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Introduction 

The focus of this study was the comparison of annual flood extent to annual precipitation 

data. This study produced annual inundation maps from 2005-2015 in urban areas (Indianapolis, 

Anderson, and Muncie) along the West Fork of the White River in Indiana. I hypothesized that 

the flood extent would increase during years of higher precipitation. Synoptic set-ups, including 

predecessor rain events, mid-latitude cyclones, and persistent troughs, were examined to 

determine if such events influenced flood frequency and extent. Inundation maps were created 

using ArcGIS and the Hydrologic Engineering Centers River Analysis System (HEC-RAS). 

Precipitation data was analyzed and compared to both the extent maps and to synoptic events.  

The hypothesis of annual flood extent increasing during years of higher annual 

precipitation is confirmed if the average inundated area in square miles is greater during years 

with increased annual precipitation. If the average inundated area is less than other years during 

years with increased annual precipitation, the hypothesis is disproven. 
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2. Literature Review 

Introduction 

Flooding is one of the deadliest, most costly, and prevalent natural disasters in the world. 

Every year, thousands of people around the world experience loss of life, property, and crops due 

to flooding. In the United States, the number of floods are increasing each year; this trend is seen 

across the Midwest as well (Villarini et al. 2011). Numerous studies such as those by Holmes et 

al. (2010), de Moel et al. (2009), and Wang (2002) examined the causes of flooding and to map 

the change in flooding over time. 

2.1 Flooding 

Flooding is defined as water overflowing the bankful stage of a natural or artificial 

waterway (AMS 2016). Floods result from both natural and anthropogenic causes. Categories 

include channel flooding, flash flooding, coastal flooding, storm surge, and inland flooding 

(NSSL 2016). Each has its own specific causes, and all can cause damage to human life and 

property. Channel flooding, or river flooding, is defined as an excessive accumulation of water 

caused by surface runoff. Flash flooding occurs when excessive water fills normally dry creeks 

or riverbeds along with current creeks and rivers. This causes a rapid rise of water in a very short 

amount of time. Flash floods often happen with little to no warning, and are common in urban 

areas. Coastal flooding occurs along shorelines when higher-than-average tides are worsened by 

heavy rainfall and onshore winds. Storm surge is defined as an abnormal rise in water level in 

coastal areas that is above and beyond regular tides, caused by wind, waves, and low 

atmospheric pressure associated with a severe storm. Inland flooding is a little more obscure in 

definition. It can be caused by other kinds of flooding, and can be similar to channel flooding. 
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Each kind of flood can cause widespread damage costing millions of dollars each year. Many 

studies, such as those by de Moel et al. (2009), O’Connor and Costa (2003), and Wang (2002) 

have examined the frequency, patterns, causes, and techniques of mapping floods both globally 

and in the United States. 

  In this study, I examine channel flooding extent over time in urban areas along the West 

Fork of the White River in Indiana (Figure 2.1). This fork of the river moves through several 

counties, including Greene, Owen, Morgan, Marion, Hamilton, Madison, and Delaware. The 

census defined urban areas I am examining are Indianapolis, Anderson, and Muncie. The West 

Fork nearly reaches the Ohio border, and stretches down into southwestern Indiana where it 

eventually links up with the East Fork, and then runs into the Wabash River. There are 

approximately ten dams along the West Fork, and many different topographies along the river 

(Indiana Department of Natural Resources 2016). These topographies include flat farmland on 

the far eastern end of the river, the urban landscape of Indianapolis, hill country and coal fields 

to the west, and finally to the farmland junction of the West and East Forks of the river. More 

about the region will be covered in the “Region” section of the literature review. 
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Figure 2.1: Study Area. Counties in bold represent areas the West Fork of the White 

River runs through. Blue dots indicate stream gauges in each urban area. 
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2.2 Channel Flooding 

Channel flooding occurs when rivers and streams overflow banks and onto the 

floodplain. A floodplain is an area that becomes easily inundated with water during a flood. 

Floodplain sizes vary (Nelson 2016), and contain a variety of landforms and surface features 

(Scown et al. 2015). These surface features can include forests, mountains, hills, and farmland. 

The variation in floodplain landscape and size is determined by a range of environmental factors 

including geomorphological aspects and hydrological aspects. Channel flooding affects human 

livelihoods. People may experience loss of property and crops, and in some circumstances even 

loss of life (Holmes et al. 2010), like that in southeastern Texas in October 1994, which saw 22 

deaths and more than $1 billion in damage (Smith et al. 2000).  Channel floods can occur at all 

times of the year. Causes range from abnormally heavy precipitation to dam or levee breaks.  

In the United States, channel flooding is determined by reading a stream gauge 

measurement. There are over 7,500 stream gauges in the United States managed by the United 

States Geological Survey (USGS) (Holmes et al. 2010). These gauges are used to monitor the 

levels of thousands of streams and rivers. The reading from a gauge of the height of the river or 

stream from a base level, which is then converted to a discharge, or a flow rate, by using a rating 

curve (Figure 2.2). If the discharge falls outside of a certain bound, it is considered flooded. This 

also correlates with flood stage. Flood stage is defined at every USGS stream gauge by a certain 

discharge rate, and falls into one of the following categories: action stage, minor flood stage, 

moderate flood stage, and major flood stage. Figure 2.2 represents a sample rating curve for 

Muncie, Indiana with discharges for action stage at 2,000𝑓𝑡3 𝑠⁄ , minor flood stage at 

4,200𝑓𝑡3 𝑠⁄ , moderate flood stage at 8,800𝑓𝑡3 𝑠⁄ , and major flood stage at 14,800𝑓𝑡3 𝑠⁄ . The 

rating curve is considered provisional because it has been produced using a custom date range.  
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Figure 2.2: Rating Curve for Muncie, IN. Yellow Line indicates action stage, green line indicates 

minor flood stage, blue line indicates moderate flood stage, and pink line indicates major flood 

stage. 
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2.3 Region 

In Indiana, the spatial variation of flooding intensity shows differences due to varying 

topographies (Ahn and Merwade 2015). The northern region of Indiana tends to be flat, while the 

southern region is more mountainous and hilly. Ahn and Merwade (2015) found that the 

geomorphic characteristics of Indiana play an important role in flooding. Geomorphic 

characteristics were described using seven categories, including watershed topography, 

watershed morphometry, watershed slope, land use, soil, channel network, and watershed aspect. 

Extreme flood events in Indiana, like that of the flooding in Edinburgh, Paragon, and Spencer in 

June 2008, were most affected by the watershed morphometry variable, particularly watershed 

length; land use type did not influence flooding as much as previously thought. Watershed 

morphometry is the measurement of the shape of a watershed (Pidwirny 2006). 

As an example of flooding in Central and Southern Indiana, a case study of the event on 

June 7 – 9, 2008, was conducted by the USGS in order to document both the hydrological and 

meteorological conditions leading to the severe flooding event. As seen in other Midwestern 

locations for this particular event, the causes of flooding included heavy precipitation onto 

already saturated soils and bankful streams. Precipitation totals were nearly 180 percent of  

normal and in the days prior to the June flood, the area saw several rain events that brought more 

than three inches of rain (Morlock et al. 2008). Flood peak gauge heights, streamflows, and 

recurrence intervals were used to create flood profiles and inundation maps, and to summarize 

flood damages and impacts. The maps and charts produced in that study were used to represent 

multiple peak streamflow records at several different gauges.  
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2.4 Water Balance 

 The water balance in Indiana can be used to elucidate how frequently floods occur, and 

the seasonality of said floods. The water balance, or water budget, can be defined as the 

relationship between the input and output of water through a region (Network 2016), or the 

quantitative description of the hydrologic cycle (Zhang et al. 2015). A graphical depiction of 

Muncie, Indiana’s water budget is shown in Figure 2.3. A water budget can be viewed on many 

different spatial and temporal scales. Studies have been done down to the aquifer level, such as 

that by Bredehoeft (2002), while others are conducted at the regional scale, such as studies 

involving the Midwest (Bredehoeft 2002). Many different factors contribute to the water budget, 

including precipitation, soil moisture, potential evapotranspiration, and river discharge (Lenters 

et al. 2000). One such factor is ground water recharge. In a method developed by Thornthwaite 

and Mather (1955), the water balance can be estimated simply by inputting monthly temperature 

and precipitation values. A local water budget can vary seasonally and fluctuate over time. In 

Lenters’ (2000) study of the water balance over the continental United States, he found that the 

Midwestern region had some of the strongest seasonal and interannual variations in precipitation, 

evapotranspiration, and soil moisture in the country. This fluctuation in water balance illuminates 

the sometimes extreme variations in flooding over the Midwestern region.  
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Figure 2.3 Water Budget of Muncie, IN. DEF is the deficit, -DST is storage withdrawal, +DST is 

the recharge, and SURP is the surplus. The blue line is precipitation. The spike in February is a 

known programming error. 

2.5 Seasonality of Midwest Flooding 

 In the Midwest, flooding is most prevalent during the rainy seasons of spring, summer, 

and early fall (Mallakpour and Villarini 2015). This is demonstrated in Figure 2.4, which 

illustrates precipitation averages by month for 11 years (2005 – 2015). Three factors have been 

deemed important in determining the cause of this: sea surface temperature anomalies in the 

tropical Pacific Ocean, sea surface temperature anomalies in the north Pacific Ocean, and the 

Great Plains low level jet (Lavers and Villarini 2013). Atmospheric rivers (areas of high 

moisture within the low-level jet) also play a role in flooding. Within the low-level jet, moisture 
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transport from the Gulf of Mexico is at its highest during the spring and summer, which results in 

high rainfall rates. Lavers and Villarini (2013) have indicated that these seasonally occurring 

atmospheric rivers greatly affect flooding across the Midwest. 
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Figure 2.4: Precipitation Averages (NOAA 2017a). Panel A: April. Panel B: May. Panel C: June. 

Panel D: July. Panel E: August. Panel F: September. Green line represents precipitation, black 

line represents mean precipitation from 1901-2001. 
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2.6 Teleconnections 

 Teleconnections are spatial and temporal large-scale anomalies that deeply influence the 

variability of atmospheric circulation (NOAA 2017b). These anomalies have great consequences 

on climate and moisture transport, and have both positive and negative phases that can be 

thought of as seasonal. Teleconnections that most commonly affect the United States include the 

Pacific/North American index (PNA) (Leathers et al. 1991), the El Niño Southern Oscillation 

(ENSO), the North Atlantic Oscillation (NAO), the Arctic Oscillation (AO), and the Pacific 

Decadal Oscillation (PDO). While the Midwest experiences impacts both direct and indirect 

from all of these teleconnections, further research is needed to determine the exact influence on 

flooding (Lavers and Villarini 2013). Studies thus far have shown conflicting results, and more 

research is needed on the relationships to determine the influence of teleconnections on 

atmospheric rivers and flooding. 

 Each of these teleconnections has a unique pattern and trend in the Northern Hemisphere. 

The PNA teleconnection is associated with winter in North America, and typically brings a semi-

prominent trough to the Pacific Northwest, a corresponding ridge over the Rocky Mountains, and 

another trough over the eastern U.S. (Leathers et al. 1991). During months when PNA is a major 

mode of atmospheric variability (positive phase), this teleconnection has been found to 

correspond to average monthly precipitation and temperature values in the U.S., particularly in 

the southeast and northwest. ENSO is another significant influencer of atmospheric variability in 

the U.S. In a study by Ropelewski and Halpert (1986), it was found that ENSO can be strongly 

related to precipitation in the Gulf of Mexico and the Great Basin.  It was also found that ENSO 

can be strongly correlated to temperature in northwest North America and in the southeastern 

U.S. (Ropelewski and Halpert 1986). In North America, the positive phase, or warm phase, of 
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ENSO brings mild winters, while the negative phase, or cold phase, brings dry conditions to the 

northwest coast and wet conditions to central U.S. Variations on ENSO’s correlation to 

precipitation are thought to be connected to PNA and other teleconnections that influence North 

America. The NAO teleconnection in positive phase is associated with warm winters in North 

America (Hurrell 2005), and also notably shifts storm tracks in the North Atlantic, pushing 

storms farther northeast than usual. In its negative phase, the opposite patterns occur and cold 

temperatures are released into North America. AO is very similar to NAO, but is different in that 

a different height is examined to determine what phase it is in. It is most strongly associated with 

sea level pressure (Ambaum et al. 2001). The PDO in positive phase brings warm sea surface 

temperatures (SST) to the western coasts of the Americas, and cooler SST to the North Pacific. 

PDO has less influence directly over North America (Mantua and Hare 2002).  

2.7 Atmospheric Rivers 

 An atmospheric river is defined as a long, transient, narrow corridor of anomalously 

strong horizontal water vapor transport that is typically located in the lowest 3km of the 

troposphere and associated with a low-level jet stream ahead of the cold front of an extratropical 

cyclone (Ralph 2017). This term was coined in a pioneer study by Zhu and Newell (1998). Since 

then, research throughout the past fifteen years has indicated that these rivers are responsible for 

the majority of poleward water vapor transport at mid-latitudes (Neiman et al. 2007). Studies, 

such as that by Ralph and Dettinger (2011) and that by Smith et al. (2010), have shown that due 

to the large amount of moisture these rivers carry, they represent a significant source of coastal 

precipitation (Ralph and Dettinger 2011). In the Midwest, moisture transport from atmospheric 

rivers within the low-level jet is considered to be a major energy source of deep convection and 



14 
 

mesoscale convective systems (Lavers and Villarini 2013). These systems in turn can produce 

heavy rainfall and damaging floods, like those of 1993 and 2008. 

2.8 Synoptic Set-Up and Flooding 

Flood-generating phenomena and mechanisms have been studied to determine what the 

possible main triggers for extreme flooding events are. Smith et al. (2013) examined the 

climatology of heavy rainfall and flood mechanisms for the eastern United States by using 

historical data and analysis of maximum daily rainfall, and flood peaks and analysis of rainfall 

distribution in order to assist in characterizing spatial extremes of flood magnitudes. They were 

able to provide insights about emerging flood problems in the region that could be applied to 

other areas of the country with similar topographic features. The eastern United States flood peak 

distributions reflected a mixture of flood-generating mechanisms associated with both tropical 

cyclones and extratropical systems, and there was spatial heterogeneity in the occurrence of 

tropical cyclone flood and cool season (fall and winter) extratropical floods. Flood peak 

distribution is when the when flood gauges reach a maximum height during an event. Flood-

causing processes did not exhibit significant evidence of trends associated with climate change, 

despite the large annual variability in each process. Spatial correlation of flood occurrences was 

found to be an important feature that helped to determine the spatial structure of flood peaks for 

a storm. The spatial correlation of flood occurrences reflected the climatology of mesoscale 

convective systems. It was also determined that USGS discharge data was an exceptional 

resource for assisting in the characterization of the spatial extremes of flood magnitudes; 

additionally, a seasonality in the eastern United States was shown to be linked to the occurrence 

of tropical and extratropical systems (Smith et al. 2013). 



15 
 

Atmospheric rivers and tropical predecessor events have been examined as potential 

causes of flooding in the Midwest. Lavers and Villarini (2013) found that atmospheric rivers are 

related to flood occurrence and hemispheric mean sea level pressure patterns. It was suggested 

that the atmospheric rivers control the upper tail of flood peak distribution, and it appeared that 

the extreme Midwest floods of 1993 and 2008 had atmospheric rivers occurring prior to the 

flooding (Lavers and Villarini 2013).  

Teleconnections and hemispheric mean sea level pressure patterns have looser 

correlations to flooding. Lavers and Villarini’s (2013) findings were further supported in a study 

that found flooding events in the Midwest were particularly well correlated with patterns of 

moisture stretching up from the Gulf of Mexico and the Caribbean (Dirmeyer and Kinter 2010). 

This helped confirm the development of atmospheric rivers as major contributing factors to 

heavy rainfall and flooding events in the Midwest. Predecessor events (events that produce heavy 

rainfall typically located about 1000km ahead of a tropical system) tend to cause flooding (Rowe 

and Villarini 2013). They examined six different predecessor events from 2002 to 2008 in the 

Midwest, including events preceding Hurricane Lili, Tropical Storm Grace, Tropical Storm 

Matthew, Hurricane Rita, Tropical Storm Erin, and Hurricane Ike. After running flood analyses 

at a regional scale that involved flood peak measurements and discharge measurements, they 

found that these predecessor events were responsible for both heavy rainfall and flooding over 

the Midwest.  

In 2008, the Midwest experienced some historical peak floods across the region, causing 

millions of dollars in damage to crops and livelihoods. Studies show that the winter of 2007-

2008 had record-breaking snowfall; the melt lined up with heavy, slow moving precipitation that 

moved across the Midwest in the spring of 2008. Many gauges handled by the USGS reached 
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record peak stream flows, especially in Iowa and Indiana (Smith et al. 2013). The record 

breaking snowfall (in the winter of 2007-2008) created conditions that included heavily saturated 

soils along with streams that were near bankful conditions (Holmes et al. 2010). Smith and 

Baeck’s (2013) study on the flooding in Iowa revealed a sharp seasonal maximum in June of 

2008, and showed that the spatial variation of the flooding reflected the climatology of the 

mesoscale convective system that caused the flood. They also found that large moisture transport 

from the Gulf of Mexico was associated with an atmospheric river that supplied the moisture for 

this event. While this was a contributing factor to the 2008 flooding, it does not necessarily 

imply that all major flooding events can be tied to atmospheric rivers and moisture transport 

from the Gulf of Mexico into the Midwest. 

2.9 Concluding Literature Review Remarks 

These studies of flooding in Indiana indicate that further research needs to be done in 

Indiana to monitor the seasonality of flooding and flood extent in the state. Future studies of the 

seasonality of these kind of events will help to contribute to the National Flood Database, and 

will provide more insight and knowledge to the National Weather Service offices in Indiana to 

help provide more accurate flood predictions and warnings. 
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3. Data and Methodology 

 This study examines the relationship of annual precipitation and average annual flood 

extent in Muncie, Anderson, and Indianapolis, Indiana. Between 2005 and 2015, flood extent 

was mapped on a yearly basis (See Appendix), and then statistically correlated with annual 

precipitation to determine if there was a relationship between the two. 

3.1 Study Area and Time Period 

  The places being examined in this study include the urban areas of Indianapolis, Indiana 

(population 853,173), Anderson, Indiana (population 55,670), and Muncie, Indiana (population 

70,316) (US Census Bureau 2017) (See Figure 2.1). These locations are classified as urban by 

the U.S. Census Bureau, and each has a segment of the West Fork of the White River running 

directly through it. The eleven-year time period extends from 2005 – 2015, and was chosen due 

to availability of data. While Anderson has a slowly decreasing population over time, 

Indianapolis and Muncie have seen growth over the past ten years. The trends in population 

growth and decline play a role in determining how many people live within a flood zone. People 

within these zones place their lives and property at risk.  

3.2 Data 

 To create the flood extent map, geometric data (i.e. elevation information, the river, and 

its banks) were preprocessed in ArcGIS in order to be in the proper spatial reference for input 

into the Hydrologic Engineering Center’s River Analysis System (HEC-RAS), a program which 

is discussed further in the software section. To preprocess the data, the spatial reference, or map 

projection, was set within ArcGIS, the river was hand digitized, and elevation data was added. 

Hand digitization of the river involved using aerial imagery and the Editor Toolbar to trace the 
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river onto the map. Both the center of the river and the banks were hand digitized. The elevation 

data is in the form of digital elevation models (DEMs) or a triangular irregular network (TINs). 

These datasets are crucial for determining flood extent because they were used to calculate how 

much water rises above a normal level by using the center flow line. The center flow line is a 

line that represents the normal water level height. Using elevation data as guidelines and the 

Hydrologic Engineering Center’s Geo River Analysis System (HEC-GeoRAS) as a 

manipulation tool, the White River’s center flow line was mapped; in addition, the bank edges 

and the flow paths were also mapped. The bank edges are the height at which the river will spill 

out of its banks and the flow paths represent the direction in which water flows downstream. 

Cross sections were then drawn in order to create elevation profiles along the entirety of the 

river segment being studied. 

 The geometric data were imported into HEC-RAS to run the hydrologic model. The 

function used in this study is a steady flow analysis. A steady flow analysis occurs when the 

depth and velocity at a given channel location do not change over time (Tate 1999). A steady 

flow analysis was utilized because this kind of analysis assumes a constant flow throughout the 

length of the river. In this study, only flow rates from one gauge in each urban area were used, so 

a steady flow analysis is necessary to map extent down that particular stretch of river. To 

compute the steady flow of the river, flow rates are required. This study has eleven separate flow 

rates that were used to create the eleven separate flood extent maps at urban areas for the years 

2005-2015. These flow rates were found by examining each flood event along the White River in 

each urban area per year. For this study, flood events are considered as days in which flow rates 

reach the minor flood stage or higher. The daily flow rates were taken from stream gauge 

numbers 03347000, 03348130, and 0335300, which are controlled by the USGS (See Figure 
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2.1). The flow rates were then examined to determine which met the minimum criteria to be 

considered a flood event. A flood event is any flow rate that reached minor flood stage. Daily 

flow rates were filtered to meet minor flood stage, and then averaged to calculate an overall 

annual flood flow rate. Each annual flood flow rate was then input into HEC-RAS, and then the 

model’s output was computed. After this process, the output was saved in RAS format in order to 

be imported back into ArcGIS to map flood extent.  

In ArcGIS, the HEC-GeoRAS tool was used to calculate an average water surface; 

average flow rates for a particular year were used with the inundation mapping water surface 

generation tool. Flood extent was then calculated by using the raster calculator to subtract the 

elevation from the water surface. The output produced a color-ramped raster. This showed 

positive values, indicating areas where the water surface is higher than the elevation, and 

negative values which indicate areas where elevation is higher than the water surface. A map of 

the flood extent was then created with the river and inundated areas (flood extent) in the darkest 

shades, with less inundated areas and non-inundated areas are shown in lighter shades. By 

overlaying this map onto aerial photographs, the flooded areas became visible while still 

showing the underlying land cover. To reach a calculable area of flood extent, the aggregate tool 

and the reclassify tool were utilized to create a binary layer of positive and negative cells. This 

layer was then converted from a raster to a polygon and two new area fields were created. From 

this the areas in both square feet and square miles were calculated.  

 Precipitation data was gathered from three local rain gauges: USC00126023 (Muncie), 

USC00120177 (Anderson), and USW00093819 (Indianapolis). These gauges provided daily 

precipitation values, which were then added together to create annual precipitation. This data 

was nearly complete. However, for Anderson (in January 2007) missing data from a nearby rain 
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gauge were pulled. Other smaller missing pieces were left as null values. By using the extent 

maps in conjunction with precipitation data, a statistical correlation method was employed to 

relate annual precipitation data to flood extent each year. Using Pearson’s Correlation, a one-

tailed bivariate test was performed to determine if annual precipitation was positively or 

negatively correlated to average annual yearly flow rate. Similarly, a one-tailed bivariate test was 

also utilized to determine if annual precipitation was positively or negatively correlated to flood 

extent area in square miles.  

In addition to precipitation data, synoptic scale events such as predecessor rain events 

(PREs), mid-latitude cyclones, and persistent troughs were examined. These helped determine if 

such events influenced flood frequency and extent. These events have minimal impact on the 

study, so they are not accounted for within the data, but are noted in the results if an event like 

this occurred. Some factors out of the scope of this study include dam and levee breaks and 

intentional dam and levee releases. These did not have a large impact on this study. 

3.3 Discussion of Tools and Products 

 The primary tools used in this study are ArcGIS, the Hydrologic Engineering Centers 

River Analysis System (HEC-RAS) and the Hydrologic Engineering Centers Geo River Analysis 

System (HEC-GeoRAS). ArcGIS is a spatial data viewing and manipulating platform that is 

manufactured and distributed by the ESRI Corporation. HEC-RAS is a hydrologic model 

produced by the U.S. Army Corps of Engineers designed to allow users to run flow analysis and 

simulation of water. The extension used in this software, HEC-GeoRAS, is a toolbar made 

available in ArcGIS that allows the user to preprocess data in ArcGIS, export it to HEC-RAS, 

run the model, and then import the data in RAS format back into Arc-GIS in order to create a 

flood extent, or flood inundation maps. Flood inundation maps have been produced to determine 
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if the hypothesis of annual flood extent increasing during years of higher precipitation is accurate 

or not. 

3.4 Software 

3.4.1 ArcGIS 

ArcGIS is a visual mapping software produced by the ESRI Corporation. It is designed to 

allow the user to build databases, control workflows of datasets, author maps and other spatial 

analytical models, and to document works and methods (ESRI 2004). In this study, ArcGIS is the 

tool used to preprocess the data through hand digitization, and to visualize my HEC-RAS model 

by using HEC-GeoRAS. 

3.4.2 HEC-RAS 

 HEC-RAS is a software produced by the U.S. Army Corps of Engineers designed to 

perform one-dimensional and two-dimensional hydraulic calculations for natural and constructed 

stream and river channels (US Army Corps of Engineers 2017). There are several major 

capabilities of HEC-RAS, including hydraulic analysis components and River Analysis System 

(RAS) mapper. In the analysis of the White River, the hydraulic analysis components of HEC-

RAS were the focus of the tool’s capabilities. Using the steady flow water surface profiles, water 

surface profiles for steady gradually varied flow were calculated. 

3.4.3 HEC-GeoRAS 

 HEC-GeoRAS is a set of procedures, tools, and utilities designed for processing 

geospatial data in ArcGIS using a graphical user interface (GUI) (US Army Corps of Engineers 

2017a). This extension, used as a toolbar in ArcGIS, allows for the preprocessing of data in 
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ArcGIS in a format that is compatible with HEC-RAS. The components necessary for this GUI 

to work include a digital terrain model (DTM) in TIN format and at a bare minimum, stream 

centerlines.  This extension allows the user to compute models within HEC-RAS after the 

processing of data in ArcGIS, and then bring that data back into ArcGIS for analysis. Floodplain 

mapping and inundation mapping are examples of such analyses and will be used in this study. 

3.4.4 SPSS 

 SPSS is a statistical software package produced by IBM. Originally, it stood for 

Statistical Package for the Social Sciences, but since its creation it has been integrated into many 

fields outside of the social sciences (Quintero et al. 2012). Many different statistical tests are 

available through SPSS, including descriptive statistics, prediction tests, and as used in this 

study, bivariate statistics. Data can be imported for these tests from a variety of sources. The 

bivariate statistic used in this study is a one tailed Pearson’s Correlation test. 

3.5 Methodological Flow  

Figure 3.1 illustrates the methodological flow of this study. Gathering the data and 

preprocessing the data all took place in ArcGIS. After exporting the data into HEC-RAS, 

parameters were set and the hydrologic model was run for each year of the study. These models 

were then exported into ArcGIS, where a water surface was generated. This water surface was 

used to subtract the elevation, giving an output with both positive and negative numbers 

indicating inundated and non-inundated regions.  

These inundation maps were then used to determine the relationship between annual 

precipitation and average annual flood extent. This was done in SPSS using a one-tailed bivariate 
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correlation. Two case studies were also examined to reiterate the relationship between annual 

precipitation and average annual flood extent. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Flow chart of methodology 
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4. Results and Discussion 

 Eleven maps showing average yearly flood extent were created for each urban area 

showing the change in flood extent area (in square miles). Each location had several years 

without any floods, so the average discharge rate was used to create maps for those years. In 

addition, the correlation coefficient between daily precipitation and daily discharge rates was 

calculated for every year between 2005 and 2015. An eleven-year correlation coefficient 

between both annual precipitation and annual average flood discharge and annual precipitation 

and average yearly flood extent area was also produced. It was found in each urban area that 

flood extent varied minimally, and correlation between both annual precipitation and average 

flood discharge rate and annual precipitation and average yearly flood extent area was positive. 

The exception to this is the Indianapolis eleven-year correlation (discussion follows). Two case 

studies were also examined. Mid-latitude cyclones and stationary fronts were found to be the 

cause of both flood case studies. 

4.1 Flood Extent 

 After calculating flood extent within HEC-RAS and ArcGIS, it was found that the flood 

extent varied moderately in Muncie, and marginally in Anderson and Indianapolis. On average, 

Muncie experienced an annual flood extent of roughly 1.60 square miles (sq. mi), with a low of 

0.43 sq. mi in 2012 and a high of 2.16 sq. mi in 2013 (Table 4.1). Anderson experienced an 

annual flood extent of roughly 4.42 sq. mi, with a low of 2.01 sq. mi in 2012 and a high of 4.83 

sq. mi in 2013 (Table 4.2). Indianapolis experienced an annual flood extent of 83.13 sq. mi, with 

a low of 75.33 sq. mi in 2012 and a high of 99.91 sq. mi in 2005 (Table 4.3). Numbers are 

significantly larger in Indianapolis because the stretch of river being examined is much longer 

than those of Muncie and Anderson. It is notable that in 2012, flood extent was lowest in all 
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three locations, even though precipitation was not at the lowest point during the study period. 

2012 was a year of record breaking drought in the Midwest, especially in Indiana. This may have 

resulted in an uneven temporal distribution of rain throughout the year, however, it is still 

evident that rainfall totals were below normal. 

Table 4.1Muncie Flood Extent 

Year Annual 

Precipitation 

Average Flood Flow 

Rate (𝑭𝒕𝟑 𝑺𝒆𝒄.⁄ ) 

Flood Extent 

Area (𝑴𝒊.𝟐) 

2005 45.49 5551 2.06 

2006 45.31 5090 1.98 

2007 44.83 5446 2.05 

2008 47.61 5448 2.05 

2009 35.39 190 0.44 

2010 36.32 254 0.49 

2011 53.32 6905 2.24 

2012 34.33 175 0.43 

2013 41.70 6360 2.16 

2014 41.65 4615 1.90 

2015 43.41 4585 1.88 

 

Table 4.2 Anderson Flood Extent 

Year Annual 

Precipitation 

Average Flood Flow 

Rate (𝑭𝒕𝟑 𝑺𝒆𝒄.⁄ ) 

Flood Extent 

Area (𝑴𝒊.𝟐) 

2005 49.62 9220 4.76 

2006 52.23 7575 4.63 

2007 47.56 8323 4.66 

2008 52.54 7842 4.64 

2009 41.4 6940 4.48 

2010 37.46 7480 4.61 

2011 54.59 9092 4.76 

2012 40.20 407 2.01 

2013 47.61 9712 4.83 

2014 47.13 7925 4.66 

2015 50.34 8132 4.65 
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Table 4.3 Indianapolis Flood Extent 

Year Annual 

Precipitation 

Average Flood Flow 

Rate (𝑭𝒕𝟑 𝑺𝒆𝒄.⁄ ) 

Flood Extent 

Area (𝑴𝒊.𝟐) 

2005 43.73 32583 99.91 

2006 51.04 2444 77.71 

2007 36.7 29100 99.29 

2008 49.02 2510 78.09 

2009 48.66 1700 76.3 

2010 33.85 1676 76.3 

2011 49.63 2987 77.51 

2012 38.00 1219 75.33 

2013 45.92 29733 99.29 

2014 41.57 2043 77.28 

2015 48.15 2253 77.51 

 

 

4.2 Statistical Relationships 

 To determine if annual precipitation had a significant relationship with flood extent, 

annual precipitation was initially examined with respect to average flood flow rate. In Muncie, 

daily precipitation and daily discharge rates had significant positive correlation (𝛼 = 0.01). The 

interdependence of annual precipitation and annual average flood flow rate had an extremely 

strong relationship at r = 0.89 indicating that in Muncie, average flood flow rate is directly 

related to annual rainfall (Figure 4.1). In Anderson, the correlation of daily precipitation and 

daily discharge rate was not as strong as that of Muncie, but still all remained positive and 

significant at the 0.05 level. The annual relationship in Anderson was also positive with an r-

value of 0.54, indicating a moderate relationship between flood flow rate and precipitation 

(Figure 4.2). In Indianapolis, all daily correlations between 2005 and 2015 were positive, but for 

several years were very weak. The yearly correlation between annual precipitation and average 
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flood flow rate was weakly negative, with an r-value of -0.194 (Figure 4.3). This indicates that 

Indianapolis annual flood flow rate is less related to annual precipitation.  

 
Figure 4.1 Muncie 11 Year Correlation Precipitation (Inches) v. Discharge (𝑓𝑡3 𝑠⁄ ) 
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Figure 4.2 Anderson 11 Year Correlation Precipitation (Inches) v. Discharge (𝑓𝑡3 𝑠⁄ ) 
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Figure 4.3 Indianapolis 11 Year Correlation Precipitation (Inches) v. Discharge (𝑓𝑡3 𝑠⁄ ) 

 The next relationship tested was that of annual precipitation to average yearly flood 

extent in square miles. The results of this mirrored that of the first. Muncie and Anderson 

resulted in all positive correlations, with eleven-year r-values of 0.87 and 0.48 respectively 

(Figures 4.4 and 4.5). Indianapolis experienced a weakly negative eleven-year relationship, with 

an r-value of -0.18 (Figure 4.6).  These results reaffirm the previous conclusions drawn from the 

examination of annual precipitation to average flood flow rate. 
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Figure 4.4 Muncie 11 Year Correlation Annual Precipitation (Inches) v. Area (Sq. Miles) 
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Figure 4.5 Anderson 11 Year Correlation Annual Precipitation (Inches) v. Area (Sq. Miles) 
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Figure 4.6 Indianapolis 11 Year Correlation Annual Precipitation (Inches) v. Area (Sq. Miles) 

4.3 Discussion 

 As evident from this work, the hypothesis of annual flood extent increasing during years 

of higher annual precipitation is rejected. Flood extent (in square miles) is not greatest during 

years of high annual precipitation, although there is a relationship between the two. Indianapolis 

had negative annual correlations for both annual flood flow rate and annual area, while Muncie 

and Anderson both have positive correlations. A factor that needs to be considered is the length 

of river being examined. The length of river in Muncie being examined is roughly 10 miles long, 
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and in Anderson it is roughly 15 miles long. Indianapolis more than doubles those numbers, with 

approximately 37 miles being analyzed. This discrepancy in length is evident in correlations.  

For each correlation, precipitation values were taken from the station with the most 

complete data set closest to the river. One station was selected in each urban area, regardless of 

the size difference between the three. As previously mentioned, precipitation gauges were 

selected based on completeness and availability of data. Initially, two stream gauges in Anderson 

and Indianapolis that were on the river were selected. However, Muncie did not have a 

comparable gauge available. Therefore, the next closest gauge in all three locations was selected. 

Indianapolis saw the largest variation in data, possibly due to the location of Indianapolis 

International Airport. The airport is located on the southern end of the river, and precipitation 

data might be more relevant if it was located more directly on the river. The Anderson 

precipitation station used was the Anderson Sewage Plant. Contrary to the stations in 

Indianapolis and Muncie, this station was located extremely close to the river. The distance 

between the precipitation gauges and the river is important because rainfall can be extremely 

localized. Flow rates of the river may not accurately reflect the precipitation that has fallen 

because the precipitation gauges were not near the river. A secondary factor to consider is that 

the White River has a hierarchical order to it throughout the locations. The White River in 

Muncie is upstream to the river in Anderson, which is upstream to the river in Indianapolis. If 

large amounts of precipitation fall in Muncie, it is possible that two to three days later Anderson, 

and then Indianapolis will experience increased flow rates from that event. This relates to the 

concept of lag time on a larger scale. 

 Lag time between precipitation and increased discharge rates may also account for 

discrepancies between correlation and evidence as shown by area values and annual precipitation 
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values. In a late year rainfall event, the lag time between precipitation and discharge rate may 

roll into the following year, therefore separating precipitation from the flood event on a temporal 

scale. Lag time can occur on a variety of spatial scales. At the small scale, lag time can be seen 

down to the individual station. In Indianapolis and Muncie, lag time can occur daily because the 

river gauges and precipitation stations are not located at the same spot. In Anderson, the lag time 

is minimized because the location of the precipitation station and the river gauge is extremely 

close. As previously mentioned, the White River also has a hierarchical structure, allowing 

delays to take place at the large scale. Due to a large variety of temporal and spatial scales, lag 

time was not accounted for in this study.  

4.4 Case Studies 

 Two case studies were examined to further analyze the relationship of annual 

precipitation to annual flood extent. 2013 was a year of high flood extent for all three urban 

areas, with particularly high flow rates in December. This case was examined to determine if 

synoptic set up contributed to the high flood extents. 2007 was a year of high precipitation in 

each location, but flood extent was not necessarily highest. Again, synoptic set ups were 

examined to determine if there was a relationship between the annual precipitation and average 

annual flood extent. 
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4.4.1 Study: December 2013 

 From December 20th – 23rd 2013, all three areas received more than two inches of rain. 

Four-day rainfall totals for Muncie reached 3.16 inches, for Anderson 3.19 inches, and for 

Indianapolis 3.43 inches. Minor flood stage was reached in both Muncie and Indianapolis, while 

Anderson was at moderate flood stage. This was the only moderate flood stage in the entire 

study’s time period. Radar images, 850mb charts, and surface maps show a mid-latitude cyclone 

that accompanied a persistent trough over the Midwest (Figure 4.7). In addition, an atmospheric 

river was present, feeding moisture from the Gulf of Mexico up to Indiana, Ohio, and Kentucky 

(Figure 4.8). The combination of these conditions created a stationary front over central Indiana 

on December 21st. By December 22nd the front had shifted south and stalled over southern 

Indiana. As a result, areas of localized low pressure along this frontal boundary contributed to 

heavy and persistent precipitation. Though significant rainfall occurred, 2013 was not the highest 

precipitation year for any of the three locations. However, Muncie and Anderson experienced the 

largest average flood extent during the study period due to this event, and Indianapolis reached 

its second largest flood extent. It is evident that the synoptic set up played an important role not 

only in this event’s floods, but also in the overall average yearly flood extent. 
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Figure 4.7 Surface Map Dec. 21 0Z 
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Figure 4.8 850mb Chart Exemplifying Atmospheric River in Place Dec. 22 0Z. Green isopleths 

indicate dew points of at least 8°C, which indicates higher moisture content. 

4.4.2 Case Study: March 2007 

 The second case study examined was that of March 21st – 25th 2007. Muncie, Anderson, 

and Indianapolis each received five-day rainfall totals of 4.3 inches, 3.58 inches, and 1.22 inches 

respectively. Minor flood stage was reached in all locations. As in the previous case study, radar 

images, 850mb charts, and surface maps were analyzed to determine that a mid-latitude cyclone 

was present (Figure 4.9). After the passage of a cold front on the morning of the 22nd, a 

stationary warm front moved over Indiana and brought heavy rain to the state, especially the 
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northern half (Figure 4.10). While rainfall from this event was significant, yearly precipitation 

totals were still not highest in all three areas. However, all three areas saw years of high flood 

extent (Tables 4.1, 4.2, 4.3). This event occurred early in the year, and while precipitation totals 

were high, the rest of the year may have been drier. In addition, factors like soil moisture and 

dam breaks may also have played a role in the high average flood extent.   

 

Figure 4.9 850mb Chart March 23 1200Z. Green isopleths indicate dew points of at least 8°C, 

which indicates higher moisture content. 
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Figure 4.10 Surface Map March 24 03Z 

4.4.3 Case Study Discussion 

 Both case studies examined demonstrate that large scale synoptic events can bring 

localized flooding and heavy rainfall, regardless of the annual precipitation recorded there. Each 

case study showed high discharge rates due to rain, but the annual precipitation totals were not 

highest during that year. This could be for a variety of reasons. Prior to a flooding event, several 

factors must be taken into consideration, such as soil moisture content, previous rainfall, and 

river height. In the 2013 case study, Anderson saw flood stage reach the moderate level even 

though precipitation was higher in the 2007 case study. Previously saturated soil and winter 

weather conditions may be to blame for that. Both cases demonstrate that synoptic set ups can 
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bring localized heavy rainfall, which may bring increased discharge rates, therefore increasing 

flood extent. However, one individual synoptic event with high precipitation may not be enough 

to increase the yearly average flood extent. 
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5. Conclusion 

This thesis shows an overview on the change in flood extent along the White River in Muncie, 

Anderson, and Indianapolis, Indiana. The results indicate relationships between annual 

precipitation and average annual flood extent.  

For each location, a flood inundation map was produced by running the average yearly 

flood flow rate in HEC-RAS, and mapping the output in ArcGIS. The area in square miles was 

computed in order to test the relationship between annual inundated area and annual 

precipitation. The relationship between annual flood flow rate and annual precipitation was also 

analyzed. After using a one-tailed bivariate test in SPSS, the results of both statistical 

relationships rejected the hypothesis, and indicated that annual precipitation cannot be directly 

related to average annual inundated area. However, it cannot be said that there is no relationship 

between the two.  

Muncie and Anderson had positive relationships between annual precipitation and 

average annual flood extent the aggregate 11-year test. Indianapolis had different results. The 

interdependency between annual precipitation and average annual flood extent was found to have 

a negative relationship for the 11-year test. This lack of consistency with the other two cities may 

be due to the location of the precipitation gauge relative to the stream gauge. In both Muncie and 

Indianapolis, the precipitation values were taken from a gauge far from the river. Anderson’s 

readings were likely the most accurate due to the location of the precipitation gauge on the river. 

The relationship between the distance between the precipitation gauge and the stream gauge is 

important due to lag time. Lag times in Muncie and Indianapolis were likely greater than that in 

Anderson. In Indianapolis, this may explain the statistical results of no relationship between 

average annual precipitation and average annual flood extent. 
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 Additionally, the length of river being examined in Muncie and Anderson was much 

shorter than that in Indianapolis. The discrepancy in length is reflected in the correlations, with 

Indianapolis having no relationship between annual precipitation and average annual flood 

extent. Muncie had the strongest relationship, and was also the shortest stretch of river being 

examined. In addition, the White River hierarchy could account for variations in the results. The 

stretch of White River in Indianapolis has many more feeder streams contributing to its flow. 

This may also contribute to variations in the results. 

Both case studies examined reiterated the results from the statistical correlations; annual 

flood extent does not necessarily increase during years of higher annual precipitation. The 

December 2013 case study examined a mid-latitude cyclone that brought heavy rainfall to all 

three areas, causing high flood extents. The March 2007 case study examined another heavy 

rainfall event that brought high flood extents to all areas. Results from both case studies 

indicated that annual precipitation cannot be directly related to average annual flood extent. 

The conclusions from this study are potentially important for future climatological 

studies on the White River. It also can provide the foundation to further research on flood extent 

and changes over time. Future studies on this topic should consider several factors to improve the 

study. Using more than one stream gauge for larger stretches of river may provide a more 

accurate inundation map. Precipitation gauges should be as close to the river as possible, and 

several should be used in large areas. Lag time would be nearly eliminated if this was done. The 

temporal scale of the study should also be increased to account for climatological anomalies. 

This study shows that annual precipitation should not be used as an indicator for high risk flood 

years in the Midwest. Annual precipitation may prove useful in creating a climatology of 



43 
 

flooding, but in the short term it is not as useful. Having an understanding of the relationship 

between annual precipitation and high risk flood years may help to predict future high risk years. 
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 Appendix 

 This appendix contains the inundation maps produced for Muncie, Anderson, and 

Indianapolis. In each map, the legend represents feet above the water surface. The polygon 

represents the area that the model was run for. 

 

1. Muncie Inundation Map 2005. Legend is in feet. 
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2. Muncie Inundation Map 2006 
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3. Muncie Inundation Map 2007 
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4. Muncie Inundation Map 2008 
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5. Muncie Inundation Map 2009 
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6. Muncie Inundation Map 2010 
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7. Muncie Inundation Map 2011 
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8. Muncie Inundation Map 2012 
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9. Muncie Inundation Map 2013 
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10. Muncie Inundation Map 2014 
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11. Muncie Inundation Map 2015 
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12. Anderson Inundation Map 2005 
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13. Anderson Inundation Map 2006 
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14. Anderson Inundation Map 2007 
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15. Anderson Inundation Map 2008 
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16. Anderson Inundation Map 2009 
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17. Anderson Inundation Map 2010 
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18. Anderson Inundation Map 2011 
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19. Anderson Inundation Map 2012 
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20. Anderson Inundation Map 2013 
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21. Anderson Inundation Map 2014 
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22. Anderson Inundation Map 2015 
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23. Indianapolis Inundation Map 2005 
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24. Indianapolis Inundation Map 2006 
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25. Indianapolis Inundation Map 2007 
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26. Indianapolis Inundation Map 2008 
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27. Indianapolis Inundation Map 2009 
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28. Indianapolis Inundation Map 2010 
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29. Indianapolis Inundation Map 2011 
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30. Indianapolis Inundation Map 2012 
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31. Indianapolis Inundation Map 2013 
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32. Indianapolis Inundation Map 2014 
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33. Indianapolis Inundation Map 2015 

 

 


