural landscape were five
times larger than the infiltration for crops and pastures. Also, Prairies may intercept 10
times more precipitation than row crops (Brye et al. 2000), and therefore prairies have a
lower runoff potential than crop fields. In addition, the water demands of young
corn/soybean plants and pasture are lower than the water demands of mature prairie
plants or trees. Most important, the lack of vegetation from the late fall until the spring
(approximately half of the year) in the agricultural landscape makes it easy for water to
reach drainage ditches and streams rapidly during the spring snow melt and rainfalls, via
direct runoff or via tile drains (Bharati et al. 2002). All the factors described above result
in higher rates of rainfall-runoff transformation (or tile flow in tiled watersheds) and in
shorter times of concentration in agricultural/pastoral systems than in prairies and
woodlands.

Another impact that the change of vegetation can have in the hydrology of an area
is the reduction of the water retention capacity of the soil and the reduction on the
evapotranspiration potential of the plants. The maximum rooting depth of temperature
deciduous trees is larger than the depth of temperate grasslands (including prairies and
pastures) and that the depth of croplands (Canadell et al. 1996). In addition, tallgrasses of
the native Iowa prairies have a higher density of fine roots than corn and soybeans
(Tufekcioglu et al. 1998; Craine et al. 2003). Since rooting depth and fine root density are
directly correlated with increased water retention capacity and increased rates of
evapotranspiration (Zhang et al. 2001; Asbjornsen et al. 2007) it is clear that with the
vegetation change (from trees to pastures and from tallgrass prairie to corn and
soybeans), the evapotranspiration and water retention capacity of the soil in the

agricultural Iowan landscape have been largely reduced.



In summary, the transformation of native landscape to agriculture, which includes
replacing perennial vegetation (prairies and woodlands) for annual crops and pastures,
creation of artificial drainage networks, wetland draining and modifications to
floodplains and stream channels, has decreased the water retention capacity of the soil
and the evapotranspiration potential and water interception of the vegetation, resulting in
higher runoff and tile flow, and in lower times of concentration. Tiling has modified the
hydrology significantly in Iowa, and in some cases the tile flow component of the
baseflow (as opposed to ground water) has been measured to exceed 70% (Schilling &
Helmers 2008).

During the second half of the twentieth century, annual streamflow, annual
baseflow, and annual minimum flow have increased in several watersheds in Iowa and in
the Mississippi river basin, which may be attributed to the conversion of perennial
vegetation to row crops (reducing evapotranspiration and leaving more available water
for runoff or infiltration) and the installation of artificial drainage on crop lands
(transporting surface water and tile water fast to streams) (Schilling & Libra 2003;
Schilling 2005; Zhang & Schilling 2006).

The effects of the land cover change in flooding are also relevant. For instance,
the increase of runoff and tile drain in Iowa has increased the number of streams and the
stream flow, and therefore, it has increased the stream erosion capacity (Burkart 2010).
As result, more sediment is deposited in flood control features and streams, reducing their
water storage and conveyance capacity, and increasing flood risks. The time of
concentration has decreased as a consequence of the land surface becoming smoother,
and the creation of aboveground and underground water paths (artificial drainage
systems) that offer a reduction of the resistance to the flow. This also has resulted in
higher peak flows and therefore in higher flood risks (Andersen et al. 1996; Burkart
2010).



To determine the effects of one of these landscape modifications in a basin
hydrology is complex, since many of the factors are interconnected. For instance, in most
cases it is not possible to determine if hydrologic, water quality and ecologic impacts
observed are due to tiling (subsurface drainage) or to other changes associated with
agriculture (Skaggs et al. 1994; Blann et al. 2009).

The quantification of the hydrological effects of converting prairie to crops is
difficult. There are several papers describing and quantifying some of the effects of this
land cover change (Bharati et al. 2002, Brye et al. 2000, Burkart 2010), but besides the
Curve Number tables of the Natural Resources Conservation Service (Mishra & Singh
2003) there is no published data quantifying the rainfall/runoff transformation expected
from a prairie field versus a field planted with corn.

It is especially difficult to quantify the effects of the LCLU change at large scales,
which generates controversy on the effects that the land cover transformation has had on
flooding probabilities in Iowa. To help clarify these effects the use of hydrologic models

is necessary.

1.3 Basin scale hydrologic models

There are many types of basin scale hydrological models, including statistical
models and physically-based models.

Statistically based models attempt to fit statistical distributions to historical data.
For instance, in the case of ungauged basins or when data for the study basin is not
available, regression equations are used to estimate the basin’s hydrologic responses,
including the peak flow, as a function of the basin’s physical attributes. These models are
based on correlations, and not on cause and effect (like the physically based models),
which makes them not appropriate to describe non random variables like streamflow.

Physically-based models are not based on correlations, but on causes and effects.

They use equations that are developed based on the physics of the processes that they



describe. These models link inputs (e.g., hydro meteorological data) with the response of
the stream network and other components (like sub surface water) to these inputs. These
models often require large computational resources to find numerical solutions to their
equations. Several of these models can link hydrology with sediment and pollutant
transport in the watershed.

The majority of the current physically-based models are complex. They try to
capture many of the processes that the modeler considers determine the hydrology
outputs at the different scales. This approach requires large amount of data, high demand
in computational resources and complex statistical and mathematical analysis (Sivakumar
2008). Many of the physically-based models available divide the watershed in smaller
user defined units that may not correspond to the scales for which physical equations
were developed. Also, since these models are often developed to fit specific situations,
and since the data required to feed the models is not always available, calibration of
model parameters is required to obtain results (Cunha et al. 2011).

A different approach to hydrologic modeling is the Data Based Mechanistic
(DBM) modeling method (Young 2002). This approach performs a statistics analysis to
define the parameters in which a physically-based model should be developed, as
opposed to use all the parameters that the modeler considers relevant. By using this
approach the number of parameters used in the model can be significantly reduced,
possibly eliminating interactions between parameters that can produce erroneous results
(Jackson et al. 2008; Mclntyre & Marshall 2010).

Another alternative to complex modeling approaches, are parsimonious models
that instead of attempting to capture everything in the watershed, capture the essential
features in the watershed (e.g., the model uses as few parameters as possible to obtain
acceptable results) (Sivakumar 2008). As opposed to DBM that start with many
parameters and discard parameters that are not relevant, parsimonious models start with

the least amount of parameters and include more parameters if necessary. One example of



these parsimonious models is Cuencas (which means Basin in Spanish) (Mantilla &
Gupta 2005). Cuencas is being developed at the University of lowa’s IIHR-Hydroscience
and Engineering and is being used to simulate the hydrology of different watersheds.
Cuencas will be described in more detail in section 3.2.

There are many hydrological models that can be applied at the watershed scale,
but unfortunately their applicability and limitations are not always clear, making it
difficult to choose the best model to use for a specific study. To help in the selection of
models, several authors have made comparisons between several models (Kokkonen
2003; Borah & Bera 2004; Singh & Frevert 2006). Four of the most widely used
physically-based hydrological models for large-scale watershed modeling are described
below.

HEC-HMS, is the Hydrologic Modeling System developed by the US Army Core
of Engineers (Feldman 2000). HEC- HMS is a lumped hydrological model designed to
simulate rainfall-runoff transformation process of dendritic watersheds. HEC-HMS can
be used in small urban watersheds or in large basins. It divides the hydrological cycle in
different processes and uses mathematical models to represent the fluxes of mass and
energy in the watershed.

GSSHA, the Gridded Surface Subsurface Hydrologic Analysis (Downer et al.
2006), was also developed by the US Army Core of Engineers. As opposed to HEC-
HMS, GSSHA is a distributed hydrological model, allowing the user to enter different
parameters at the grid scale. GSHHA has a coupled groundwater and surface water
component. GSSHA can model the transport of chemicals and sediment, besides the
transport of water. GSSHA can be used to simulate single events or long term
hydrological processes.

SWAT, the Soil and Water Assessment Tool (Arnold et al. 1998) was developed
by the US Department of Agriculture (USDA). SWAT is a continuous simulation model

that was developed to simulate the impact of different management practices on water,



sediment and chemicals in agriculture dominated watersheds. The hydrological model
component uses the Soil and Conservation Service Curve Number (SCS-CN) to link
runoff processes and land use. SWAT is a lumped model and divides the watershed in
user-defined Hydrologic Response Units (HRUs). SWAT was developed for long-term
predictions of flows and most of its applications have a daily time step, therefore this
model is not appropriate for detailed simulations of single events. For instance,
Reungsang et al (2005), found that SWAT was not able to accurately predict daily peak
flows, however it accurately predicted monthly flows at the Upper Maquoketa River
watershed.

MIKE-SHE (Graham & Butts 2006), a modification of the European
Hydrological System Model, is another commonly used distributed physically-based
model to simulate hydrology at a watershed scale. MIKE-SHE can simulate the transport
of water, sediment and chemicals, between the surface, soil and groundwater. MIKE-
SHE can be used for single events or for long-term simulations of hydrological processes.

One of the main challenges when using the models described above is that all of
them require the input of extensive data (to define numerous parameters), which may be
not available, and therefore calibration is required. Also, the lumped models described
(SWAT and HEC-HMS) do not recognize the spatial variability of some processes, and
the distributed models (MIKE-SHE and GSSHA) use the grid as their unit, which does
not necessarily correspond to the scale at which the physical equations were defined.

Therefore a model with the least number of parameters required to produce
adequate results (i.e., a parsimonious model), and that applies physical equations to the
scales for which these equations were formulated, might offer the best option when
analyzing the effects of different management strategies, or climate change scenarios in
watershed modeling. Having less parameters and data entry also should reduce the

computational resources needed, which is necessary when fast and reliable simulations



need to be run at large watersheds (like state-wide). Cuencas has this characteristics and

it will be described in Section 3.2.
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CHAPTERII: STUDY AREA

2.1 Basin description

The study area corresponds to the Turkey River Watershed (basin) at Elkader,
Iowa. The basin lies in northeast Iowa in the counties of Howard, Chickasaw,
Winneshiek, Allamakee, Fayette and Clayton. The basin is approximately 2,300 km?* (900
mi?). The main river tributary to this basin is the Little Turkey River, which joins the
Turkey River north from Eldorado, lowa (Figure 1).

There are two landforms that define the geomorphology of the watershed. The
northwest part of the watershed lies within the lowan Surface and the southeast part of
the watershed lies within the Paleozoic Plateau. The lowan Surface is characterized by
long slopes and low relief with subtle stepped levels that mark watershed divides (Prior
1991). Drainage networks are well established, with low stream gradients, and it has
some poorly drained areas where wetlands exist. There are large fieldstones known as
glacial erratics, sinkholes, and deposits of limestone and dolomite. Due to the carbonate
rocks, there are rock aquifers that sustain rivers in dry conditions. This zone of the
watershed is mostly cultivated. The Paleozoic Plateau is characterized by the steepest
landscape in Iowa. The topography of this zone is controlled by the bedrock, and
therefore it is deeply carved with a high relief. It has deep, narrow and steep river valleys
with meander patterns and fast flowing streams. This region is also characterized by
kharst topography, containing many sinkholes, caves and springs underlined by dolomite
and limestone. This zone contains a high percentage of the native woodlands of the state,
since there are steep areas unsuitable for cultivation (Prior 1991).

The Government Land Office (GLO) did a vegetation survey of the area between
1832 and 1859. According to these records 58% of the basin was covered by prairies and
42% of the basin was covered by woods before European settlement (Figure 2). The

present land cover consists of row crops in almost 63% of the basin, followed by pastures
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(13%), woods and grasslands (including prairie remnants’) (8%), developed areas (6%)
and water (streams and wetlands) (1%) (Figures 3 and 4).

Even though the main land cover conversion in the Turkey River Watershed
occurred before 1875 (Wehmeyer et al. 2011), the total land area dedicated to row crops
in Northeast Iowa increased during the 20™ century, especially with the introduction of
soybeans in the seventies, and it seems to have reached an almost stable level in the last

decade (USDA 2011) (Figure 5).

2.2 Flooding history

Currently, there are two United States Geological Services (USGS) gauges that
keep 15-min stage and discharge measures in the basin, located at Eldorado and at
Elkader (Figure 1). A third station located at Spillville keeps daily stage measurements.
The location of the USGS gauging station at Elkader slightly changed. The USGS station
05412000 (drainage area of 891 square miles) has streamflow records from 1916 to 1942.
The new station (05412020) is located above French Hollow Creek has a drainage area of
903 square miles and has records for 1991, and from 2002 until present. The USGS
Station at Eldorado (05411850) has a drainage area of 641 square miles, and has
streamflow data since September of 2000.

The largest flood recorded in Elkader was in June, 2008, with a stage of 27.77°
and a discharge over 40,500 cfs. This 2008 flooding event is followed in magnitude by an
event on June 1991, which had a stage of 27.32” and a discharge over 38,000 cfs. A third
significant event occurred in May 2004, when the peak flow was 25.57” and the discharge
over 33,000 cfs. The largest discharge recorded for Eldorado was 50,100 cfs in 2008,
followed by 2004 (19,700 cfs) and 1991 (16,700 cfs) (Figure 6). Flood hydrographs for
the 2004 (Figure 7) and 2008 (Figure 8) events were created using the continuos data
available at the Instantaneous Data Archive of the USGS (USGS 2011a).
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Since the USGS stations of Eldorado and Elkader do not have long and continuos
records, data from the USGS station at Garber (05412500) (drainage area of 1545 square
miles) downstream of Elkader in the Turkey River Watershed (but outside of this study
basin) and from the USGS station at Maquoketa (05418500) in Maquoketa River
Watershed (drainage area of 1553 square miles) were analyzed, given that these
watersheds are nearby and have comparable size (Figure 9). It appears that the largest
peaks observed in the Turkey River Watershed have occured in the last two decades
(Figure 10). The Maquoketa station has records of significant flooding events since the
1900, but the more severe events have occured in the last 50 years (Figure 11).

Figure 12 contains the Flood Insurance Rate Map for Elkader created by the
Federal Emergency Management Agency (FEMA) and last updated in 1996 (Federal
Emergency Management Agency (FEMA) 2011). The grey area corresponds to the 100-
year floodplain and the dashed area corresponds to the floodway, which includes the
channel and the zone that conveys flood waters with higher speeds. This map shows the
areas that are more vulnerable to flooding in the city, but does not imply that the areas
that are not shaded are not at risk for flooding. The Iowa Flood Center is working on
updating this flood map using the information generated after the floods of 2004 and

2008.
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Figure 2. Basin land cover during the Government Land Office Survey
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Figure 3. Current (2001) land cover in the basin
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Figure 4.

Land cover comparison between 1832-1859 and 2001
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Figure 5. Area cultivated in corn and soybeans in northeast lowa
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Figure 6. Peak flow records recorded at Eldorado and Elkader
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Figure 7. Hydrographs of the flood of 2004 at Eldorado and Elkader
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Figure 8. Hydrographs of the flood of 2008 at Eldorado and Elkader
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Figure 9. Watersheds and USGS stations located in or nearby the study basin
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Figure 10. Historical peak flood discharges at the Turkey River Watershed
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Figure 11. Historical peak flood discharge and stage at the Turkey River (at Garber) and

Magquoketa River (at Maquoketa) watersheds
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Figure 12. Flood Insurance Rate Map for Elkader, lowa
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CHAPTER III: STUDY DESCRIPTION

3.1 Justification and objectives

The main cause of recent large flood events in Iowa is a reason of considerable
debate. One argument is that the main cause of the extreme flooding events are the
modifications to the landscape, including wetland drainage, floodplain filling, agricultural
tiling and change of vegetation.

Another argument is that the floods are the result of extreme rainfall events, and
that tiling might help avoid large flooding. This is justified by arguing that a tiled field
reduces overland runoff (reducing the sediment load of runoff and therefore the
sedimentation of stream channels and flood control features), and increases the
infiltration capacity of the soils. It is also argued that a tiled field keeps a field from
freezing when it is moist, and therefore the field has more absorbing capacity when the
spring melt occurs (Love 2010; Zingula 2010). Even though these arguments may be
valid at the field scale under certain soil, rainfall, topography and drainage conditions,
they cannot be translated to the watershed scale (Smedema et al. 2004; Blann et al. 2009).
It is true that the overland runoff can be reduced when subsurface drainage is present (as
compared to overland runoff of a surface drained field), but the tile flow increases and it
reaches the streams faster than groundwater flow, which also contributes to peak flows.

The effect of the rainfall on the floods of 2008 was explored by Krajewski and
Mantilla (Krajewski & Mantilla 2010). They concluded that the individual events were
not so extreme, but the combination of events during the one to three week time span
proceeding the crest significantly surpassed the mean annual maximum precipitation
across the state. They also attributed large flooding in the Cedar and lowa River basins to
the spatial and temporal distribution of the rainfall.

Reports from the National Oceanic and Atmospheric Administration (NOAA)

agree that the total observed rainfall in the spring and early summer of 2008 was extreme.
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June of 2008 has been the second wettest June in record in lowa, and the period from
April to June was the wettest recorded (NOAA Satellite and Information Center 2008).
The monthly precipitation records for 1993 were also considered extreme and this
accumulated precipitation (not a single event) was deemed as the main cause of large
flooding in the Midwest of the United States (Guttman et al. 1994).

On the other hand, the effect of LULC change on these large flood events has not
been studied. Several studies in other watersheds and flooding events suggest that LULC
does have an effect on stream peak flows, which are responsible for flooding (Fitzpatrick
et al. 1999; Hejazi & Markus 2009). For instance, a study comparing the effects of
increasing precipitation and LULC change in increasing flooding in four watersheds in
Illinois, attributed most of the variability of the increase in peak flows to the LULC (and
drainage) change and not to the increase in precipitation (Changnon & Demissie 1996).

The objectives of this study are to evaluate the suitability of Cuencas as a tool to
model the 2008 flood event in the Turkey River Watershed at Elkader and Eldorado, and
to explore the role that LULC change had on the 2008 floods in this basin.

The driving hypothesis of this work is that even though the extreme precipitation
from April to June of 2008 would have caused large flooding under any land cover, the
extent of the flooding would have been lower under a pre-settlement land cover, and that
this would be more dramatic at the beginning of the event, before the soils were

saturated.

3.2 Model description

Cuencas is described as a calibration-free, parsimonious hydrological model, and
it has been used to model from single hillslopes to large (of the order of thousands of
kilometers squared) watersheds. Cuencas is a river network simulation environment
initially developed by Mantilla and Gupta (2005). Cuencas includes GIS based tools that

use high resolution Digitally Elevation Models (DEMs) to extract the river network and
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decompose the landscape into links and hillslopes. A link is defined as a section of a
channel between junctions, between a source and a junction or between a junction and an
outlet. Links are usually from 200 to 500 meters long. A hillslope is the area of the terrain
that drains directly into the link, and vary from 0.01 to 0.1 km”. Cuencas uses the D8
algorithm (maximum gradient method) to obtain a drainage direction matrix, and prune
algorithms to obtain the location of the river network (O'Callaghan & Mark 1984).

A characteristic that differentiates Cuencas form other GIS based hydrological
models, is that it uses the hillslope as the basin partitioning unit, and not arbitrary
subwatersheds, grids or pixels. This is important since it is at the hillslope scale where
rainfall-runoff partitioning occurs, and therefore Cuencas is able to apply physically-
based equations of rainfall-runoff partitioning at the scale at which they occur.

Cuencas models the two main processes affecting the response of a watershed to
rainfall: the partitioning of rainfall into runoff at the hillslope scale and the transport of
flow downstream in the network. Cuencas is a modeling framework that allows the
modification of the equations that it uses. For instance, as a first order approximation
Cuencas assumes a constant runoff coefficient and stream velocity in space and time.
However, since this is not appropriate to analyze the effect of land cover on flooding, the
model was modified by Luciana Cunha (Cunha’s Model) to include a land cover
component (Cunha et al. 2011).

Cunha’s Model uses the same equations from the first order approximation for the
transport of water, but it uses the SCS-CN method to determine the rainfall/runoff
transformation (instead of using a constant runoff coefficient), and adds components to
model the transport of the infiltrated water in the subsurface, through the vadose

(unsaturated) zone and saturated zone to the channel.
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3.2.1 Transport of flow
The transport of water in the stream network is the governing factor on the
response of a watershed to rainfall at a large spatial scale, and it is determined by the

mass conservation equation of flow developed by Gupta & Waymire (1998):

dS(t)

—r = RO+ () +a2 (0~ q(®)

Where S(?) is the storage in the link at time ¢, a is the area of the hillslopes
draining to the link, R(?) is the runoff intensity per unit area produced by the hillslopes
draining to the link, ¢;(z) and g,(?) are the incoming flows of the two upstream tributaries,
and ¢g(?) is the flow rate at the outlet of the link.

Flow discharge (g) and channel storage (S) can be written as:

q=vXC(y
S=lXCA
S—lx

It is assumed that the depth of the link does not change across the link during time
t. C4 is the link average cross section (assumed to be rectangular, equal to width times
depth), /is the link length and vis the link velocity.

The velocity in the link and is defined as (Mantilla 2007):

v(q) = vy x q*t x A%

Where vy is the initial velocity, ¢ is the channel discharge, 4 is the drainage area,

and A ;and A are scaling exponents.
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These scaling exponents £ ; and £ can be estimated if the velocity, discharge

and area are known and the variables of the previous equation are log transformed:

log (v) = log( v, x gt x 4%2)

log (v) = log(vy) + log(q**) + log(A*2)

log (v) = log(vy) + A4log(q) + A,log (4)

To find vy, 4; and A, a multivariable linear regression using regional data can be
done applying the last equation.
The discharge of each link in the river network is obtained with the following

nonlinear differential equation proposed by Mantilla et al. (2006):

d
d_‘z = K(q) X [aR(t) + q1(t) + q2 (£) — q(8)]

Where K is defined by the solution to the momentum equation:

v(q)

K(q) = (-1

3.2.2 Partition of rainfall into runoff
The first order approximation uses a constant runoff coefficient to model the

rainfall transformation into runoff.

R(t) = RC X P(t)

Where R(t) is the runoff at time ¢, RC is the runoff coefficient, and P(z) is the

precipitation at time ¢.
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This assumes that the percentage of the rainfall that will become runoff does not
change in space and time. In a large watershed scale, the runoff coefficient does vary in
space and time, however the main process affecting the response of the watershed to
rainfall at a large scale is the transport of water in the river network, and not the rainfall-
runoff transformation (Cunha et al. 2011), and therefore the results might not change
much when adding a complex runoff-rainfall transformation process to the model.

However, in cases where the partition of rainfall on runoff wants to be studied,
such as when the role of land cover in flooding is to be explored, it is necessary to use a
different method to model the runoff generating process. The objective of Cunha’s Model
is to account for the variation of the rainfall/runoff process in the model results.

The temporal and spatial variability of runoff coefficients is caused by the spatial
and temporal variability of physical characteristics (land cover, soil type, land
management, etc) and by the temporal variability of different factors, including soil
moisture conditions (affecting the ability of soils to infiltrate and retain water) and the
ability of plants to transpire water.

The Curve Number methodology was developed by the Soil Conservation Service
(currently the Natural Resources Conservation Service) as a simple way to model the
rainfall/runoff transformation. The Curve Number (CN) represents the capability of soils
to produce runoff, and its value depends on land cover, land use management, soil type
and antecedent soil moisture condition (AMC). The CN method assumes proportionality
between runoff and retention: Actual Runoff (Q) is to Potential Runoff (P, equal to
Precipitation) as Actual Soil Moisture Retention (F, equal to P-Q) is to Potential Soil

Moisture Retention (S) (Ponce & Hawkins 1996):

PSS
»| =

The runoff equation of the CN is:
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_ (P-1la)?

¢ P—Ila+$

Where Q is runoff, P is rainfall, S is the potential maximum soil moisture
retention after runoff begins, and /a is the initial abstraction, or losses before runoff
begins (including water intercepted by vegetation, water stored in surface depressions,
evaporation, infiltration).

CN and the potential retention (S) are related by the following equation:

1000
~ CN

The CN for average runoff conditions and for an Initial abstraction equal to 20%
of the potential soil retention (average for agricultural watersheds) can be obtained by
looking at the Runoff CN for hydrologic cover complexes tables developed by the Soil
Conservation Service (Mishra & Singh 2003). Typical values of CN vary from 30 to 100.
A low CN indicates low runoff potential while a large CN indicates a large runoff
potential.

Since the capacity of the soil to retain water changes with time, decreasing as the
soil gets saturated and increasing as the soil dries, the CN method takes into account the
Antecedent Soil Moisture Condition (AMC) to determine the CN. There are three classes
of AMCs. AMC 1 correspond to dry soils, AMC II to average runoff conditions, and
AMC III to saturated soils. The rainfall of the previous five days determines which AMC
should be used (Table 1).

Cunha’s Model uses four differential equations to model the overland runoff
(dq/dt), the subsurface water (dS/dt), the movement of infiltrated water in the vadose
zone (d0/dt), and the water movement in the saturated zone (dA/dt). This model assumes
that the shape of the underground water storage layer mirrors the shape of the hillslope,

and models the vadose and saturated zone as linear reservoirs using Darcy’s equation.
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There is a variable contributing hillslope area of runoff to the channel, which is
composed of a permeable area and an impermeable area. The permeable area is the
surface area that is over the vadose zone and the impermeable area is the surface area that
is over the saturated zone (Figure 13). The effective precipitation (precipitation minus
losses due to transpiration, or to overland storage) can either be transformed in runoff or
be infiltrated. The water that is infiltrated can either travel underground to the saturated
zone or be go to the bedrock, and the water that is in the saturated zone can recharge the
channel or go to the bedrock as well (see arrows in Figure 13). The equations used in this

model will be published in Cunha’s Ph-D dissertation.

3.3 Model inputs

3.3.1 Topographic information
A 1l-arc second (approximate 30 meters) DEM was obtained online from the USGS
(USGS 2010b). To decrease modeling time, this DEM was transformed using Arc-GIS to
a 3-arc second DEM (approximate 90 meters). Cuencas was used to extract the river
network and decompose the terrain into links and hillslopes using this DEM. The

extracted river network by Cuencas can be found in Figure 14.

3.3.2 Land cover information
To make the comparison between different land covers, the existent land cover
from 2001 and from the time of the General Land Office Survey (GLO) (1832-1859)
were used. The 2001 National Land Cover Data was obtained from the USGS Seamless
data warehouse. The GLO vegetation information was obtained online from the Iowa
DNR (IA DNR 2011). Since the 2001 and GLO land covers had different classifications,

the GLO information was transformed to the codes used in 2001 (Table 2).
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3.3.3 Soil type

The hydrologic soil type was obtained online from the SSURGO Database
(Natural Resources Conservation Service (NRCS) 2011). Most of the basin has B soils,
which have low runoff potential when wet (Figure 15). The soil types reported by the
SSURGO database might not represent the current soil infiltration/runoff capacity since
agriculture and other soil disturbances can significantly change soil characteristics.
However, the SSURGO information is the most complete information available for large
areas and for more accurate information field surveys would be necessary.

It was assumed that the soil hydrologic capacity did not change between the time
of the GLO survey and the present, although this is most likely not the case. In almost
two centuries the soil has been modified (e.g. compacted) so much that this is likely have
had an effect in its hydrologic capacity. However, there is no data for the soil hydrologic

type for the time of GLO and therefore this assumption had to be made.

3.3.4 Curve Number

The CN depends on the soil hydrological group, the cover type, the cover
treatment and the hydrologic condition. The soil hydrologic group and cover type were
obtained online in the sources described above and entered into ARC-GIS. The cover
treatment is a classification for cultivated lands and it was assumed to be straight row
crops. The hydrologic condition describes the effects of treatment and cover type on
runoff, and it was assumed to be good for all cases.

The CNs assigned to the different cover types can be found in Tables 3 and 4. The
composite CN for the basin (assuming AMC II) changed from 57.5 at the time of the
GLO survey (Figure 16) to 72.6 on 2001 (Figure 17). The CN for both land covers and
for the different AMC can be found in Table 5. Figure 18 shows the different runoff that
would be produced under the different land covers using their composite CN. Using the

24-hour and 10-day rainfall depth for the third (northeast) climate district of lowa (Huff
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& Angel 1992) and the CN method, the rainfall and runoff for different return periods
under both land covers can be found in Table 6. It is possible to observe that with more
intense rainfalls the relative runoff increase (2001 runoff / GLO runoff) decreases, but it

is still significant at the 10-day, 100 year return period.

3.3.5 Rainfall

Two rainfall products were used as inputs for the model. The first product is a
Hydro-NEXRAD product (15- minute information), developed by Bongchul Seo at the
ITHR-Hydroscience and Engineering of the University of lowa. This product uses the
information from the following radars: KDMX (Des Moines, [IA), KDVN (Davenport,
IA), KARX (La Crosse, WI) and KMPX (Minneapolis, MN). A bias correction of 0.56
was applied to the data obtained based on information from the rain gauge network for
Iowa City. This was done because the main purpose of this product was to be applied to
the Iowa/Cedar River basins (Figure 9). The second product was the Stage IV product
(hourly) from the NCEP (National Center for Environmental Prediction), which uses
radar and gauges (multi-sensor) precipitation analysis to produce the data. Figure 19
shows the comparison of the accumulated rainfall (in millimeters) for the period starting
on May 29™ 2008 and ending on June 23 2008. The rainfall accumulation obtained
with the Hydro-NEXRAD data (200 mm) is lower than the rainfall accumulation

obtained with the Stage IV data (270 mm).

3.3.6 Observed discharge
The observed discharge data was obtained online from the USGS at their
Instantaneous Data Archives (IDA) (USGS 2010a). A maximum annual discharge of
40,500 cfs (1148 m?) was published for Elkader for June 10™, 2008 (USGS 2011c). This
value and a value of 36,800 cfs (1043 m’) reported in the USGS streamflow
measurements website (USGS 2011b) are the only values available for this day for

Elkader. Data from the IDA was ommited for this day for Elkader, given that the daily
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mean discharge value calculated from this data deviated by more than 10% from the
published mean discharge value. The peak discharge observed in the 2008 flood at
Eldorado (50,100 cfs), was much larger than the one recorded for Elkader (downstream).
This could be explained due to spatial and temporal variability of the rainfall, to areas of
overspilling upstream of Elkader, or to data validity. Even though the quality data of the
IDA is not completely assured by the USGS staff, this is the only 15-min data available
and therefore it was used as the observed data.

The daily mean discharge reported by the USGS was used to calculate the total
water volume that went by Eldorado and Elkader between May 29th, 2008 and June 30th,
2008. The volume estimated for Eldorado was 2.99 x 10® m® and the volume calculated
for Elkader was 4 x 10° m’. The trapezoidal method for integration was also used to
calculate the volume of water under the hydrograph for Elkader and for Eldorado that
were created with IDA data and with the maximum peak flow reported. The water
volume obtained for Elkader for the 2008 event was 3.81 x 10* m’ and the volume of
water for Eldorado was calculated to be 2.83 x 10° m®. Since the water volumes obtained
with the IDA and the published daily data is similar (around 5% difference), the IDA data
was used as a valid source of observed data. Even though unusual, the high peak
observed at Eldorado was attenuated by the time the peak arrived in Elkader.

To have a much lower peak discharge observed at Elkader than at Eldorado is not
common but it is possible. Figure 20 shows the average daily mean discharge at both
stations. Points over the diagonal line represent the times that Eldorado has a daily mean
discharge higher than Elkader. As expected, the differences in daily mean discharges is
larger during large flood events. Since 2001 (when both stations started keeping daily
records) most of the time the daily average discharge has been higher at Elkader. Out of
the 3,547 daily records available, 3,459 (97.5%) the daily mean average was higher at
Elkader than at Eldorado. Most of the time the daily mean descharge at Elkader has been

between 100 and 500 cfs higher than the daily mean discharge at Eldorado (Table 7).
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However, on June 9", 2008 Eldorado had a mean discharge that was 13,800 cfs higher
than Elkader’s mean discharge and on May 22", 2004 Eldorado’s mean discharge was
5,500 cfs higher than Elkader’s mean discharge. This confirms that having a larger peak

at Eldorado than at Elkader is rare, but possible.



Figure 13. Representation of Cunha’s model’s elements
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Figure 14. River Network extracted by CUENCAS (orders 3 — 7 are shown)
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Figure 15. Hydrologic soil types found in the basin
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Figure 16. Curve Number for the basin during the GLO Survey (1832-1859)
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Figure 17. Curve Number for the basin during 2001
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Figure 18. Comparison of rainfall/runoff transformation for the 2001 and GLO land
covers using the Curve Number methodology
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Figure 19. Precipitation accumulation comparison between the Stage IV and the

Hydro-NEXRAD rainfall products
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Figure 20. Daily mean discharges at Elkader and Eldorado
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Table 1. Criteria to define the soil Antecedent Moisture Condition (AMC) class

Total 5-day antecedent rainfall (mm)
Group Dormant season Growing season
| less than 13 less than 36
11 13-28 36-53
111 more than 28 more than 53

Source: Mishra, S. K., and V. P. Singh. 2003. Soil Conservation Service Curve Number
(SCS-CN) Methodology. Kluwer Academic Publishers, Dordrecht, The Netherlands.



Table 2. Codes description and reclassification of GLO codes to 2001 codes
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NLCD- NLCD-2001 DESCRIPTION
2001
CODE
11 Open Water
21 Developed, Open Space
22 Developed, Low Intensity
23 Developed, Medium Intensity
24 Developed, High Intensity
31 Barren Land (Rock/Sand/Clay)
41 Deciduous Forest
42 Evergreen Forest
43 Mixed Forest
52 Shrub/Scrub
71 Grassland/Herbaceous
81 Pasture/Hay
82 Cultivated Crops
90 Woody Wetlands
95 Emergent Herbaceous Wetlands

GLO-CODE GLO-DESCRIPTION NLCD
2001
PBAY Bayou 11
PDRA Drain 11
PLAK Lake 11
PPON Pond 11
PRIV River(border) 11
PSAN Sandbar 11
PSLU Slue[sic] 11
PCIT City 21
PGRO Grove 41
PISL Island 41
PRAV Ravine 41
PROU Rough 41
PSCA Scattering trees 41
PTBR Timber/barrens 41
PTHI Thicket 41
PTIM Timber 41
PTSB Timber/scattering/barrens 41
PTSO Timber/scattering/openings 41
PWIN Windfall 41
PBAR Barrens 52
PBRU Brush 52
POAK Oak barrens 52
POPE Openings 52
PPPT Part Prairie/part timber 71
PPRA Prairie 71
PFIE Field 82
PMAR Marsh 95
PSMR Swamp/marsh 95
PSWA Swamp 95
PWET Wetland 95




Table 3. Curve numbers assigned to the different cover types of the GLO survey
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GLO Code Cover Description (CN cover) A B C D B/D
PBRU Brush 30 48 65 73 73
PCIT City (Residential 1/8 acre) 77 85 90 92 92
PFIE Field 67 78 85 89 89
PGRO Grove (woods) 30 55 70 77 77
PMAR Marsh 100 100 100 100 100
PPON Pond 100 100 100 100 100
PPRA Prairie 30 58 71 78 78
PROU Rough (brush) 30 48 65 73 73
PSCA Scattered Trees (Woods-grass combo) 32 58 72 79 79
PSLU Slue (slough) 100 100 100 100 100
PSWA Swamp 100 100 100 100 100
PTBR Timber/barrens (Woods-grass combo) 32 58 72 79 79
PTHI Thicket (Woods) 30 55 70 77 77
PTIM Timber (Woods) 30 55 70 77 77
PTSO Timber/scattering/oppenings(Woods-grass combo) 32 58 72 79 79
PVIL Village (Residential 1/2 acre) 54 70 80 85 85




Table 4. Curve assigned to the different numbers cover types found on 2001
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2001 Code Cover Description A B C D B/D
11 Open Water 100 100 100 100 100
21 Developed Open Space 39 61 70 80 80
22 Developed Low Intensity 61 75 81 87 87
23 Developed Medium Intensity 77 85 88 92 92
24 Developed High Intensity 89 92 94 95 95
31 Barren Land 77 86 90 94 94
41 Deciduos Forest 32 58 68 79 79
42 Evergreen Forest 32 58 68 79 79
43 Mixed Forest 32 58 68 79 79
52 Shrub 30 48 60 73 73
71 Grassland/Herbaceus 30 58 68 78 78
81 Pastures 39 61 70 80 80
82 Cultivated Crops 67 78 84 89 89
90 Woody Wetland 100 100 100 100 100
95 Emergent Herbaceous Wetland 100 100 100 100 100
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Table 5. Curve Numbers for the basin under different Antecedent Moisture Conditions and

land covers

2001 GLO
AMCI 53 38
AMCII 72 58
AMCIII 86 76

Source: Mishra, S. K., and V. P. Singh. 2003. Soil Conservation Service Curve Number
(SCS-CN) Methodology. Kluwer Academic Publishers, Dordrecht, The Netherlands.

Table 6. 24-hour and 10-day precipitation depth and predicted runoff using the Curve

Number method for different return periods for northeast lowa under two land
covers

24-hour 10-day
Return Period 1-year | 2-years | 10-years | 100-years | 1-year | 2-years | 10-years | 100-years
Rainfall depth (in) 2.32 2.91 4.31 6.36 4.22 5.04 7.07 10.19
Runoff 2001 (in) 0.42 0.74 1.65 3.25 1.62 2.23 3.89 6.66
Runoff GLO (in) 0.09 0.23 0.78 1.94 0.77 1.19 2.46 4.78
Runoff increase 4.93 3.17 2.11 1.67 2.11 1.87 1.58 1.39




Table 7. Difference in the daily mean discharges between Elkader and Eldorado

Daily mean discharge Elkader - Frequency
daily mean discharge Eldorado
less than -10000
from -10000 to -5000
from -5000 to -500 12
from -500 to -100 24
from -100 to -50 13
from -50to O 37
from 0to 50 231
from 50 to 100 680
from 100 to 500 2154
from 500 to 5000 389
from 5000 to 10000 3
more than 10000 2




49

CHAPTER 1V: RESULTS

4.1 Model Performance

Several simulations were run to evaluate the performance of Cuencas reproducing
the 2008 event at Eldorado and Elkader, to assess its sensitivity to several parameters
(rainfall product, stream velocity, runoff coefficient, land cover component) and to
determine the parameters values that fit the basin the best. Once the parameters that fit
the basin the best were chosen, the model was used to simulate the 2008 event using the
land cover found in the basin during the GLO survey (1832-1857) and during 2001.

The performance of the model was assessed by comparing the simulated
hydrographs to the observed hydrographs, looking particularly at the timing of the peaks
and their shape (width and height). Three quantitative assessments of the goodness of fit
of the simulations with the observed hydrographs were calculated to assist in the
determination of the best set of parameters. The coefficient of determination (R?), the
Nash-Sutcliffe model efficiency coefficient (Nash coefficient) and the Root Mean Square

Error (RSME) can be found in Table 9.

4.1.1 Rainfall product

Since the total amount of precipitation varied significantly between the
HydroNEXRAD and Stage IV (NCEP) products (200 mm vs. 270 mm) (Figure 19), the
model was run to compare the hydrographs produced with both products. The model was
run with a constant velocity of 1 m/s and a runoff coefficient of 1.0 to test the rainfall
product.

The HydroNEXRAD product appears to not have enough water to produce the
peaks observed at Eldorado (Figure 21). This suggests that the bias correction applied to
Iowa City (0.56) is not applicable in the Turkey River Watershed. Therefore, the Stage

IV product from NCEP was selected to run the simulations to analyze the 2008 flood.
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The changes observed in the hydrographs produced with Cuencas when using the
different rainfall products make physical sense since the hydrographs produced with the
product with more water produce larger and wider peaks

The accumulated daily and hourly precipitation in the basin (Stage IV product)
can be found in Figure 22 and Figure 23, respectively. When plotting the rainfall and
discharge at Elkader (Figure 24) it is possible to observe the response of the basin to
precipitation. For instance, the small peak produced around June 5™ seems to be caused
by precipitation that fell really close to the outlet, since there were precipitation events
just before the peak. Figure 25 shows the total precipitation observed in the basin on June
June 5™. It is possible to observe that a significant event occurred close by the basin’s
outlet, and that there was precipitation in the entire basin which contributed to the
increase in discharge observed on June 6" to June 8". Table 8 and Figure 22 also show
that June 5™ had significant precipitation.

The precipitation that fell from the afternoon of June 7" (Figure 26) until the end
of June 8" seems to have caused the large peaks observed on June 9™ and 10™. It is
possible to observe that the entire basin experienced significant rain. The earlier response
of the basin is likely caused by rain that fell in the lower part (close by the outlet) of the
basin and the peak of June 10" is likely the result of the precipitation that fell in the
higher part of the basin.

The last peak observed from June 12" to June 14" was likely caused by the
rainfall of June 12™ (Table 8). The basin responded quickly to this event because a
significant amount of rain fell close to the outlet and the soils were saturated by this point
(Figure 27). In summary the response of the basin to rainfall depends on the intensity of
rain, but also on the location of this rain- a faster response is expected from rain that fells
close to the outlet of the basin, and a slower and more attenuated response is expected

from rain that falls in the headwaters.
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4.1.2 Stream velocity

The second analysis was done changing the stream velocity. Several simulations
were run using constant velocities and nonlinear velocities.

When running simulations with constant velocity, A; and A, are equal to zero and
K =v/l. To choose an initial constant velocity to run the model, an analysis on the total
travel time for water that falls in the basin was performed using ARC-GIS (Figure 28).
When using a velocity of 0.75 m/s the water from the most distant link in the basin takes
almost 3 days (71 hours) to get to the outlet, which agrees with the value published in the
Iowa Flood Information System (IFIS) website of the lowa Flood Center (IFC 2011). To
test the sensitivity of the model to constant velocities, the velocities of 0.75 m/s and of 1
m/s were used for these simulations.

Both velocities (0.75 m/s and 1 m/s) fit the observed data reasonably well (R?
vary between 0.83 and 0.89). It appears that the constant velocity of 1 m/s produces the
main peak (June 10™) around the same time than the observed peak at Eldorado and
Elkader, and that the simulations produced using a velocity of 0.75 m/s peak a little later
than the observed hydrographs. However the hydrographs produced with a constant
velocity of 0.75 m/s have wider peaks that fit the observed data better (Figure 29).

The simulated hygrograph’s widths are close to the observed hydrograph width,
and the simulated peaks are much larger, but this is expected since a runoff coefficient of
one was used. It appears that the stream velocity at Eldorado is larger than the velocity at
Elkader, since the peak for the observed discharge hydrograph seems to be to the right of
the peak for the simulated hydrograph with velocity equal 1 m/s for Elkader, and to the
left of the peak for the simulated hydrograph with the same velocity for Eldorado.

The changes observed in the hydrographs produced with Cuencas when using the
different constant velocities make physical sense since the hydrographs produced with

the larger velocities peak earlier, and have larger and narrower peaks.
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4.1.3 Runoff coefficient

The first order approximation uses a constant runoff coefficient for the
rainfall/runoff transformation. The runoff coefficient represents the percentage of rain
that is transformed into runoff. The first order approximation assumes that this number
does not change in space or time. A low runoff coefficient means that infiltration,
evapotranspiration, and other the losses are high, and not much water runs off to the
stream network. A high runoff coefficient means that a high percentage of water makes it
to the stream network due to low infiltration, evapotranspiration and/or other losses. Four
runoff coefficients were used (0.5, 0.6, 0.8 and 1.0) to assess the sensitivity of the model
to this parameter and to determine the best fit for the basin.

Figure 30 shows the results of varying the runoff coefficient for Elkader and
Eldorado, using a constant velocity of 0.75 m/s. By looking at the figures it appears that a
runoff coefficient between 0.6 and 0.8 fits Elkader and a runoff coefficient between 0.8
and 1.0 fits the observed data at Eldorado, when using this velocity. The Nash coefficient
and the RSME for these simulations indicate that the best simulations are done when
using runoff coefficients of 0.5 and 0.6 These fit parameters also indicate that it is not
appropriate to run simulations with a runoff coefficient of 1 (negative Nash coefficients
and large RMSEs) (Table 9).

The changes observed in the hydrographs produced with Cuencas when using the
different runoff coefficients make physical sense since the hydrographs produced with
the larger coefficients have larger and wider peaks, but the timing of the peaks is not

affected by these coefficients.

4.1.4 Land cover component
The runoff coefficient is linked to the land cover (through the CN) and to
hydrological conditions (through the AMC). Since the land cover varies across the basin

(Figure 3) and it has also significantly changed through time (Figure 2 and Figure 4), and
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since there was enough rain to produce a change in AMC during the 2008 event
(according to Table 5, Table 8 and Figure 19), it might help the model performance to
assume a variable runoff coefficient to model the 2008 event in the Turkey River basin.
The variation in curve numbers and runoff coefficients for the different land covers and
AMC:s observed in the basin during the 2008 event can be found in Table 5 and Figure
31.

As mentioned before, the first order approximation uses a constant runoff
coefficient through space and time. Therefore, to explore the role of land cover in
hydrological factors, and specifically in the 2008 floods, Cunha’s Model was used to run
the following simulations.

A simulation with a constant velocity of 0.75 m/s was run for the 2001 land cover,
to observe the effect of including land cover as a parameter in the model. This simulation
was compared to a simulation from the first order approximation, using the same constant
velocity.

Figure 32 shows the comparison of the model simulations using the first order
approximation of Cuencas and Cunha’s Model, which takes into account the land cover.
These simulations use a constant velocity of 0.75 m/s. The simulation using the first order
approximation uses a runoff coefficient of 0.6 for Elkader and 0.8 for Eldorado (those
were the runoff coefficients that best fitted the observed data). There are some peaks
observed in the simulations before the main peak (around June 10™), that are not in the
observed hydrographs. These peaks indicate that the model is not capturing a process that
reduces the runoff, like evapotranspiration or infiltration.

When using Cunha’s Model the initial peaks that appear around June 1* and June
7™ in the simulations with the first order approximation do not exist, matching the
observed hydrograph much better. This is the result of including parameters captures the
initial soil retention capacity and the delay in the transport of water that exists when the

rainfall is infiltrated, and travels underground to the stream. The width of the main peak
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at Elkader is also better captured with Cunha’s model. However, both models
overestimate the last peaks produced around June 14", indicating that none of the models
represents the losses of water that exist in the system once the soil is saturated (maybe
due to evapotranspiration or to the Kharst geology present in the region). It appears that a
parameter in Cunha’s Model needs to be adjusted, since the observed hydrograph returns
to base level before the simulated hydrograph with Cunha’s Model.

A set of simulations using nonlinear velocities was also run. The parameters were
v, =0.21 m/s, A; = 0.15 and A, = 0.05, and came from data from USGS stations in Iowa
(excluding urban gauges) (Mantilla 2011).

The hydrographs resulting from using Cunha’s Model and constant velocity and
nonlinear velocity are similar (Figure 33), although for Elkader the nonlinear velocity fits
the observed data a little better than the constant velocity (mostly around the main peak).
The Rz, Nash coefficient and RMSE for these runs show that for Eldorado the constant
velocity actually fits the observed data better, and the non linear velocity fits the observed

data better at Elkader (Table 9).

4.2 Land use change effects on flooding

The last run was using the parameters that fit the best the observed data and
Cunha’s Model to simulate the discharge produced by the 2008 rainfall and the GLO land
cover, and compare this discharge to the discharge simulated with the 2008 rainfall and
the 2001 land cover.

The simulation that fits better the observed data at Elkader (which is the outlet
that defines the basin) appears to be obtained using Cunha’s model and nonlinear velocity
using v, = 0.21, 4; = 0.15, 4, = 0.05. The Rs also indicate this is the case, and the Nash
coefficient and RSME for this simulation show a good fit to the observed data (Table 9).
Therefore these parameters were used to obtain a hydrograph using the rainfall for 2008

and the GLO land cover. This exercise gives a light into the effects that land cover
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change in this basing could have had in its hydrology. However, since there is no
available data of rainfall events and the hydrographs produced during the GLO time,
there is no way to validate these results. There are many factors that the models used
(first order approximation and Cunha’s Model) do not look at that can be important in the
flood producing processes. Assuming that Cunha’s model captures the main processes
that produce floods, the flood produced during the GLO time would have been
significantly lower (peak discharge simulated for GLO for Elkader was 699 m®/s, almost
half of 2001 simulated discharges(1300 m?/s)) than the one observed during 2008 at
Elkader and Eldorado (Figure 34). The effect of land cover in the discharges are lower in
the peaks produced around June 14™, maybe due to saturation of the land, which reduces
the infiltration capacity of all types of land cover, or maybe due to the lack of the

Cunha’s Model to capture water losses that happen once the soil is saturated.



Figure 21. Hydrographs for Eldorado (top) and Elkader (bottom) using the
HydroNEXRAD and the Stage IV rainfall products (Runoff Coefficient = 1,
Constant velocity = 1 m/s)
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Figure 22. Daily Stage IV precipitation
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Figure 23. Hourly Stage IV precipitation
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Figure 24. Precipitation and observed discharge at Elkader
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Figure 25. Total precipitation observed during June 5", 2008
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Figure 26. Total precipitation observed on June 7" and June 8", 2008
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Figure 27. Total precipitation observed on June 12", 2008
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Figure 28. Water travel time using a constant velocity of 0.75 m/s
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Figure 29. Hydrographs for Eldorado (top) and Elkader (bottom) using different constant

velocities (Runoff coefficient = 1)
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Figure 30. Hydrographs for Eldorado(top) and Elkader (bottom) using a constant

velocity of 0.75 m/s and different runoff coefficients (RC)
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Figure 31.
Conditions
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Runoff coefficients for the different land covers and Antecedent Soil Moisture
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Figure 32. Hydrographs for Eldorado (top) and Elkader (bottom) using Cunha’s Model
and the First approximation
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Figure 33. Hydrographs for Eldorado (top) and Elkader (bottom) using Cunha’s Model
and linear and non linear velocities
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Figure 34. Hydrographs for Eldorado (top) and Elkader (bottom) using Cunha’s Model,

69

non linear velocity (V,=0.21, 4; =0.15, 2, = 0.05) and two land covers (GLO

and 2001)
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Table 8. Accumulated daily precipitation in the basin

Date Precipitation (mm)
29-May 16.53
30-May 19.12
31-May 1.56

1-Jun 2.41

2-Jun 1.8

3-Jun 6.02

4-Jun 0

5-Jun 30.93

6-Jun 14.19

7-Jun 7.58

8-Jun 110.94

9-Jun 3.64

10-Jun 0.92
11-Jun 5.34

12-Jun 41.45

13-Jun 0.04

14-Jun 0

15-Jun 4.68

16-Jun 0

17-Jun 0

18-Jun 0

19-Jun 0




Table 9. Goodness of fit parameters for the simulations run
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usGs Land Runoff
Station | Cower Velocity Type Velocity Parameters Coefficient R Nash RSME
Hdorado | 2001 Constant Velocity 0.75 mfs 05 084 068 11964
Hdorado | 2001 Constant Velocity 0.75 mfs 06 084 068 1AES
Hdorado | 2001 Constant Velocity 0.75 mfs 02 084 045 155729
Hdorado | 2001 Constant Velocity 0.75 mfs 1 084 -007 7l
Hdorado | 2001 Constant Velocity 1mfs 05 0.88 078 11 &2
Hdorado | 2001 Constant Velocity 1mfs 06 0.88 076 106.17
Hdorado | 2001 Constant Velocity 1mfs 02 0.88 047 157.10
Hdorado | 2001 Constant Velocity 1mfs 1 0.88 -0.15 22141
Hdorado | 2001 Constant Velocity 0.75mfs Cunha's Model 086 062 13217
Hdorado | 2001 Non linear Velodly | Vo=0.21 m/s, M=0.15, 22=0.05 | Cunha's Model D24 061 13490
usGs Land Runoff
Station | Cover Velocity Type Velocity Parameters Coefficient R Nash RSME
Elkader 20M Constant Velocity 0.75mfs 05 0.8 077 95 36
Elkader 2001 Constant Velocity 0.75 mfs 06 0.88 073 1B 14
Elkader 2001 Constant Velocity 0.75 mfs 02 0.88 033 164 47
Elkader 20M Constant Velocity 0.75mfs 1 0.8 -053 24787
Elkader 20M Constant Velocity 1mfs 05 083 062 12272
Elkader 2001 Constant Velocity 1mfs 06 0.83 051 14078
Elkader 20M Constant Velocity 1mfs 1} 083 -0.12 21208
Elkader 20M Constant Velocity 1mfs 1 083 -127 3m.o?
Elkader 20M Constant Velocity 0.75mfs Cunha's Model 09 067 115.66
Elkader 20M Non linear Velodty | Vo=0.21 m/s, M=0.15, A2=0.05 | Cunha's Model 09 0.76 og74
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CHAPTER V: DISCUSSION

5.1 Performance of Cuencas modeling the 2008 flood event

The first order approximation with constant velocity (simplest model formulation)
captured relatively well the hydrograph timing for the main peak (around June 10™) for
the 2008 event. However, Cunha’s Model produced better results before June 10",
suggesting that this model modification captures the main losses of rainfall before runoff
is produced. None of the models were able to reproduce the last peak (around June 14™),
very well since they produced larger peaks and at a later time than the observed peaks.
This indicates that both models lack of a water loss mechanism once runoff has started
and the land is saturated (maybe evaporation or deep aquifer infiltration). The most
complex simulation (Cunha’s Model with nonlinear velocity) produced the results that
were the closest to the observed discharges, and was the best in reproducing the timing
and shape of the peak flow.

Even though the constant velocity and no land cover is the simplest scenario and
requires less resources (computational time, and data to feed the model), Cunha’s Model
has better physical foundations and captures the width, peak, and timing of the peaks
better. This difference in performance seems to be more obvious before the land is
saturated, since after the main peak of June 10™ both models performed similar.

An advantage of using Cuencas over other more complex physically-based
models is that most of the inputs required can be obtained with remote sense information
or with field information gathered by government agencies and readily available online.
Another advantage of using cuencas is that it can produce results for short time steps. In
this case a 15-minute time step was used. Figure 35 shows a comparison of the 2004
hydrograph for Elkader produced when using a 30-min time step versus the hydrograph
produced when using a mean daily value. As this figures shows, using a 30-min time step

results in better detail of what happen in the event, mostly around the peak. Since the 15-
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min discharge data was not available for June 10", 2008 for Elkader, only two discharge
values (one for the estimated peak value, and one for a measured value) were used for
that day. Given that the peak of the 2008 event occurred that day, the observed
hydrograph that was used in this project might be different from what really happened, as
a lot of detail is lost when using daily time steps (Figure 35).

Cuencas (first order approximation and Cunha’s Model) was able to reproduce the
peak flow for the 2008 event with relatively low inputs, and therefore may be used as an
exploratory tool when looking at peak flows.

Given that the objective of the lowa Flood Center is to develop a model tool that
can be used to produce fast and reliable results for large scales (state wide), it is
important to keep the model as simple as possible to reduce computer resources and
modeling time. The running time of these project’s simulations was around 2 hours,
which is a reasonable time for such a large watershed area (900 mi® or 2300 km?). This is

an indication that Cuencas can be used to predict floods at a real time and at large scales.

5.2 Role of land cover change in the 2008 flood event

Wehmeyer et al. (2011) found that the CN for the Turkey River Watershed was
59.3 by the time of the General Land Office (GLO) survey (1832 to 1859) and 75 by the
time of the Illustrated Atlas of the State of Iowa (1875). These numbers differ a little
from the numbers found in this study, but the studies have slightly different area and used
different CNs for the different categories. The fact that the CN for the basin had increased
to the middle seventies by 1875, show that the main land cover transformation in the
basin happened over 135 years ago. Therefore, even if some of the vegetation of the basin
is restored, it may take a long time to restore the hydrologic properties of the soil, after so
many years of agricultural use.

Assuming that Cunha’s Model captures the main processes generating floods in

the Turkey River Basin, the drastic land cover change of lowa had a significant effect on
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the flood of 2008 at Elkader. The peak flows produced when using the 2001 land cover
are 1.9 times the peak flows produced when using the land cover before this
transformation happened (699 m*/s vs. 1300 m’/s). If the USGS current rating curve for
Elkader is used (Figure 36), the predicted discharge with the 2001 land cover would have
a flow depth of 29 ft (there is no rating curve for this value, since it is higher than the
maximum observed value), and the predicted discharge for the GLO land cover would
have a flow depth around 22.5 ft. This reduction in flow depth could save a significant
upland area from being flooded. Using an estimated total rainfall for the period from June
7" to June 9™ of 122 mm (Table 8), a Curve Number of 72 for the 2001 land cover and of
58 for the GLO land cover, the total runoff predicted with the CN methodology under the
2001 land cover is 52 mm and under the GLO land cover is 27 mm. This means that the
runoff under the 2001 land cover is 1.9 times higher than the runoff produced under the
GLO land cover, which is the same rate observed with the predicted peak discharges of
June 10™.

The effects of land cover in the hydrology of the basin can be also observed when
comparing the runoff coefficients and stream velocities for Eldorado and Elkader. The
basin at Eldorado encompasses the region of the watershed that is more agricultural (and
less steep), and therefore, the different land cover might be the reason why Eldorado

seems to have larger velocities and runoff coefficients.

The results found in this thesis are applicable only to the storm characteristics of
2008 at Elkader and Eldorado, but could be really different when using other storms, or
in other areas. To explore the spatial variability of flooding, the relative peak reduction
(peak simulated for 2001/ peak simulated for GLO) was calculated for 145 subwatersheds
in the basin (Figure 37). In 38.6% of these subwatersheds, the peak flow reduction was
between 1 and 1.5 times; in 55.9% of these subwatersheds, the peak flow reduction was

between 1.5 and 2 times, and in 5.5% of these subwatersheds the peak reduction was
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higher than 2 times. In average, there was a peak reduction of 1.6 times. This shows that
for the 2008 storm, there would have been peak reductions in the majority of the
subwatershed (at least there would not be peak increases) if the land cover would have
been the one present pre-settlement. When analyzing the subwatersheds that presented
the largest peak reduction (discharge simulated for 2001 was 2.8 times the discharge
simulated for GLO) and the smallest peak reduction (discharge simulated for 2001 was
1.01 times the discharge simulated for GLO), it is possible to observe that the land cover
transformation was more extreme for the subwatershed with the largest peak reduction
(Figures 38 and 39). The CN for the watershed with the smallest peak reduction changed
from 57.6 during the GLO to 68.8 during 2001 (difference in CNs of 11.2). On the other
hand, the CN for the watershed with the largest peak reduction changed from 59.5 during
the GLO to 73.4 during 2001 (difference in CNs of 13.9). This suggests that the land
cover transformation had a role in the peaks observed when using the storm of 2008 as
the rainfall input.

However, as discussed previously, flood events are caused by many factors
besides the land cover, being the distribution and intensity of the rainfall an important
factor. Therefore, the results of this thesis are only applicable to the 2008 event. Also,
since this is the first set of data used with this model, and there is no data to validate these
results for the time of the GLO, it is important to take these results with caution, and keep
in mind that the reductions in peak discharge might be the result of nonlinear effects of
changing the Curve Number.

These results however are so surprising and interesting, that it would be worth it
to invest more resources to research this topic and to continue developing this model to
capture the role of land cover in flooding. The model could be used with another event
for which there is land cover, rainfall and discharge information. An option could be

modeling the 2004 event, since that event produced significantly different flooding at
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Eldorado and Elkader (Figure 7 and Figure 8). Another option would be to use the model
in other watersheds that have had a different land cover transformation.

Finally, it is important to acknowledge that even if the effects on flooding of the
land cover transformation simulated in this project were reproduced across time and
space and with different rainfall events, it is not practical or maybe desirable to restore
the current land cover to the pre-settlement state. Therefore as a management tool, it
would be useful to run simulations using land cover transformations that are feasible, and

analyze the flood reduction probabilities that these land covers offer.



717

Figure 35. Comparison of hydrographs for the May of 2004 flood event at Elkader using different

time steps
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Figure 36. Rating Curve for the Turkey River at Elkader
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Figure 37. Relative peak flow reduction between using the 2001 and the GLO land covers
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Figure 38. Location and land cover for subwatershed with the maximum simulated peak flow
reduction (GLO discharge <2001 Discharge)
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Figure 39. Location and land cover for subwatershed with the minimum simulated peak
flow reduction ( GLO discharge ~2001 Discharge)
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