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Measurements of U.S. rivers clarify river-shaping factors and 

interaction with groundwater 

 

Brian Arthur Kiel, PhD 

The University of Texas at Austin, 2015 

 

Supervisor:  Lesli J. Wood 

 

We strive to answer the following: Why do modern rivers have the morphology 

(width and sinuosity) that they do, and how does morphology influence water quality? 

Study 1: We used the National Hydrography Dataset (NHD) to measure river 

widths nationally.  We find that our measured median widths are controlled primarily by 

drainage area (r = 0.73). Across the contiguous U.S., width standard deviation within a 

given river reach averages 25% of mean width (r = 0.92), i.e. variability is ~2x.   

Study 2: We used the National Hydrography Dataset (NHD) to measure river 

sinuosities nationally. Sinuosities were measured over reaches scaled by river width. 

Measured sinuosities typically increase with increasing reach length. By using short 

reaches of ~1 meander arc length, we aim to isolate sinuosity of channels meandering 

within floodplains. We found that remote sinuosity measurements across the eastern half 

of the contiguous U.S. exhibit the following correlations: drainage density r = -0.34; land 

slope r = -0.37; soil sand content r = 0.54. Sand-rich soil is a key driver of high sinuosity 

due to a self-reinforcing mass balance cycle. Outer banks consisting of sand-rich soil are 

eroded and thus contribute sand to the river bed, sustaining point bar lateral accretion, 
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forcing high-velocity flow core toward the outer bank, and thus further eroding the bank. 

Our study provides the first evidence of this feedback loop at a broad spatial scale. 

Study 3: We use sinuosity and other data to remotely calculate hyporheic 

exchange—here, river-groundwater through-bank exchange—along all mapped NHD 

rivers within the Ohio, Upper Mississippi, and Missouri River Basins. We calculate that 

99.6% of all water reaching the confluence of the Ohio and Upper Mississippi Rivers has 

entered the hyporheic zone at some point. The mean and median flow length necessary 

for 50% exchange to occur are 1.64 and 0.67 km, respectively. We find that only 24.2% 

of river length would be expected to exhibit net denitrification. 
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Chapter 1: Introduction, Literature Review, Objectives, and Overview 

 

1. INTRODUCTION 

Workers in many fields strive to understand morphology and processes of rivers 

for reasons such as water resource management, chemical regulation, flood and erosion 

management, fisheries management, subsurface reservoir analysis, and land surface 

modeling. Because rivers are influenced by a wide range of natural and anthropogenic 

factors, inferences drawn regarding a given river reach are frequently not applicable to 

many other reaches. Though this constitutes a hurdle for increasing our understanding of 

rivers, the recent proliferation of high-resolution digital river data facilitates study at 

continental and global scales. In this way, we can discover which processes exert the 

greatest influence on rivers as a whole, and which processes are influenced by rivers, 

while also documenting the incredible variability among rivers. 

The purpose of this chapter is to introduce key concepts, terms, and problems that 

will be discussed in upcoming chapters. This chapter comprises a review of river 

characteristics and processes, an introduction of the Mississippi River Drainage, a 

summary of river-related problems within this drainage, and a statement of upcoming 

objectives. 

 

2. RIVERS AND RIVER PROCESSES 

A river is a naturally occurring, concentrated flow of water over land toward an 

outlet, which is typically a larger river, a lake, a sea, or an ocean. While river water is 

ultimately sourced from precipitation, it may enter Earth’s subsurface prior to reaching a 



2 
 

river; such flow of groundwater to rivers is called baseflow. Rivers transport not only 

water, but also other inorganic and organic matter. Solid matter may be called sediment, 

while a variety of unconsolidated chemicals are also transported. Sediment may be either 

entrained in the water column (suspended sediment) or swept along the riverbed 

(bedload). Rivers and their banks, or edges, are home to a variety of microbes, flora, and 

fauna, which typically have specific habitat preferences within the river, such as locations 

of either high or low flow energy. Rivers can be either erosional (net removal of 

sediment) or depositional (net addition of sediment) in various locations.  

 

2.1 River discharge and water level 

While rivers discharge a variety of matter from the land surface, the term 

discharge as applied in this document will refer to water discharge. Because water 

discharge is highly variable, depending principally upon precipitation, the level (or 

“stage”) of the river surface can vary greatly over time. Some rivers, particularly those 

receiving little or no baseflow, can completely dry up; these rivers may be termed 

intermittent. On the other hand, when river level exceeds the height of its banks (sloping 

land at the river edge that typically confines the river), flooding occurs. One concept used 

in the study of rivers is bankfull stage, meaning that water level just prior to a river 

exceeding the height of its banks (e.g. Dunne and Leopold, 1978). Bankfull stage can also 

be defined as the level which minimizes a river’s ratio of width to depth (Knighton, 

1998). Bankfull discharge is conceptualized as the flow that determines the form of rivers 

(Dunne and Leopold, 1978). Episodic flooding may influence the formation of a 

floodplain on either side of the river. In other cases, rivers are confined by valley walls 

that are never exceeded (for instance, the Grand Canyon, Arizona, U.S.). 
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2.2 River form 

Typically, river discharge is routed through one distinct channel (a conduit 

bounded by two banks), which is termed either straight or meandering depending on its 

degree of curvature, or “sinuosity”. In other cases, discharge is split among multiple 

channels that are distinct at stages below bankfull. Some of these rivers, termed 

anabranching (Nanson and Knighton, 1996) have channels separated by stable, vegetated 

islands. Other rivers, termed braided, are split by less stable islands and tend to transport 

sediment sand-sized or larger (Leopold and Wolman, 1957). River braiding is attributed 

to factors including abundant sediment supply (Gray and Harding, 2007), steep river 

downstream slope (Leopold and Wolman, 1957), highly variable river discharge 

(Leopold and Wolman, 1957), and unstable banks (Easterbrook, 1999).  

Among single-channeled rivers, sinuosity is a key aspect of river form, or 

morphology. Sinuosity can be defined as river length between two points divided by the 

straight-line distance between the points. As shown in Fig. 1.1, sinuosity can be 

calculated as the ratio of meander arc length to meander wavelength. Sinuosity is 

fundamentally sustained by basic properties of fluid flow. All fluids traverse bends in 

vortex flow (i.e. spinning; Tarbuck and Lutgens, 2005). In rivers, this involves water 

sweeping down the outside bank of a bend, across the riverbed, and subsequently up the 

inner bend, which is typically a site of coarse sediment deposition (Hickin, 1978). Such a 

deposit is called a point bar. 
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Figure 1.1 Schematic of sinuous morphology, after Soar and Thorne (2001). 

 

2.3 Sinuosity and Point Bars: from Hyporheic Zone to Reservoir 

Workers including Larkin and Sharp (1992) and Cardenas (2009a, b) have 

identified sinuosity as a key driver of exchange between river water and groundwater. 

Sinuosity facilitates this exchange in the following manner. As river water flows around a 

bend, the inner part of which is often a permeable point bar, some river water may 

penetrate the point bar. Such mixing of river water and groundwater occurs in the 

hyporheic zone (literally, “below flow”) just beneath and adjacent to the river (Fig 1.2). 

After some residence time within the hyporheic zone, water will then tend to re-renter the 

river from the downstream edge of the point bar. Hyporheic exchange also occurs 

beneath the river bed (Cardenas and Wilson, 2007b; Worman et al., 2007), and can even 
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be facilitated by features such as beaver dams (Lautz et al., 2006). Of particular interest 

here, however, is the role of sinuosity in encouraging lateral exchange. Hyporheic 

exchange plays important roles in processing of chemicals (Battin et al., 2008; Ren and 

Packman, 2005) and enhancement of animal habitat (Feris et al., 2003; Arscott et al., 

2005). 

 

 

Figure 1.2 Schematic of point bars and the hyporheic zone. Red arrows represent 
hyporheic exchange. Source: 
<http://www.wess.info/typo3/index.php?id=60>, accessed January 16, 2013. 

 

While point bars play an important role on Earth today, ancient, lithified point 

bars constitute important subsurface reservoirs for water and hydrocarbon globally 

(Wood, 2007). Just as point bar permeability facilitates modern hyporheic exchange, it 
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also facilitates emplacement of water and hydrocarbons. Therefore, understanding 

sinuous rivers and their deposits is important for water and hydrocarbon exploration. 

 

3. RIVER MANAGEMENT CHALLENGES: A TOUR OF THE MISSISSIPPI DRAINAGE 

The Mississippi River drains an area of 2,981,076 km2 and its outlet is the Gulf of 

Mexico (Fig. 1.3). Traversing the drainage reveals a variety of river-related challenges 

facing society: lateral river erosion, river transport and deposition of contaminants, 

threatened biodiversity, drought, flood, and coastline retreat. 

 

 

Figure 1.3 Map of Mississippi River Drainage, which includes all of the colored sub-
basins labeled above. Source: 
<http://www.iupui.edu/~g115/mod20/lecture02.html>, accessed April 4, 
2013. 
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3.1 Lateral erosion 

One consequence of the erosion of sinuous river outer banks is the erosion or 

undercutting of property and infrastructure (Thorne and Abt, 1993). We want to better 

understand causes of sinuosity in rivers such as the Middle Loup (Fig. 1.4) so that we can 

ultimately formulate effective methods of protecting infrastructure from lateral erosion. 

Schumm (1963), after performing field work within the Mississippi Drainage, 

concluded that sinuosity is not related to discharge magnitude, but rather is influenced by 

geologic variables such as slope and river sediment size. Schumm and Khan (1972) 

further developed this concept and demonstrated that in a flume laboratory, changes in 

slope produced dramatic, nonlinear changes in sinuosity. A number of workers have cited 

an influence of silt or clay in fostering sinuosity, presumably by stabilizing inner bends 

(e.g. Braudrick et al,.2009).  On the other hand, Constantine et al. (2010) analyzed rivers 

in California and stressed only the importance of stabilization owing to vegetation 

growing on river banks. Influences on sinuosity are not yet fully understood. 
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Figure 1.4 Photo of a sinuous reach of Middle Loup River near Thedford, Nebraska. 
Flow direction unclear. Trees in background are roughly 5 meters tall. 
Source: <http://www.flickr.com/photos/jstephenconn/6166289268/in/set-
72157627588764901/>, accessed April 4, 2013. 

 

3.2 Contaminant transport and deposition 

As previously mentioned, hyporheic exchange plays a significant role in the 

regulation of river chemistry (Battin et al., 2008; Ren and Packman, 2005). The impact of 

hyporheic exchange on both organic and inorganic river chemistry is due to the role of 

microbes in the hyporheic zone (Battin et al., 2008). However, relatively little work has 
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quantitatively linked the physical process of hyporheic exchange with chemical 

processes, whether at the scale of a point bar or a drainage network. Quantitatively 

coupling hyporheic processes and chemistry is essential so that we can develop methods 

of managing hyporheic zones as chemical reactors (e.g. (Sawyer and Cardenas, 2012). 

In the Mississippi Drainage, a process of paramount importance is river 

entrainment of fertilizer nitrate runoff and its subsequent deposition in the Gulf of 

Mexico (Fig. 1.5), leading to proliferation of cyanobacteria (Schindler and Vallentyne, 

2008) that have generated a large, hypoxic (low oxygen) “dead” zone (Fig. 1.6). This area 

is called a dead zone because its chemistry has become poorly suited to support marine 

life. Other hypoxic zones caused by similar processes exist along the U.S. coast and 

elsewhere globally. 
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Figure 1.5 Map of average annual river nitrogen yield within the Mississippi Drainage, 
from 1980-1996, after Goolsby et al. (2000). 
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Figure 1.6 Map of Gulf of Mexico bottom water oxygen concentration in mg/L, or parts 
per million. Latitude marked on Y-axis, longitude marked on X-axis. Black 
line represents area classified as hypoxic (< 2 mg/L). Data collected July 21-
27, 2008. For broader spatial context of hypoxic zone, refer to Fig. 1.5. 
Source: N. Rabalais, Louisiana Universities Marine Consortium, map by B. 
Babin, available at 
<http://www.noaanews.noaa.gov/stories2008/images/deadzone_gulf.jpg>, 
accessed April 4, 2013. 

 

3.3 Ecological challenges, including threatened biodiversity 

Hypoxic zones constitute a dramatic ecologic obstacle. At a smaller scale, 

hyporheic exchange provides ideal habitat for a variety of animals—some threatened or 

endangered—such as fish and mussels (Fig. 1.7; Feris et al., 2003; Arscott et al., 2005; 

Wolaver et al., 2012). The ability to predict locations of prolific hyporheic exchange 

would be useful for ecological managers attempting to preserve biodiversity. 
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Figure 1.7 Summary of factors controlling mussel abundance in large U.S. rivers. Source: 
<http://www.umesc.usgs.gov/native_mussels_team.html>, accessed April 5, 
2013. 

 

3.4 Drought and Flood 

The Mississippi Drainage has experienced many costly droughts and floods. 

While droughts have a near-term economic impact, droughts can also increase stress on 

the High Plains Aquifer, a massive geologic unit that is a source for irrigation water over 

a large area of the U.S. Midwest (Sophocleous, 2011).  

The most famous flood of the Mississippi River occurred in 1927. This flood was 

of a magnitude large enough to overwhelm some artificial levees (Fig. 1.8), and after the 

flood the U.S. Army Corps of Engineers (USACE) was charged with producing newly 
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impenetrable levee structures along the Mississippi River (Houghton Mifflin, accessed 

April 5, 2013). An artificial levee is a barrier constructed along a river bank to reduce the 

possibility of flooding.  

 

 

Figure 1.8 Photograph of the 1927 detonation of a Mississippi River levee at Caernarvon, 
Louisiana, U.S. Detonation of the levee was done with the intent of creating 
an artificial crevasse to route river water away from New Orleans. Source: 
<http://usslave.blogspot.com/2011/05/great-mississippi-river-flood-of-
1927.html >, accessed April 5, 2013. 

 

3.5 Coastline retreat 

The Louisiana, U.S. coastline is receding under the influence of sea-level rise 

(Kim, 2012). Such problems of land loss threaten many coastlines globally, but Louisiana 

coastline retreat could be mitigated by a reversal of human actions that have contributed 

to the retreat. In particular, hydrocarbon extraction has caused land subsidence, and 
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damming of rivers has reduced delivery of sediment to the coast that would normally 

bolster its position (Kim, 2012). 

One course of action to mitigate this problem is to find creative solutions to route 

sediment to retreating coastal areas. Nittrouer et al. (2012) documented inadvertent 

deposition of sand in a USACE flood spillway that was opened in order to skim off the 

top few meters of the Mississippi River during a 2011 flood (Fig. 1.9). Nittrouer et al. 

(2012) estimate that 30% of sand carried by the river was routed into the spillway while it 

was open, and subsequently deposited. This occurrence suggests the great potential for 

planned discharge diversions to provide sediment to retreating coastlines. 
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Figure 1.9 Photographs of 2011 sand deposits in the Bonnet Carré Spillway (after 
Nittrouer et al., 2012). 

  

The Wax Lake Delta of Louisiana (WLD; Fig. 1.10) represents an example of 

land that can be built by such flow diversions. A delta is a form of efficient sedimentary 

deposition where a river enters a standing body of water. WLD receives ~ 15% of 

Mississippi River flow and sediment, and has actively expanded oceanward since 1980 

(Kim, 2012). Today, WLD represents a flow routing success story, with > 100 km2 of 

WLD land having been created (Paola et al., 2011). 
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Figure 1.10 Maps of WLD showing open water for (a) 1992 (green), (b) 2001 (blue), and 
(c) 2008 (lavender).  
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4. SUMMARY 

A river is a natural, concentrated flow of water over land. Rivers transport both 

inorganic and organic matter. River discharge is usually routed through a distinct 

channel, which can be either straight or meandering depending on its degree of curvature, 

or sinuosity1. In other cases, discharge is split among multiple channels. For instance, 

braided rivers are split by unstable islands and tend to transport sediment sand-sized or 

larger (Leopold and Wolman, 1957).  

Sinuosity is a key aspect of river morphology. Sinuosity can be defined as river 

length between two points divided by the straight-line distance between. River sinuosity 

influences the erosion of property and infrastructure at bend outer banks (Thorne and 

Abt, 1993). Water traverses bends in vortex flow (Tarbuck and Lutgens, 2005), so that 

water sweeps down the outside bank, across the riverbed, and up the inner bend, typically 

a site of coarse sediment deposition (point bar; Hickin, 1978).  

As river water traverses a bend, the inner bank of which may be a permeable point 

bar, some river water may penetrate the point bar. Mixing between river water and 

groundwater occurs in what is called the hyporheic zone. Hyporheic exchange regulates 

concentrations of transported chemicals (Battin et al., 2008; Ren and Packman, 2005) and 

enhances animal habitat (Feris et al., 2003; Arscott et al., 2005). Fertilizer nitrate runoff 

sourced within the Mississippi Drainage has generated a large hypoxic zone in the Gulf 

of Mexico, and scientists have been unsure why rivers have failed to sufficiently decrease 

nitrate concentrations.  
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5. QUESTIONS AND OBJECTIVES 

The central question addressed by within this dissertation is: Why do modern 

rivers have the morphology that they do? The first primary goal of this dissertation was to 

develop methods of measuring river/channel morphology remotely at continental scale, 

and to identify datasets that empowered these methods. The second goal was to use these 

measurements to determine influences on river morphology. The third goal was to use 

river morphology to quantify Earth surface processes. This study encompasses 

continental scale, but at spatial resolution of less than ten meters. This allows precise 

conclusions to be drawn that are also widely applicable. 

To be more specific, we seek to answer several primary questions: 

1. Why are river width and sinuosity difficult to remotely measure over broad 

areas? How can river width and sinuosity best be measured across the U.S. so 

as to produce an accurate, high-resolution dataset? 

2. What factors influence the width of rivers across a broad area? At a smaller 

scale, how variable is the width of a given river reach? 

3. Are any published theories of near-river margin grain size influence on river 

sinuosity supported by a broad study of natural river systems? If near-margin 

grain size does influence river sinuosity, what is the responsible physical 

mechanism? 

4. River sinuosity influences river-groundwater exchange in the hyporheic zone. 

Why are hyporheic zones within the Mississippi River drainage not 

sequestering enough fertilizer nitrate to prevent hypoxia at the river’s outlet? 
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6. ORGANIZATION OF CHAPTERS 

This dissertation is organized into five chapters: 

1. Chapter 1 presents an overview of river processes, their role in the Earth 

surface system, and their importance to society. It also introduces the 

Mississippi River Drainage, our core study area, and identifies principle 

research objectives. 

2. Chapter 2 presents a novel method for remotely measuring river width across 

the contiguous U.S., and uses the measurements to analyze influences on river 

width. We find that our measured median widths are controlled primarily by 

drainage area (r = 0.73). Across the contiguous U.S., width standard deviation 

within a given river reach averages 25% of mean width (r = 0.92), i.e. 

variability is ~2x. 

3. Chapter 3 presents novel methods for remotely measuring river sinuosity 

across the contiguous U.S. and analyzes evident controls on river sinuosity. 

Because measured sinuosities are here shown to generally increase 

dramatically with increasing reach length, the choice of reach length is 

crucial. Reach lengths are determined here so as to isolate sinuosity of rivers 

migrating within floodplains. Measured sinuosities are uncorrelated with 

drainage area (r = 0.01) and water-surface slope (r = -0.02). Sinuosities were 

found to be controlled by environmental and geologic variables with broad 

spatial trends, and therefore well-suited to spatial interpolation prior to further 

statistical analysis. We provide the first evidence at a broad spatial scale that 

the lateral erosion of bend outer banks in sinuous rivers is driven by the 

presence of sand-rich soil. High river sinuosity over short reach lengths within 
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the eastern half of the contiguous U.S. is fostered by a combination of high 

adjacent soil sand content (r = 0.54) and, evidently, vegetated bank stability. 

Several geologic variables supporting high sinuosity also support low 

drainage density, but we find that neither sinuosity nor drainage density 

affects the other, due to lack of any plausible or evidence-supported 

mechanism for such effect. We assert that the lateral erosion of bend outer 

banks in sinuous rivers is driven by a self-reinforcing mass balance cycle 

wherein sand eroded from outer banks sustains point bar lateral accretion, 

which in turn sustains outer bend lateral erosion.  

4. Chapter 4 is an application of sinuosity measurements described in Chapter 3. 

Chapter 4 makes use of a previously published method for quantification of 

hyporheic exchange at reach scale, and develops a new methodology to 

synthesize reach-scale quantification at drainage network scale. Chapter 4 

represents the first physical process-based study of hyporheic exchange at 

drainage network scale. We identified widespread controls on hyporheic 

exchange and residence times across the upper Midwest of the U.S. The 

Midwest is a particularly crucial area for hyporheic study, as its chemical 

runoff contributes significantly to a large Gulf of Mexico anoxic zone. 

Previous efforts to model hyporheic zone regulation of nitrate concentration in 

rivers lacked a physical process base.  We consider methods and formulae 

discussed herein to be broadly applicable to river reaches and networks. We 

calculate that 99.6% of all water reaching the confluence of the Ohio and 

Upper Mississippi Rivers has entered the hyporheic zone at some point along 

the drainage network. The mean and median flow length necessary for 50% 
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exchange to occur are 1.64 and 0.67 km, respectively, or 12.2 and 5.3 

meander arc lengths. To understand the network-scale chemical implications 

of hyporheic exchange, we turn to previously published work, and find that 

only 24.2% of river length in this study would be expected to exhibit net 

denitrification. Integration of geochemical results with our hydraulic model 

yields a framework for understanding contaminant transport at scales ranging 

from reach to drainage. As hyporheic zone management continues to develop, 

it is crucial for policymakers and ecological managers to be aware of existing 

hyporheic zone dynamics, and which management tactics are logical. 

5. Chapter 5 reviews the conclusions of Chapters 2, 3, and 4, and discusses the 

limitations of this dissertation as a starting point for future work. 
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Chapter 2: River Width Variability at Reach Scale and Width 

Predictability 

 

1. INTRODUCTION 

1.1 Why river width is important 

Workers have strived for decades to better understand morphology (shape) and 

processes of rivers for diverse reasons. Gaining quantitative insight on controls of river 

morphology benefits workers concerned with water resource management (Maidment, 

2002; Coram and Noakes, 2009), flood and erosion management (Soar and Thorne, 

2001), engineering applications (Sherwood and Huitger, 2005), ecological management 

(Poff et al., 2003), sedimentology (Parker et al., 2009), stratigraphy (Rhee, 2006), and 

land surface modeling (Finnegan et al., 2005). History is rife with examples of failures in 

engineering and management of river systems due to an inability to predict river process 

or behavior, and river response to various impulses. 

River width provides a sense of scale with which to interpret and measure 

components of river curvature such as sinuosity and bend radius of curvature. River 

width is also a key parameter for estimating discharge of both modern and ancient 

systems, but width can be difficult to measure efficiently. Discharges calculated for 

ancient systems using uncertain width measurements can lead to inaccurate historical 

estimates of paleo-climatic conditions. Likewise, inaccurate measurement of modern 

systems can lead to mis-informed water allocation and poor ecological management. 

River width can also serve as an integrated metric of local- to watershed-scale processes 
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and geometries. Therefore, width measurement accuracy (or width prediction quality, in 

the absence of measurements) is critical if one is to use river width to analyze watersheds.  

1.2 Published river width measurements and influences on river width 

Modern river widths can easily be manually measured using remote data such as 

imagery. Still, a national/global river high-resolution width dataset continues to elude 

researchers. This is partly because measuring width based on raster imagery typically 

excludes narrow rivers (i.e. < 50 m wide), is often a slow process, and is sometimes 

inaccurate. Raster measurements of North American river widths presented by Miller et 

al. (2014) and Allen and Pavelsky (2015) are limited such that width measurements > 

100 m are treated with confidence (Miller et al., 2014). Scientific questions specific to 

river morphology are not targeted by the authors.  

The width of a river at a given time (i.e. instantaneous) is termed wetted width. 

Wetted width and river discharge are controlled largely by drainage area, precipitation, 

and groundwater baseflow (e.g. Leopold, 1994). Width generally increases along a given 

river in the downstream direction in proportion to drainage area (Leopold, 1994; 

Osterkamp et al., 1983). Sediment discharge is also a significant influence on river width 

(Parker and Williamson, 2011).  

1.3 Questions and hypotheses 

Availability of high-resolution vector river data within the contiguous U.S. 

presents an ideal opportunity for width measurement and determination of influences on 

width. We seek to answer three questions: How can river width best be measured? How 
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does river width vary at reach scale? And finally, how robust is the published method of 

predicting river width based on drainage area or discharge? 

We will seek to demonstrate that river width is best measured as the shortest river 

crossing distance. We hypothesize that wetted width variability at reach scale is ~2x. In 

accordance with previous studies that were generally not afforded a very large dataset to 

analyze, we hypothesize that discharge/drainage area and transported sediment quantity 

and grain size exert primary control on width (Schumm, 1960; Osterkamp et al., 1983), 

with secondary influence from bank vegetation character (Gray and MacDonald, 1989).  

2. METHODS 

2.1 Data 

We sought out datasets based on field mapping and/or aerial imagery that capture 

morphology over vast distances. In particular, the American datasets National Land 

Cover Dataset (NLCD; 30-m raster classification; Homer et al., 2007) and National 

Hydrography Dataset (NHD; < 10-m vector resolution; 

<http://nhd.usgs.gov/index.html>) enable measurement of river widths at high spatial 

resolution and national extent.  

The National Land Cover Dataset (NLCD) is land-use classification raster 

imagery with 30-m resolution. Separate versions were produced for 1992 and 2001; we 

used the 2001 version for this study. For vector analysis in ArcGIS, Open Water pixel 

groups in the NLCD raster must be converted to water polygons.  

Created by USGS and the United States Environmental Protection Agency 

(USEPA), NHD contains ArcGIS-compatible hydrologic and related features mapped at 
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1:24,000 scale or better (High Resolution, positional accuracy effectively under 10 m; see 

below), while NHDPlus contains data pertaining to these features, including modeled 

flow velocity and water-surface slope (USEPA and USGS, 2007). The current initial 

version of NHDPlus pertains to features mapped at standard 1:100,000 scale (Medium 

Resolution).  

NHD features were digitized by USGS from Digital Orthophoto Quadrangles, 

USGS topographic quadrangles, and United States Department of Agriculture (USDA) 

Forest Service Primary Base Series maps (see <http://nhd.usgs.gov/documentation.html> 

for more information). Horizontal accuracy of these mapped features is such that over 

90% of points tested by USGS were within 0.02 inch (at map scale) of true position—

approximately 12.2 meters ground distance at 1:24,000. Also, map digitizing is estimated 

to accrue a horizontal positional error of less than 0.003 inch map scale standard error in 

the two component directions relative to source maps (less than 1.8 m ground distance at 

1:24,000 scale). 

We downloaded NHD High Resolution features for the contiguous U.S. from 

<http://nhd.usgs.gov/data.html> and NHDPlus Medium Resolution Flowline attributes 

from <http://www.horizon-systems.com/NHDPlus/data.php>. Because the High 

Resolution dataset contains a greater number of Flowlines than the Medium Resolution 

dataset, some High Resolution Flowlines could not be associated with NHDPlus Medium 

Resolution Flowline attributes. In addition to Flowlines and Areas, NHD Point Events 

contain dam locations used in this study. The NHD Feature Catalog 

(<http://nhd.usgs.gov/userGuide/Robohelpfiles/NHD_User_Guide/Feature_Catalog/Hydr

ography_Dataset/Feature_Delineation_Popups/NHDFlowline_Popups/StreamRiver_Tem

plate.htm>, accessed March 19, 2013) states that “the limit of a perennial 
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STREAM/RIVER is the position of the shoreline when the water is at the stage that 

prevails for the greater part of the year” [i.e. median width].  
 

2.2 Measuring river width 

How is river width best measured?  While relatively little work has been done 

measuring sinuosity remotely, a few methods already exist for measuring width, the 

shortest lateral dimension of a river at a given location. Still, due to the methodological 

inefficiencies introduced above, river width is frequently modeled from other parameters 

(Finnegan et al., 2005; Kleinhans, 2010b). Our own experience suggests that two existing 

methods of width measurement (RivWidth, Pavelsky and Smith, 2008b; Lundeen, 

<http://arcscripts.esri.com/details.asp?dbid=14264>, last modified Sept. 11, 2005) are 

either insufficiently automated, inaccurate, or excessively computer time-intensive to run. 

To remedy these issues, we have developed a new automated, vector-based method for 

river width measurement and generated a national width dataset by inputting National 

Hydrography Dataset (NHD) features. River width is here measured as a shortest 

crossing distance. 

Our methods and output serve a different purpose than the North American width 

measurements presented by Miller et al. (2014) and Allen and Pavelsky (2015). 

Measurements by Pavelsky and colleagues are limited by the spatial resolution of raster 

input datasets, so that only width measurements > 100 m are treated with confidence 

(Miller et al., 2014). This greatly limits the resolution of their dataset relative to that 
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presented here: our dataset is based directly on High Resolution (1:24,000) NHD, 

allowing width measurements of streams as narrow as 10 m. We will demonstrate the 

impact of data resolution on width measurement error. 

To measure width of NHD vector rivers, we wrote an ArcGIS script that measures 

river polygon width at point locations within the defined river area. At each point, it 

measures the distance between river polygon boundaries at rotated increments (e.g. every 

6 degrees), records the shortest measurement as width, records the compass angle of that 

shortest line, and records a centering ratio of distance to polygon boundary divided by 

width (Fig. 2.1). Our method can be used not only to analyze modern subaerial rivers, but 

also submarine channelforms, paleo-channelforms imaged in seismic data (Kiel and 

Wood, 2011; Kiel and Wood, 2012), and channelforms and deposits on other planets 

(Wood, 2006; Kleinhans, 2010a). 
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Figure 2.1 Schematic comparing width measurement methods. (A) At this point near the 
end of a longitudinal island, the pink line conforms to a mathematical 
definition of width as the shortest distance across the polygon at the point. 
However, the method of Lundeen (orange line) identifies the closest location 
on the polygon boundary and fits a line back through the point until it again 
intersects the polygon boundary, then records this line length as width. This 
approach overestimates the river width.  The method of Pavelsky and Smith 
(2008b; green line) measures perpendicular to a river centerline, and thus 
could calculate an overestimated width at this point, depending on the path 
of the centerline. (B) Our method is based on measuring the distance 
between river polygon boundaries at rotated increments (e.g. every 6 
degrees) and recording the shortest measurement as width. Thus the pink 
line—or one very close, depending on the rotation increment—is 
successfully identified. 

 

 Our procedure for measuring NHD Area river polygon widths and associating 

them with other data in ArcGIS is as follows. 

1) Merge, project, and join NHD High Resolution features for the contiguous 

U.S. (see Fig. 2.2 for overview of data types) and NHDPlus Flowline 

attributes.  

A B 
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Figure 2.2 Map showing a portion of primary NHD source data (for example, NHD 
Flowline, NHD Area, Dam) and added analytical components (for example, 
Points on NHD Flowlines, and 4 km Buffer of Dam). 

 

2) Preserve only Flowlines meeting the following criteria: 

a. FType = Artificial Path 

b. FCode = 46006 or 55800 
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c. Inside of Area with Ftype = Stream/River. Note that Area Ftype = 

Reservoir is eliminated from consideration. However, visual 

inspection indicates that some Areas classified as Stream/River are 

actually reservoirs. This is uncommon, and could be manually 

addressed to further reduce the impact of dams and reservoirs on 

results. Eliminated features with text names including keywords 

Reservoir, Bayou, or Slough. Still, the effect of dams cannot be 

eliminated from the dataset. 

d. Length > 1 km. This eliminates most Flowlines that are mere 

tributaries entering from outside of Areas rather than approximate 

centerlines. This is the first primary step to ensure that Area widths 

are only associated with the NHDPlus attributes of approximate 

centerlines.  

3) Flowlines broken into 50-m segments. 

4) Centroid Points are generated for each 50-m segment. Each Point contains 

all attributes of its source Flowline. 

5) To reduce data volume, a subset of 1 in every 30 Points is selected based on 

Object ID. Note that this yields a Point spacing of about 1.5 flow km 

regardless of Area width (see Fig. 2.2).  

6) Select dams from NHD PointEvent that are within 400 m of an Area. This 

radius was determined by visual inspection to include nearly all dams that 

obviously affected Area shape. The effect of dams greater than 400 m from 

an Area is not considered. 
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7) Eliminate Points within 4 km of this dam subset. This radius was determined 

by visual inspection to include most Area portions obviously affected by 

dam placement. 

8) Apply script to measure Area width at each Point using a 6º increment step 

of rotation. This increment selection is based on a sample of 1000 

measurements within the 1992 NLCD polygon of the Wax Lake Delta. As 

shown in Fig. 2.3, a 6º step resulted in widths an average of only 0.35% 

greater than those measured with a 1º step, and in about 1/6 the runtime of a 

1º step.  
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Figure 2.3 Graph of percent width measurement error at various rotational increments 
relative to a 1º increment. This graph reflects a random sample of 1000 
Points within NLCD coverage of the Wax Lake Delta, Louisiana, U.S. A 6º 
increment was chosen for this study. 

 

9) The small number of widths measured < 10 m are eliminated because we 

lack confidence in the mapping integrity of these few narrow features. Next, 

several criteria to eliminate problematic Points are applied to ensure that 

Area widths are only associated with the NHDPlus attributes of approximate 

centerline Flowlines. See Fig. 2.4 for examples of problematic Flowlines 

(and thus Points sourced from them). Threshold values are determined based 

on a combination of calculations and visual inspection:  
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a. The compass angle of the straight line representing the shortest path 

across the Area at each Point, θ, was compared with the orientation 

of the Point’s 50-m source Flowline segment, ε, to yield a modified 

angle difference δ = 90 – (θ – ε). (Directional ambiguity is accounted 

for in differencing θ and ε.) Thus δ near 0 indicates that θ is nearly 

90º from ε, as would be expected for most centerline Points. Points 

with δ < 10º were preserved. This also eliminates some other 

problematic Points, especially near the ends of longitudinal islands, 

that could be erroneously preserved by an exclusively centerline-

based method of width measurement such as RivWidth (Pavelsky 

and Smith, 2008b). 

b. Points are preserved if centering ratio, ψ, of distance to Area 

boundary divided by B, is > 0.2. This eliminates some additional 

problematic Points that passed the δ criterion, particularly where 

near-bank Flowlines are parallel to the bank. 

c. As will be discussed in Chapter 4, mean river depth was empirically 

modeled with the aid of precipitation data and NHDPlus drainage 

area data. Our only use of river depth in this chapter was to calculate 

an approximate river width: depth ratio used to eliminate 

problematic Points. We eliminated any Point characterized by a ratio 

> 500 on the basis that its NHDPlus drainage area attribute 

suggested a much shallower river depth than expected for a feature 

of its measured width—i.e. the Point happens to lie within an Area 
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that has no relation to the Point. 

 

 

Figure 2.4 Diagram showing a map view example of preserved NHD Flowline (red), 
which is an approximate Area centerline, while other Flowlines are 
eliminated based on the indicated criteria.  

 

10) Finally, points are spatially joined with a variety of other datasets such as 

lithology/age, bedrock/alluvium, soil character, vegetation type/density, and 

precipitation. 
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3. RESULTS 

3.1 Width computation and validation  

NHD Area river polygon width measurements for the contiguous U.S. are shown 

in Fig. 2.5.  

 

 

Figure 2.5 Map of measured NHD river widths (in meters) within the contiguous U.S. 

 

We compared a field-measured dataset of Ohio river widths (Fig. 2.6; Sherwood 

and Huitger, 2005) with our automated width measurements of NHD rivers and found 

values to be similar. This result supports both the validity of our method and the validity 

of NHD. 
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Figure 2.6 Graph comparing NHD width measurements to field measurements in Ohio 
provided as an ArcGIS-compatible shapefile (Sherwood and Huitger, 2005). 
A source of relative error is that Sherwood and Huitger’s measurement 
points did not perfectly overlay NHD Areas. We manually moved the points 
~100 m to lie within Areas in order to measure width; thus, zones of 
variable width may have been represented differently. Our measured NHD 
widths (orange triangles) are comparable to field-measured “active channel” 
widths (green squares) but are typically much lower than field-measured 
bankfull widths (blue squares). Note that mean attributes in tandem often do 
not constitute any particular observable moment in time, due to nonlinear 
variation among attributes. For example, the occurrence of mean discharge 
is unlikely to coincide with mean width because discharge varies more 
dramatically than river width, so that mean discharge is much more skewed 
from median discharge than mean width from median width. Mean 
discharge should occur at greater discharge than does mean width. 
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We also compared our measurements of NHD river widths to our measurements 

of NLCD river widths. We wanted to compare measurements of NHD (vector) to a raster 

dataset for two reasons. The first reason was to test whether both types of data depict 

rivers at similar width, taken to be river width at roughly average discharge. The second 

reason was to illustrate the advantage of measuring river width on High Resolution NHD, 

rather than on standard 30-m resolution raster data such as Miller et al. (2014) used. 

After measuring NHD river widths, we identified those NHD points lying within 

NLCD water polygons. 21% of NHD points were within NLCD water polygons. Median 

width of NHD features at points outside NLCD water polygons was 21 m, at the fringe of 

NLCD resolution.  

We then measured NLCD widths at points inside NLCD water polygons. We 

identified a subset of points with the following characteristics: NLCD width > 29 m, 

difference between NHD and NLCD width < 25%, and difference between NHD and 

NLCD measurement angles < 13°. This subset, containing 28% of points within NLCD 

water polygons, should only include locations where NHD and NLCD polygons are 

roughly similar in shape, with NLCD polygons not distorted by backwater/slackwater 

areas not classified in NHD as river area. Within this subset, NHD width was greater than 

NLCD for 51.4% of points (NLCD was greater for 48.6%). Mean absolute difference 

between measurements was 20 m—less than NLCD pixel resolution. In Figs. 2.7 and 2.8, 

NLCD width > NHD width is considered relatively positive and NLCD width < NHD 

width is considered relatively negative. Based on visual inspection, an NLCD width 

significantly greater than an NHD width suggests the presence of apparently non-river 

water pixels in NLCD that are outside the corresponding NHD Area. Conversely, NLCD 

width may be significantly less than NHD width when pixels lying within an NHD Area 
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are classified in NLCD as Woody Wetlands or Emergent Herbaceous Wetlands rather 

than Open Water. 

Fig. 2.8 illustrates why dataset resolution is a primary control on river width 

measurement accuracy for narrow rivers (i.e. < 100 m). Due to NLCD’s inferior 30-m 

spatial resolution, measurement relative error (relative to NHD measurement) is often 

high for narrow rivers. Relative error then exponentially decreases with increasing width, 

as spatial resolution becomes progressively less important. 

 

 

Figure 2.7 Graph of NLCD width measurement percent difference relative to NHD width 
measurement (gray points; best-fit black line). NLCD width > NHD width is 
considered relatively positive and NLCD width < NHD width is considered 
relatively negative. 
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Figure 2.8 Graph of NLCD width measurement absolute (Abs) percent difference relative 
to NHD width measurement (gray points; best-fit solid black line represents 
the equation y = 35.199x -0.3229). Dashed line represents NLCD 30-m 
resolution expressed as a percentage of NLCD width. Clearly, resolution is a 
primary control on NLCD-NHD percent difference. 

 
It is apparent from our analysis that, within the U.S., NHD offers many 

advantages over NLCD raster classification for measurement of river width. NHD 

contains vector, imperfectly classified waterbodies—i.e. Stream or Reservoir—and 

facilitates near-isolation of rivers. Use of NHD to measure width enables a greater 

portion of measurement points to be accurately associated with attributes of all NHD 
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features. NHD spatial resolution is better. NHD river polygons are unaffected by roads 

and vegetation canopy that reduce Open Water areas in NLCD. NHD is thoroughly vetted 

by USGS. The presence of NHD Flowlines enables a uniform point measurement spacing 

alongstream, thus yielding a spatially uniform sample of rivers rather than a sampling 

dependent on polygon area or perimeter. 

3.2 Characterizing reach-scale width variability  

Prior to analyzing the merit of historically accepted influences on river width, we 

want to have an understanding of just how much river width tends to vary at the reach 

scale. Characterizing reach-scale variability provides a baseline as to how much width 

varies in the absence of dramatic shifts in external factors such as drainage area or 

climatic regime. Reaches containing at least 3 width measurements were selected. In 

order to analyze river widths in settings as little influenced by dams as possible, we 

imposed additional data filtering to select river reaches at least 140 river widths away 

from river network discontinuities (frequently owing to dams). Regarding reach-scale 

wetted width variability, we find that, across the contiguous U.S., width standard 

deviation within a given river reach averages 25% of mean width (r = 0.92; see Figs. 2.9 

and 2.10). In other words, as we hypothesized, width variability is ~2x, so that the local 

width maximum is about twice the local width minimum. Causes of this variability are 

not immediately clear. We suspect that reach-scale width variability has a link to river 

depth variability, but sparse availability of depth data hampers the ability to test such a 

hypothesis. Regardless, we consider 2x variability to be within the noise of width 
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prediction error, so that workers predicting river width from hydrologic or geologic 

variables needn’t be concerned about reach-scale variability. 

 

 

Figure 2.9 Graph showing relationship between segment width standard deviation and 
mean 
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Figure 2.10 Frequency histogram of width mean divided by width standard deviation 

 

3.3 Broad-scale influences on river width 

 Regarding primary influences on river width over broad scales, we corroborate 

the hypothesis that width is strongly positively correlated with water discharge (r = 0.74; 

significant at p < 0.0005) and drainage area (r = 0.73; significant at p < 0.0005), n ~ 

100,000. Since river width cannot control the discharge flowing through it or the 

contributing drainage area, these correlations owe to the influence of discharge and 

drainage area on width. River width does not have a significant correlation with water-
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surface slope (r = -0.13). We were unable to assess the relationship of width and sediment 

discharge due to an insufficient supply of sediment discharge data, so we cannot directly 

assess whether water discharge or sediment discharge has a stronger influence on width. 

We find that high levels of precipitation and vegetation skew widths slightly greater than 

expected from discharge modeling alone. Xu (2004) found that, for sand-bed meandering 

rivers,  

Wbf = 3.1336 Qbf
0.5749 (r2 = 0.8795) 

where Wbf is bankfull width and Qbf is bankfull river discharge. We used this relationship 

of Xu (2004) to predict bankfull river widths across the U.S. based on discharge, and 

compare these predictions to our measurements. We find a positive correlation (r = 0.37) 

between width prediction error (signed error) and precipitation, and a similar correlation 

between width prediction error and vegetation NDVI (Normalized Differential 

Vegetation Index; r = 0.28). Therefore, all else equal, it is evident that marginal increases 

in precipitation, and increases in the vegetation growth that precipitation sustains, serve 

to limit widths below what would be expected from discharge modeling alone (over-

prediction). Also, on inspection, discharge relations tend to under-predict width upstream 

of slack waters such as oceans and reservoirs. Other workers have attributed some width 

variability to environmental and geologic factors such as river bed and bank grain size 

(Schumm 1960; Schumm, 1968; Osterkamp and Hedman, 1982), but such relationships 

may be better assessed by field measurements. 



44 
 

 In order to use drainage area to predict width, it is best to grasp how width scales 

with drainage area at a regional or local scale. Width is typically predicted from 

discharge or drainage area (D) using a power law of the form  

Width = a Db 

 where a and b are a scaling coefficient and exponent, respectively. We determined 

scaling parameters for most of the contiguous U.S., though data was too sparse to yield 

useful scaling parameters in some areas. In other cases, such as in the Lower Missouri 

River Drainage, data is abundant but yields a power law with an r2 of only 0.38. In some 

locations, however, statistically strong scaling relationships exist that could be used for 

prediction locally or regionally with minimal error. An example is the Susquehanna River 

Drainage (Hydrologic Unit Code—HUC—205). Similar scaling parameters apply to each 

of its three sub-drainages (Figs. 2.11 – 2.13) as apply to HUC 205 as a whole (Fig. 2.14). 

 Table 2.1 contains scaling parameters for major basins (HUC-2 level) of the 

contiguous U.S. Fig. 2.15 describes scaling exponent variability within each HUC-2. 
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Figure 2.11 Graph showing a power-law fit of river width to drainage area for reaches 
within HUC 20501 

 

 

Figure 2.12 Graph showing a power-law fit of river width to drainage area for reaches 
within HUC 20502 
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Figure 2.13 Graph showing a power-law fit of river width to drainage area for reaches 
within HUC 20503 
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Figure 2.14 Graph showing a power-law fit of river width to drainage area for all reaches 
within HUC 205. Sub-drainage points are distinguished according to legend, 
while the power law fits all points as a whole 
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HUC‐2 Name  HUC‐2  n  Coefficient Exponent R‐squared 

New England  1 39 1.08
0.5385 0.93 

Mid Atlantic  2 159 0.98
0.5324 0.88 

South Atlantic /Gulf  3 270 2.23
0.3625 0.71 

Great Lakes  4 150 2.29
0.3811 0.62 

Ohio R Drainage  5 319 1.15
0.4735 0.87 

Tennessee R Drainage  6 50 2.34
0.3814 0.70 

Upper Mississippi R 
Drainage  7 232 1.86

0.3831 0.70 

Lower Mississippi R 
Drainage  8 154 1.89

0.4048 0.90 

Upper Missouri R Drainage  101 250 1.09
0.3800 0.69 

Lower Missouri R Drainage  102 177 3.28
0.2806 0.38 

Arkansas / Red / White  11 229 2.32
0.3275 0.64 

Texas Gulf  12 120 2.61
0.2838 0.54 

Colorado R Drainage  14 112 3.30
0.2801 0.66 

Pacific Northwest  17 169 1.77
0.3825 0.64 

Table 2.1 Width power-law scaling parameters for major basins (HUC-2) of the 
contiguous U.S. 
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Figure 2.15 Boxplot showing width scaling exponent variability across HUC-2 regions 
and internally within each region. For each region, lower box edge 
represents first quartile, upper box edge represents third quartile, red line 
represents median, and whiskers extend to include ~99.3% of data. Plus 
signs indicate outliers 

 

4. CONCLUSIONS  

Considering that river width is often modeled from other variables, a primary 

impact of this work is the development of and results generated by a script that measured 

river polygon width at high resolution across the contiguous U.S., with greater precision 

and ease of use than existing methods. We generated a high-resolution, national river 

width dataset by inputting National Hydrography Dataset (NHD) vector features.  
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We demonstrated that measuring width as the shortest river crossing distance 

holds an advantage over other methods of width measurement. Measurement resolution is 

an order of magnitude higher than that of Miller et al. (2014) and Allen and Pavelsky 

(2015). High measurement accuracy and spatial resolution enables characterization of 

both reach-scale width variability and broad-scale variability. 

We find that width standard deviation within a given river reach averages 25% of 

mean width (r = 0.92), i.e. variability is ~2x in accordance with our hypothesis. We 

consider this reach-scale variability to be within the noise of width prediction based on 

empirical equations.  

As hypothesized, our measured widths are influenced primarily by drainage area 

(r = 0.73) or, collinearly, river discharge (r = 0.74). Marginal increases in precipitation, 

and corresponding increases in vegetation growth, limit widths below what would be 

expected from discharge modeling alone. Discharge relations tend to under-predict width 

upstream of slack waters such as oceans and reservoirs.  

 We determined power-law width scaling parameters (based on drainage area) for 

most of the contiguous U.S., though data was too sparse to yield useful scaling 

parameters in some areas. Data availability did not always yield strong power-law 

relationships. Frequently, however, strong scaling relationships exist locally or regionally 

that could be applied for width prediction with minimal error. 
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Chapter 3: Sandy Soils Support Sinuous Streams 

 

1. INTRODUCTION 

1.1 Why river sinuosity is important 

 A basic characteristic of an alluvial meandering river is its sinuosity. River 

sinuosity is a primary indicator of lateral erosion of bend outer banks, a process that 

threatens property and infrastructure globally (Thorne and Abt, 1993). In addition, 

enhancing river sinuosity has been reported to enrich the river ecosystem (e.g. Brookes, 

1987; Soar and Thorne, 2001) and enhance ecosystem services, such as contaminant 

filtration (Kiel and Cardenas, 2014; for discussion, see Chapter 4). In ancient systems, 

sinuosity can be an indicator of tectonic (e.g. Ouchi, 1985), climatic (e.g. Stark et al., 

2010), or eustatic (e.g. Posamentier and Vail, 1987) influences, and changes in sinuosity 

have been used to post-dict global changes in these variables (e.g. Shanley and McCabe, 

1993). In addition, enormous hydrocarbon and water resources are sequestered in 

meandering alluvial channel deposits, where prediction of deposit sinuosity and 

subsequent accurate mapping of paleo-channel planforms can make the difference 

between success and failure in recovering these resources (Carter, 2003). 

Rivers are a critical component of water, sediment, chemical, and biological 

cycles of a landscape. Rivers can be classified as either bedrock or alluvial. Bedrock 

rivers are relatively fixed in their position and form (e.g. Whipple et al., 2000). Alluvial 

rivers, unlike bedrock rivers, routinely laterally erode their banks. Alluvial rivers, the 

focus of this paper, can be further classified according to their channel pattern as braided, 

straight, or meandering. Despite the importance of alluvial river sinuosity, after over 100 

years of study, there is still not a firm understanding of what controls sinuosity. Across 
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the contiguous U.S., discharge in river systems is commonly routed through one distinct 

channel, termed either straight or meandering depending on degree of sinuosity. 

Sinuosity is here defined as the curvilinear distance of a given river reach divided by the 

straight-line distance between the reach’s endpoints. Sinuosity of such single-channel 

rivers is the focus of this chapter. We feel there is a need to understand the factors that 

influence river sinuosity, and reexamine some of our paradigms of cause and effect 

concerning rivers. Such understanding will enable workers to formulate effective 

methods of protecting infrastructure from lateral erosion and river behavior, engineer 

more effective control on river behavior, and establish more accurate cause and effect 

relationships in river landscape studies. 

Sinuosity of meandering rivers is fundamentally sustained by properties of 

helicoidal fluid flow. All fluids must traverse bends in vortex flow (Tarbuck and Lutgens, 

2005). In rivers, this helicoidal flow involves sweeping down the outside of a bend, 

across the riverbed, and subsequently up the inside of the bend, which is typically the 

outer edge of adeveloping point bar composed of coarse sediment (Hickin, 1978). An 

existing fallacy is that flow velocity is uniformly low near point bars—in fact, flow 

velocity exhibits a spatial gradient over point bars. When helicoidal flow meets the point 

bar’s outer surface, it effectively rolls coarse sediment uphill on the point bar face until 

energy finally decreases in relatively shallow water near the river bank (Hickin, 1978). 

Although the mechanics of helicoidal (i.e. sinuosity inducing) flow are well known, it is 

clear that many variables can complicate flow behavior and thus affect sinuosity.  

Therefore it is important to understand the relationship of sinuosity with river 
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characteristics. Only by developing accurate and consistent techniques for sinuosity 

measurement can we begin to analyze sinuosity relationships across a broad area. 

1.2 Published river sinuosity measurement techniques 

Like river width, sinuosity can readily be manually measured using optical 

imagery. Still, a national/global river sinuosity dataset continues to elude researchers. 

Availability of high-resolution vector river data within the contiguous U.S. presents an 

ideal opportunity to determine an accurate and consistent method for measuring sinuosity 

and lay the foundation for applying sinuosity analysis toward the types of studies 

mentioned above.  

 River sinuosity is here defined as the curvilinear distance of a given river reach 

divided by the straight-line distance between the reach’s endpoints. Sinuosity can also be 

defined as the ratio of valley slope to water-surface slope. How is river sinuosity best 

measured? Little rigorous work has been done measuring sinuosity remotely. One large-

scale study involving remotely measured sinuosity is Stark et al., 2010. The authors 

measured sinuosity over reaches determined merely by segmenting streams “into reaches 

between stream junctions.” In other studies, measurement reaches may be chosen on a 

fully subjective basis, such as reaches that extend from one town to another. Clearly, 

workers interested in measuring sinuosity rarely possess a clear understanding of how to 

choose river reach lengths over which to measure sinuosity.  

 Fortunately, historical work by Leopold, Wolman, Ratzlaff, and others provides a 

scientific basis for choosing measurement reach length. It is first important to understand 

the several spatial scales of sinuosity. Ratzlaff (1991) distinguishes up to four 

components of sinuosity (Table 3.1): channel (henceforth “river sinuosity”), floodplain, 
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terrace, and valley. For instance, floodplain sinuosity would be measured as the sinuosity 

of a floodplain, rather than the sinuosity of the river within the floodplain. River sinuosity 

is best conceptualized, and measured, at short reach lengths; floodplain sinuosity at 

longer reach lengths; and valley sinuosity at still longer reach lengths. As Ratzlaff notes, 

river sinuosity is used to construct river geomorphic and sedimentary relationships, and is 

thus the most crucial sinuosity component. The conventional notion of sinuosity defined 

as flow length divided by valley length implicitly includes floodplain and terrace 

sinuosity, while Ratzlaff’s favored metric eliminates those artifacts of older river activity 

(Fig. 3.1). Thus, studies such as Schumm (1963; discussed below) that failed to 

distinguish between river sinuosity and floodplain sinuosity are effectively analyzing 

historical sinuosity rather than isolating modern processes. We will demonstrate the perils 

of measuring sinuosity of river reaches chosen without regard to river scale. 

 

 

Table 3.1 Distinction of four sinuosity components of the Saline River, Kansas (after 
Ratzlaff, 1991).  
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Figure 3.1 Schematic after Ratzlaff (1991) depicting a bend with radius of curvature too 
large relative to width to be considered river sinuosity (see inset). River 
width provides scale with which to differentiate components of sinuosity.  
Leopold and Wolman (1960; inset) determined a median value of the ratio 
of bend radius of curvature to channel width of 2.7 (shown: 50 m radius of 
bend curvature along a river 18 m wide, representing a 2.7:1 ratio). 

 

Although field studies such as Ratzlaff (1991) provide detailed understanding of 

small portions of river systems, at a United States national scale we do not definitively 

know floodplain extents and system sinuosities. However, in this study, we intended as 

near as possible to measure river channel sinuosities while excluding other components. 

We were challenged to identify a suitable channel reach length for doing so. We needed a 

reach length long enough to capture river sinuosity but short enough to exclude 
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significant contributions from sinuosity components prominent at longer reach lengths. 

To accomplish this we emulated field workers who defined sinuosity for a short reach 

spanning one meander wavelength (λ), consisting of two successive meander bends, or 

one meander arc length (ML; Leopold and Wolman, 1960; Langbein and Leopold, 1966; 

Richards, 1982), such that sinuosity is meander arc length (shown in Fig. 3.2 as ML) 

divided by λ (shown in Fig. 3.2 as L). 

 

 

Figure 3.2 Schematic of the morphometrics of a sinuous planform, after Soar and Thorne 
(2001). L corresponds to our λ. 
 

1.3 Published sinuosity analyses 

Pioneering work describing sinuosity’s relationships with other geologic and 

hydrologic variables was conducted by Schumm (1963) and Schumm and Khan (1972). 

Schumm (1963) measured sinuosity of wadeable rivers in the Great Plains of the U.S. by 

finding flow length over reaches of 5 miles and dividing by valley length. Schumm found 
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that sinuosity was negatively correlated with width:depth and positively correlated with 

the fraction of bank material finer than sand. Schumm (1963) concluded in part that 

sinuosity does not scale with discharge, but rather is determined by geologic variables, 

particularly slope and the grain sizes transported by a river. Schumm and Khan (1972) 

continued to focus on the nature and origin of fine-grained (silt or clay) bank material and 

its role in stabilizing meander bends and fostering sinuosity. The authors found through 

flume experiments that an increase in suspended sediment allowed for the deposition of 

fine erosion-resistant material on the inside of a bend, accentuating the bend and in some 

instances causing a river to shift from braided to meandering form. The authors also 

found that changes in slope produced dramatic, nonlinear changes in sinuosity. Recently, 

Petrovszki et al. (2014) found that bankfull river discharge and slope influence sinuosity 

in the Pannonian Basin of eastern Europe. 

Other recent workers (Braudrick et al., 2009; Constantine et al., 2010 and Lazarus 

and Constantine, 2013) have focused on the impact of vegetation in stabilizing channels 

and limiting development of meander bend cutoffs, thus enabling development of 

sinuosity. Although some have deemed deposition of fine sediment by overbank floods to 

be a major stabilizer of channel planform, the experiments of Braudrick et al. (2009) 

showed that flows depositing relatively little fine sediment on floodplains were still able 

to produce stable meandering with only occasional cutoffs. In keeping with this particular 

finding, Constantine et al. (2010) analyzed natural rivers in California and stressed only 

the importance of vegetative stabilization in preventing chute cutoff. Lazarus and 

Constantine (2013) developed this concept by demonstrating that a floodplain or 

landscape’s resistance to overland flow (due to factors such as vegetation) is a primary 

determinant of sinuosity. Work in ancient river systems likewise seems to suggest the 

importance of vegetation in the development of river planform. Data collected by Gibling 

(2006) show Paleozoic river deposits, emplaced before the arrival of terrestrial 

vegetation, to have been deposited by rivers with lower channel sinuosities than typically 
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found after the arrival of terrestrial vegetation. Finally, some have proposed permafrost 

conditions or chemical cementation of floodplains as the primary bank stabilizing agents 

in sinuous channels on Mars (Howard, 2009), processes which may factor into the 

stabilization of channel planforms in high-latitude regions of Earth. In sum, bank stability 

is influenced by bank temperature, composition, and vegetation, as well as hydraulics of 

the channel (Thorne, 1982; Ott, 2000). Vegetation stabilizes primarily by increasing soil 

shear strength (Thorne and Lewin, 1979; Gray and MacDonald, 1989) and armoring 

(Thorne, 1982). Vegetation bank stabilization is influenced by plant vigor, rooting depth, 

and density (Heede, 1980). Therefore, all of those variables that influence vegetation, 

including timing of plant evolution (Gibling, 2006), influence channel planform. 

Some of the same geological variables that workers consider to influence 

sinuosity have also been associated with drainage density, a metric of flow length per unit 

area. Strahler (1964) found that low drainage density is favored in regions of highly 

resistant or permeable substrate, dense vegetation, and low relief, while high drainage 

density is favored under opposite conditions.  Drainage density is likely low in stable, 

permeable substrate due partly to difficulty for overland flow to carve incipient channels, 

and partly because a greater portion of precipitation is routed subsurface rather than 

flowing overland (Strahler, 1964). This paper will reveal a previously undiscovered 

correlation between drainage density and river sinuosity and describe the influence of 

geological variables on both sinuosity and drainage density. 

 In summarizing the work done on the influences of sinuosity, what stands out to 

us is disagreement in literature regarding dominant grain sizes present in or near rivers 

with high sinuosity. While most classic literature (e.g. Schumm and Khan, 1972) 

emphasizes the importance of silt or clay sediment in establishing a high degree of river 

sinuosity, Dietrich and Smith (1983) introduced the concept that point bar aggradation 

increases a river’s sinuosity. Such point bar aggradation and lateral accretion forces high-

velocity flow core toward the outer bank, thus further eroding the bank (Smith, 2012). 
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Recent literature (Lauer and Parker, 2008; Eke et al., 2014a, 2014b) has demonstrated 

that such erosion of local sources of sand are necessary to contribute the large amount of 

sand needed to build the point bars that drive sinuosity. In particular, Lauer and Parker 

(2008) found that sediment eroded from banks and deposited on the river bed is typically 

deposited on one of the first few bars downstream of the sediment source.  
 

1.4 Questions and hypotheses 

How is sinuosity best measured? We will demonstrate herein that river sinuosity 

is best measured consistently over reach lengths scaled by river width. We developed and 

applied vector-based methods for measuring river morphology. Our methods could be 

used not only to analyze modern subaerial rivers, but also modern submarine 

channelforms, paleo-channelforms imaged in geophysical seismic data (Fig. 3.3; Kiel and 

Wood, 2011; Kiel and Wood, 2012), and channelforms and deposits on other planets 

(Wood, 2006; Kleinhans, 2010a). 
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Figure 3.3 Map showing radius of bend curvature measurements of a shallow-subsurface 
incised valley deposit, Sunda Shelf, Indonesia (Kiel and Wood, 2011). The 
planform was mapped in three dimensions, and data exported to ArcGIS. 
The colors indicate distance along the channel. Circles show radius of bend 
curvature measurements collected. The sinuous line between channel edges 
shows the deepest part of the channel (thalweg) at that location. 

 

We hypothesize that the reach length chosen for a given sinuosity measurement is 

likely to dramatically influence the measurement. Measuring river sinuosity over either 

fixed-distance reach lengths or uncertain reach lengths introduces significant biases, as 

we will demonstrate. We propose that the first important step in measuring sinuosity is to 

scale the reach length by the river width, as a proxy for meander wavelength. The second 

step is to consistently measure over a particular number of river widths, ideally a number 

that isolates the sinuosity of a river meandering within its floodplain. Indeed, sinuosity 

can be measured in different ways to arrive at different meanings, but one must be 

consistent and specific. Measurement consistency is a key scientific control in order to 
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derive conclusions from measurements. We will demonstrate that any inconsistency in 

sinuosity measurement method is likely to have drastic effects on any sinuosity analysis. 

Which environmental factors influence sinuosity, and what is the physical 

mechanism by which sinuosity is influenced? We stress the importance of river point bar 

deposition as the key driver of river lateral migration and sinuosity. We already know 

that rivers with coarse bedload can be highly sinuous, though the relationship between 

bed grain size and sinuosity is not clear (Fig 3.4). Since the most logical local source of 

sand along a river’s length that could build point bars is local soil adjacent to the river, 

one would hypothesize that high-sinuosity rivers are associated with sand-rich soils. 

However, no study has ever demonstrated that rivers with high sinuosity generally 

traverse areas with sand-rich soil. Through presenting and analyzing data across much of 

the contiguous U.S., this study will be the first to present evidence that high sinuosity is 

associated with sand-rich soil. 
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Figure 3.4 Scatterplot showing field-measured total river sinuosity values versus field-
measured median bed grain size (D50, mm, logarithmic) for wadeable rivers 
across the contiguous U.S. Data was compiled (n = 1496) from the 
Wadeable Streams Assessment (Paulsen et al., 2008) and the western 
Environmental Monitoring and Assessment Program (Stoddard, 2005). Note 
that the dataset predominantly includes gravel-bed rivers. 

 

2. METHODS 

2.1 Data 

 To address regional and local controls on river morphology, we have used 

remote-sensing products, typically derived from aerial imagery, that capture morphology 

over vast areas. In particular, the American aerial imagery derivatives National Land 

Cover Dataset (NLCD; 30-m raster classification; Homer et al., 2007) and National 

Hydrography Dataset (NHD; < 10-m vector resolution; 
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<http://nhd.usgs.gov/index.html>) enable measurement of river widths at high spatial 

resolution and national extent. Radar interferometry can provide water-surface slope 

(Kiel et al., 2006) and velocity, but presently only at poor spatial extent or temporal 

resolution, and thus it will not be used in this study.  

Among aerial imagery products, NHD and associated NHDPlus best facilitate 

hydrologic analysis, and constitute the primary input datasets for this study. Created by 

USGS and the United States Environmental Protection Agency (USEPA), NHD contains 

ArcGIS-compatible hydrologic and related features mapped at 1:24,000 scale or better 

(High Resolution, positional accuracy effectively under 10 m; see below), while 

NHDPlus contains data pertaining to these features, including modeled flow velocity and 

water-surface slope (USEPA and USGS, 2007). The current initial version of NHDPlus 

pertains to features mapped at standard 1:100,000 scale (Medium Resolution), but federal 

data are currently being generated to match the High Resolution NHD (McKay and 

DeWald, 2010).  

NHD features were digitized by USGS from Digital Orthophoto Quadrangles, 

USGS topographic quadrangles, and United States Department of Agriculture (USDA) 

Forest Service Primary Base Series maps (see <http://nhd.usgs.gov/documentation.html> 

for more information). Horizontal accuracy of these mapped features is such that over 

90% of points tested by USGS were within 0.02 inches (at map scale) of true position—

approximately 12.2 meters ground distance at 1:24,000. Also, map digitizing is estimated 

to accrue a horizontal positional error of less than 0.003 inch map scale standard error in 

the two component directions relative to source maps (less than 1.8 m ground distance at 

1:24,000 scale). 
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We downloaded NHD High Resolution features for the contiguous U.S. from 

<http://nhd.usgs.gov/data.html> and NHDPlus Medium Resolution Flowline attributes 

from <http://www.horizon-systems.com/NHDPlus/data.php>. Because the High 

Resolution dataset contains a greater number of Flowlines than the Medium Resolution 

dataset, some High Resolution Flowlines could not be associated with NHDPlus Medium 

Resolution Flowline attributes. In addition to Flowlines and Areas, NHD Point Events 

contain dam locations used in this study. The NHD Feature Catalog 

(<http://nhd.usgs.gov/userGuide/Robohelpfiles/NHD_User_Guide/Feature_Catalog/Hydr

ography_Dataset/Feature_Delineation_Popups/NHDFlowline_Popups/StreamRiver_Tem

plate.htm>, accessed March 19, 2013) states that “the limit of a perennial 

STREAM/RIVER is the position of the shoreline when the water is at the stage that 

prevails for the greater part of the year” [i.e. median width]. 

 NHD Flowline attribute values were converted to metric units where necessary. 

Important Flowline attributes include (USEPA and USGS, 2007): 

1) GNIS_Name. Feature Name from the Geographic Names Information 

System (GNIS) 

2) FType. For rivers, FType = StreamRiver if outside of an Area polygon and 

FType = ArtificialPath if inside an Area polygon 

3) FCode. For rivers, this distinguishes perennial and intermittent Flowlines. 

2.2 Measuring river sinuosity 

Using our measured NHD river widths, we approximated λ based on a river width 

scaling relationship dating back to Leopold and Wolman (1960). In particular, Soar and 

Thorne (2001) combined nine datasets and 438 sites to find  
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λ = 10.23Wbf 

where Wbf is bankfull width. Among 50 reaches described in Leopold and Wolman 

(1960), only 4 had λ:Wbf > 20. We can now use this width scaling relationship to 

determine sinuosity measurement reach lengths. We apply a concept of reach width 

multiple (RWM), where 

RWM = Reach Length / Wbf. 

Our primary RWM of interest is taken as 10, rounded from the above equation of Soar 

and Thorne (2001), in order to approximate a single λ.  

The work of Ratzlaff (1991) deters us from measuring sinuosity over reaches 

longer than 1 λ, lest we begin to incorporate large-scale sinuosity components, such as 

valley sinuosity, into measurements that target river sinuosity. We also do not wish to 

measure over reaches shorter than 1 λ. While Leopold and Wolman (1960) consider 0.5 λ 

sufficient for sinuosity measurement (i.e. 5 Wbf), we bear in mind that in this broad 

spatial study we do not know λ at each location, but instead apply the above width 

scaling relationship to estimate λ. Next, consider that Chapter 2 showed that reach-scale 

width variability is ~2x, so it would not be uncommon for a given width measurement in 

our dataset to be roughly half of the mean reach width—but not all reaches have multiple 

measurements, so we would not be aware of this discrepancy. In such a case, our 

calculated reach length would only represent 0.5 λ based on the mean reach width. This 

would still satisfy the principles of Leopold and Wolman (1960), so the selection of 

RWM 10 gains more credence. Additionally, RWM 10 allows us to sample as long a 

reach as possible while minimizing the contributions of floodplain, terrace, or valley 

sinuosity to the measurement. 
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Since our reference plane is alongstream, we cannot easily create reaches based 

on λbf, but rather on ML, and ML ≥ λ. To approximate suitable ML, we first measured a 

preliminary sinuosity, Spre, over a reach length that approximated λ. We calculated ML 

for final measurement of sinuosity as  

ML = λ * Spre = 10Wbf * Spre 

For this purpose, Wbf was calculated with the aid of Wadeable Streams 

Assessment (WSA; Kaufmann et al, 1999) wetted and bankfull width measurements. On 

a HUC-2 (Hydrologic Unit Code 2) regional basis, linear fits of wetted and bankfull 

width measurements were performed and applied directly to our measured widths to 

calculate corresponding bankfull widths. 

Given these reach lengths, we measured sinuosities of NHD Flowlines across the 

contiguous U.S. For a full methodological description, see Appendix A.  

2.3 Relating sinuosity to other data via geospatial analysis 

 Influences on river sinuosity were assessed using a combination of our own 

measurements and those of other workers. We developed a method of measuring river 

sinuosity over reaches of roughly 1 meander wavelength, and generated sinuosity 

measurements every 1.5 km along the NHD river network. Spatial averaging of sinuosity 

produces an intuitive map that we deem more useful than individual measurements. We 

used an inverse distance weighted (IDW) average of the closest 200 points to a given grid 

cell, so that each interpolated sinuosity value represents an average among rivers of 

different sizes, similar to the sinuosity gridding approach taken by Stark et al. (2010). We 

did not include western U.S. rivers in this analysis because western drainage density is 

very low and geological variables are generally dissimilar between the eastern and 
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western halves of the contiguous U.S. Therefore, including western rivers would have 

complicated analysis while contributing few river measurements. Averaged sinuosity and 

drainage density values were then linked to soil data polygons derived from the 

STATSGO database compiled by the U.S. Department of Agriculture’s Natural 

Resources Conservation Service. (The mean area of STATSGO polygons is 96 km2.) 

With each STATSGO polygon now containing a full suite of data, simple linear 

regression was performed to derive correlation coefficients among geologic and 

hydrologic variables. 

3. RESULTS 

3.1 Sinuosity measurement sensitivity to measurement scale 

As discussed previously, sinuosities of NHD Flowlines were measured over 

reaches scaled by river width (RWM). Measured sinuosities typically increase with 

increasing reach length, and at reaches greater than ~120 times Wbf, valley sinuosity (as 

defined by Ratzlaff, 1991) is evidently the only sinuosity component that continues to 

increase. Reaches of 10 Wbf should best capture the sinuosity of rivers meandering within 

floodplains. Sinuosity varies dramaticallydepending on the reach length over which it is 

measured, and any failure to scale measurement reach length by river width leads to 

biased measurements (Fig. 3.5). As a general rule, measured sinuosities increase with 

increasing measurement reach length (Fig. 3.6). Analysis of sinuosity measurements at 

various reach lengths reveals which sinuosity components are dominant at particular 

locations (Fig. 3.7). As previously discussed, dominance of floodplain or valley 

components represents an overriding influence of older river curvature, while dominance 

of river sinuosity represents an actively sinuous system.  
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Figure 3.5 Graph of measured NHD Flowline total sinuosity vs. river width; lines reflect 
differences in measurement reach length as a multiple of width. Schumm’s 
5-mile reach method (labeled “5 miles” at bottom of legend) is the line that 
cuts across all other lines. Note this bias introduced by failing to scale 
measurement reach length by width, as Schumm (1963) failed to do, results 
in dramatic underestimation of sinuosity of wide river reaches 
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Figure 3.6 Graph of sinuosity first quartile (Q1), median, and third quartile (Q3) values 
vs. Reach Width Multiple (RWM). Such graphs can also be fit, albeit 
imperfectly, by power functions; see Fig. 3.7. 
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Figure 3.7 Map of a portion of the Mississippi River (yellow points running from north to 
south across the center of map) and nearby rivers. While sinuosity at RWM 
10 captures river sinuosity, characterizing a given reach’s sinuosity profile 
(vs. RWM) reveals which sinuosity components are dominant. Here, point 
colors represent sinuosity exponents calculated from individual sinuosity 
profiles fit by power functions of the form: Sinuosity = c [RWM]b. Red 
points represent negative or near-zero sinuosity exponents (b), as the 
sinuosity profile (vs. RWM) is dominated by modern river sinuosity. Blue 
points (high sinuosity exponents) mark reaches likely dominated by relict 
valley or floodplain curvature. 

  

3.2 Geospatial analysis of factors influencing sinuosity 

 Our measured sinuosities are uncorrelated with drainage area (r = 0.01) and 

water-surface slope (r = -0.02). Sinuosity measurements were instead found to be 

controlled by environmental and geologic variables with broad spatial trends, and thus 

sinuosity is well-suited to spatial interpolation. Our map of sinuosity measurements—

interpolated across the eastern U.S.—was linearly regressed on several geologic and 

hydrologic variables. Linear regression was chosen as the simplest, most intuitive method 
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of comparing variables. For regression analysis, average values of sinuosity and other 

data were associated at the HUC-8 catchment scale (Hydrologic Unit Code 8). Within the 

study area, mean HUC-8 area is 3483 sq km. Sinuosity was compared to 472 point 

measurements of D50 (in log form) to yield a correlation coefficient of -0.30 (significant 

at p < 0.0005). Sinuosity is also inversely correlated to drainage density (r = -0.34; 

significant at p < 0.0005) measured at resolution sufficiently high to include features less 

than 5 m wide (NHD high resolution). Sinuosity and drainage density values were also 

compared to soil data polygons derived from the STATSGO database compiled by the 

U.S. Department of Agriculture’s Natural Resources Conservation Service. Correlations 

are summarized in Table 3.2. Graphs of relationships between key variables are displayed 

in Figs. 3.8-3.9. 

 

 

 

Table 3.2. Summary of correlations (r values) among sinuosity, drainage density, and 
geologic variables. Multiple regression does not add value, as variables are 
strongly collinear. 
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Figure 3.8 Scatterplot showing measured, then interpolated, sinuosity values versus soil 
sand fraction, where 1 represents 100% sand. Linear trend line added. Those 
points with soil sand fraction > 0.85, in the lower right-hand corner of the 
graph, are all located in the U.S. state of Florida. It is not clear why these 
Florida values deviate from the overall trend of the data.  
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Figure 3.9 Scatterplot showing measured, then interpolated, sinuosity values versus NHD 
High Resolution drainage density (km per sq km). 

 

Though sinuosity and drainage density are negatively correlated, we reason that 

neither sinuosity nor drainage density affects the other, due to lack of any plausible or 

evidence-supported mechanism for such effect. We infer that drainage density does not 

dictate sinuosity partly from each of their correlations to precipitation: low drainage 

density in dry areas is not associated with high sinuosity.  We infer that sinuosity does 

not dictate drainage density from a sense of scale: for example, meandering within a 

floodplain is unlikely to affect rivers outside of the floodplain. Rather, sinuosity and 

drainage density are evidently both influenced by soil character, which in turn causes 

their negative correlation. 
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Specifically, the soil characteristic that influences sinuosity and drainage density 

most is sand fraction (r = 0.54). Sand fraction is most highly correlated with measured 

sinuosity. Sand fraction is strongly related to clay fraction, erodibility, and permeability; 

erodibility and permeability are heavily influenced by the fractions of sand and clay. The 

negative correlation of sinuosity with soil erodibility (due to rain and overland flow) 

reflects an association of high sinuosity with soils that are relatively stable. Brief analysis 

of soil data reveals that these stable soils tend to contain coarser grains. The blue and red 

points in Fig. 3.10 respectively identify locations of major water and wind erosion of 

cropland. Most areas of major cropland erosion are also areas of low-sinuosity rivers 

(Fig. 3.10). In addition, sinuosity is negatively correlated with land slope (r = -0.37). A 

negative correlation of sinuosity with land slope and soil erodibility suggest that river 

sinuosity tends to be lower in erosional environments.  
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Figure 3.10 Map from U.S. Department of Agriculture showing locations of major water 
erosion (blue points) and wind erosion (red points) of cropland in 2007. 
Spatial patterns in this map are similar to those in a 1982 erosion map (not 
pictured). River sinuosities calculated in our study show that sinuosities tend 
to be lower in areas of wind and water erosion. Source: 
<http://www.nrcs.usda.gov/wps/portal/nrcs/detail/national/technical/nra/nri/
?cid=stelprdb1041887>, accessed March 28, 2013. 

 

Vegetation characteristics do not exhibit correlations with sinuosity. This is 

counterintuitive in the sense that sinuosity differences, as previously discussed, have been 

attributed partly to vegetation character (Constantine et al., 2010). However, this non-

correlation makes sense because we observe that vegetation metrics such as Normalized 

Difference Vegetation Index (NDVI; a measure of vegetation rigor) is linearly related to 

precipitation (Paruelo and Lauenroth, 1995,1998; Gunnula et al., 2011), and sinuosity’s 
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correlation with precipitation is weak (r = 0.16 in eastern U.S.). While V is influenced by 

other variables, such as temperature, this linear relationship has been shown in several 

other studies in various environments (Paruelo and Lauenroth, 1995,1998; Gunnula et al., 

2011). Vegetation regimes of high sinuosity zones range from conifer-rich forests to 

predominantly grassy plains. We reason that vegetation abundance and variety influences 

whether rivers take meandering form, more than the precise degree of a river’s sinuosity. 

Whether a river reach’s sinuosity is 1.2 or 2, vegetation plays a role in preventing inner 

river bend chute cutoff, but vegetation character cannot increase a reach’s sinuosity from 

1.2 to 2 over time. Instead, sandy point bar accretion could account for such an increase 

in sinuosity.  

Visual examination of sinuosity and geologic trends (Figs. 3.11 to 3.15) is one 

way to analyze the correlations presented in Table 4.1.  
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Figure 3.11 Map showing measured sinuosity values interpolated across the central and 
eastern U.S. U.S. state boundaries can be seen in thin black lines. Sinuosity 
is a dimensionless parameter calculated as sinuous length divided by straight 
line length. The higher the number, the more sinuous the stream. 
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Figure 3.12 Map of bedrock age (in millions of years before present) across the central 
and eastern U.S., downloaded from the USGS at 
<http://water.usgs.gov/lookup/getspatial?ofr99-77_geol75m>. Note the 
contact between continental craton (warm colors) and younger rocks (green) 
that are sedimentary in character. 
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Figure 3.13 Map of STATSGO soil sand fraction (from 0 to 1) across the central and 
eastern U.S., downloaded from 
<http://water.usgs.gov/GIS/metadata/usgswrd/XML/hlrus.xml>. Legend 
shows soil sand fraction, where 0 equals no sand in the soil and 1 equals 
100% sand soil composition. 
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Figure 3.14 Map showing HUC-8 (Hydrologic Unit Code) drainage polygons classified 
by drainage density (river km per sq km of land) across the central and 
eastern U.S. HUC polygons are defined by USGS based on drainage 
divides. 
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Figure 3.15 Map showing measured sinuosity values interpolated across the central and 
eastern U.S. Here, sinuosity data is underlain by soil sand fraction 
(represented here as three classes). Locations of high sinuosity are generally 
locations of high soil sand fraction. 

 

4. DISCUSSION 

4.1 Importance of proper sinuosity measurement technique 

 Little work has previously been done remotely measuring sinuosity over large 

areas. Workers interested in measuring sinuosity rarely possess a clear understanding of 

how to choose river reach lengths over which to measure sinuosity. One large-scale study 

involving remotely measured sinuosity is Stark et al., 2010. The authors measured 

sinuosity over reaches determined merely by segmenting streams “into reaches between 
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stream junctions.” A method such as this could introduce significant biases: for instance, 

if the average distance between stream junctions is much greater in some regions than 

others, measurement reaches would be much longer, and sinuosity measurements likely 

to be biased higher than measurements in other areas. Also, a measurement method such 

as that of Schumm (1963), which involved fixed 5-mile reach lengths, introduces biases 

because reaches are not scaled by river width: the fixed reach length skews sinuosity 

measurements of wider river reaches to be relatively low, and vice versa. Instead of these 

imprecise methods, quality assessment calls for a standard, replicable method of sinuosity 

measurement. 

We have demonstrated that river sinuosity is best measured consistently over 

reach lengths scaled by river width. The first important step in measuring sinuosity is to 

scale reach lengths by river width. The second step is to consistently measure over a 

particular number of river widths, ideally a number that isolates the sinuosity of a river 

meandering within its floodplain. We have demonstrated that any inconsistency in 

sinuosity measurement method is likely to have drastic effects on any sinuosity analysis. 

Precise sinuosity measurement is critical for any study using sinuosity analysis to 

infer broader geologic conclusions. In particular, sinuosity histories are frequently used to 

infer paleo-climatic or paleo-eustatic changes. For example, changes in channel geometry 

and sinuosity are frequently used to infer changes in eustasy (Shanley and McCabe, 1993 

and 1994) and climate (Olsen, 1990; Smith, 1994; Legarreta and Uliana, 1998). In 

addition, Blum et. al. (1995) linked sand-rich and highly sinuous Quaternary deposits in 

the modern Trinity River valley of Texas to icehouse climate. Blum surmised that 

tropical storm-related flooding and overbank deposition of fines, though frequent in the 
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area today, was limited during the Quaternary. In this case, local river widths, meander 

lengths, and sinuosities have all decreased since the Quaternary (Garvin, 2008). Each of 

these decreases would tend to increase the “sinuosity exponent” introduced in this paper, 

as historical curvature (as measured at long reach lengths) dwarfs modern curvature (as 

measured at short reach lengths). All studies involving river sinuosity analysis rely on the 

accurate measurement of sinuosity, a process detailed by this paper. 

4.2 Influences on high-sinuosity rivers 

 Although there are myriad variables that can potentially influence sinuosity, our 

work finds that soil sand content is a primary influence that enhances sinuosity. We also 

find that although there is little direct link between sinuosity and drainage density, many 

geologic variables associated with high sinuosity are those associated with low drainage 

density. Meanwhile, river drainage area and slope were found to have no influence on 

observed sinuosities. The lack of a relationship between sinuosity and water-surface slope 

does not support the conclusion of Schumm and Khan (1972) that slope has a strong 

impact on sinuosity. Furthermore, the lack of a relationship between sinuosity and river 

scale (represented here as drainage area) does not support the conclusion of Petrovszki et 

al. (2014) that river discharge and slope control sinuosity. While it is harder for us to 

assess the relationship between sinuosity and vegetation using available data, the 

literature reveals that soil stability owing to vegetation is a primary facilitator of 

sinuosity.  The influences of bank grain size and bank vegetation on sinuosity are now 

discussed in more detail. 

Conventional wisdom is that high sinuosity is facilitated by stable banks and an 

abundance of silt or clay grains in the river and/or its banks (e.g. Schumm, 1963; 

Braudrick et al., 2009). However, we find that rather than an abundance of silt or clay, an 

abundant source of sand (present in soil) available for deposition in the river bed is a key 
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characteristic of high-sinuosity systems. This association is likely due to the availability 

of such sands to form bar architectures in streams. Work such as Lauer and Parker (2008) 

and Eke et al. (2014a, 2014b) discuss this process, suggesting that sand-rich soil would 

contribute a large amount of sand to a river via cut-bank erosion, and thus contribute a 

large sand supply to build the point bars that drive sinuosity. Point-bar accretion is 

largely driven by helicoidal flow that erodes material from bend outer banks and deposits 

it on bend inner banks. A requisite for maintaining a supply of sand to be eroded from 

bend outer banks is that surrounding soil be sand-rich. 

While it is probable that small amounts of fine sediment play a role in fostering 

the vegetation character that facilitates sinuosity, it is likely that most river settings 

contain enough fine sediment to fulfill this purpose, so that regional variability in 

sinuosity is unlikely to be controlled by fine-sediment variability. In fact, Braudrick et al. 

(2009) found that flows depositing relatively little fine sediment on floodplains were still 

able to produce stable meandering with only occasional chute cutoffs. Constantine et al. 

(2010) stress that inner bend (i.e. point bar) stability owing to vegetation is of primary 

importance to river form: straight or meandering. Thus we reason that vegetation 

character has a crucial, binary impact on river sinuosity, influencing whether or not rivers 

take meandering form. Yet vegetation alone cannot generate high river sinuosity. Instead, 

the process of sandy point bar accretion determines the degree of sinuosity, and this sand 

is sourced locally from soil. 
 

5. CONCLUSIONS 

 Remote measurements of river sinuosity have occasionally been published, but 

rarely over large spatial scales, due to the perceived difficulty in making consistent, 

accurate, time-efficient measurements. Faulty sinuosity measurement methods are likely 

to have drastic effects on any sinuosity analysis. For instance, we found that applying a 
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fixed measurement reach length across rivers of variable width, as Schumm (1963) did, 

introduces bias such that sinuosity measurements of wide rivers are underestimated.  

Sinuosities of mapped NHD rivers were measured in this study using a new 

method. The most important parameter of sinuosity measurement is reach length. River 

sinuosity is best measured consistently over reach lengths scaled by river width. This 

necessitates the availability of width measurements. We apply the standard set by 

Leopold and Wolman (1960) in using reach lengths of roughly a single meander arc 

length to best measure the sinuosity of a river meandering within a floodplain. The 

precision and accuracy of a sinuosity analysis is a critical foundation for any study that 

uses sinuosity as a basis for making other calculations, or for inferring broader geologic 

or climatic conditions. 

Sinuosities are uncorrelated with drainage area (r = 0.01) and water-surface slope 

(r = -0.02). Sinuosities were instead found to be controlled by environmental and 

geologic variables with broad spatial trends, and therefore well-suited to spatial 

interpolation prior to further statistical analysis. Across the eastern half of the contiguous 

U.S., high river sinuosity (i.e. > 1.25) is fostered by a combination of high channel-

adjacent soil sand content (r = 0.54) and, as work other than our own suggests, vegetated 

inner bend bank stability. Vegetation character influences whether rivers take meandering 

form, but does not determine the degree of a river reach’s sinuosity. A number of 

geologic variables supporting meandering river form and/or high sinuosity (including 

high soil sand content and gentle land slope) are also positively related to low drainage 

density, but we conclude that neither sinuosity nor drainage density directly affects the 

other.  
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We have provided the first evidence at a broad spatial scale that the lateral erosion 

of bend outer banks in sinuous rivers is driven by a self-reinforcing mass balance cycle: 

sand-rich soil eroded from outer banks sustains sandy point bar lateral accretion, which in 

turn sustains outer bend lateral erosion. This gradient between net erosion and net 

deposition forces passive lateral flow migration away from the advancing point bar 

toward the retreating outer bank, thus enhancing sinuosity.  
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Chapter 4: Measured Sinuosities Enable Quantification of Hyporheic 
Exchange throughout the U.S. Midwest 

 

1. INTRODUCTION 

1.1 Hyporheic exchange and its significance 

 River sinuosity sets up hydraulic head gradients across point bar deposits that result in 

exchange between river water and groundwater (Boano et al., 2006; Cardenas, 2009a; Harvey 

and Bencala, 1993; Kasahara and Wondzell, 2003). The zone of sediment near the river bed and 

banks where such exchange occurs is called the hyporheic zone (Fig. 4.1). According to spatial 

variability in hydraulic head gradients, hyporheic exchange involves locations of flow from river 

to hyporheic zone and locations of flow from hyporheic zone to river. For discussion on reach-

scale heterogeneity in hyporheic exchange, see Sawyer and Cardenas (2009). Hyporheic 

exchange provides important ecosystem services such as chemical processing (Battin et al., 

2008; Ren and Packman, 2005) and habitat enhancement (Feris et al., 2003; Arscott et al., 2005). 

Exchange through river beds is governed largely by bedform character (Cardenas and Wilson, 

2007b; Worman et al., 2007), while through-bank exchange is known to be influenced by other 

factors such as sinuosity, but is not as well-understood. We seek to further our quantitative 

understanding of through-bank exchange by applying methods of Cardenas (2009a, b) within the 

upper Midwest of the U.S. 
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Figure 4.1 Schematic diagram of the hyporheic zone. Red arrows represent hyporheic exchange. 
Source: <http://www.wess.info/typo3/index.php?id=60>, accessed January 16, 
2013. 

 

 The impact of hyporheic exchange on both organic and inorganic river chemistry is due 

to the role of microbes in the hyporheic zone (Battin et al., 2008; Ren and Packman, 2005). 

While relatively little work has quantitatively linked the physical process of hyporheic exchange 

with chemical processes, a recent study Zarnetske et al. (2011) did so. In the U.S., a process of 

paramount importance is transport of fertilizer nitrate within the Mississippi River drainage and 

its subsequent deposition in the Gulf of Mexico, leading to proliferation of cyanobacteria 

(Schindler and Vallentyne, 2008) that have generated a hypoxic (low oxygen) “dead” zone (Fig. 

4.2) larger than New Jersey and progressively growing (NOAA, 2012). This area is called a dead 

zone because its chemistry has become poorly suited to support marine life. Other marine 

hypoxic zones caused by similar processes are dispersed along the U.S. coast and globally. 

Ideally, hyporheic exchange would involve sequestration of any excess nitrogen out of river 

water and into the hyporheic zone, but possible complications are the presence of nitrogen in 
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sufficiently high concentration as to overwhelm microbial denitrification (nitrogen fixing) 

mechanisms, and the tendency for nitrogen concentration to actually increase under microbial 

influence in some areas (for discussion of microbial nitrificiation, see Zarnetske et al., 2011). 

 

 

Figure 4.2 Map of Gulf of Mexico bottom water oxygen concentration in mg/L, or parts per 
million. Latitude marked on Y-axis, longitude marked on X-axis. Black line 
represents area classified as hypoxic (< 2 mg/L). Data collected July 21-27, 2008. 
Source: N. Rabalais, Louisiana Universities Marine Consortium, map by B. Babin, 
available at 
<http://www.noaanews.noaa.gov/stories2008/images/deadzone_gulf.jpg>, accessed 
April 3, 2013. 

 

 Efforts to model river transport of nitrate, or nitrogen, have yielded valuable insights but 

rarely integrated hyporheic exchange quantitatively. Alexander et al., (2000) found that the rate 

of downstream nitrogen removal is inversely related to river size, with river depth considered 

particularly important. Depth can be conceptualized as volume of water to be processed divided 

by water-sediment interface area. Deep rivers experience lower rates of nitrogen removal, as 

proportionally less water is in contact with the sediment interface (Seitzinger et al., 2002). 

Seitzinger et al.(2002) emphasized the ratio of depth to water time of travel. Though alluding to 

the role of hyporheic exchange in nitrogen processing, neither study quantified this role. 
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1.2 Modeling hyporheic exchange from river parameters 

Workers such as Larkin and Sharp (1992) and Cardenas (2009a, b) have related exchange 

between river water and groundwater to planform properties of rivers. Larkin and Sharp (1992) 

discussed the influence of river slope, sinuosity, and width:depth ratio, and other variables on 

groundwater interactions. Cardenas (2009a, b) analytically modeled hyporheic exchange from 

Darcy’s Law using valley slope and river sinuosity parameters, among others. Cardenas’ 

analytical results were corroborated experimentally by Nowinski et al. (2012) at Saint Anthony 

Falls Laboratory at the University of Minnesota.  

 

2. DATA AND METHODS 

2.1 Reach-scale methodology  

The methods of Cardenas (2009a, b) were applied to calculate through-bank hyporheic 

exchange and residence times (average length of time river water takes to traverse a given 

hyporheic zone) throughout the Missouri, Upper Mississippi, and Ohio River drainages (Fig. 

4.3).   
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Figure 4.3 Map of U.S. Hydrologic Unit Code (HUC) Level 2 drainages. U.S. Study area 
includes Ohio River drainage (labeled 05), Upper Mississippi River drainage (07), 
and Missouri River drainage (10). Note that we did not include the Tennessee River 
drainage (06). Thus the study area includes 2,351,600 km2, or 79% of the complete 
Mississippi River drainage. Gulf of Mexico hypoxic zone is located south of Unit 
08. 
 

 

We followed the step-by-step calculation procedure compiled on page 10 of Cardenas 

(2009b). This procedure assumes sinusoidal river form. Cardenas’ (2009a) base case for 

calculating a dimensionless rate of hyporheic exchange along a given river reach is  

  

where Qb is base case hyporheic exchange, S is river sinuosity, J is valley slope, and a, b, and c  

are constant coefficients. For further discussion regarding the influences of geologic variables on 

hyporheic processes, see Gomez et al. (2012). 
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 Cardenas (2009b) next accounts for variance in baseflow, the flow of groundwater into 

rivers that is driven by hydraulic head gradients (differences in liquid pressure). Baseflow can 

inhibit hyporheic exchange by impeding river water from entering the hyporheic zone (Cardenas, 

2009b). Hydraulic head gradients under the influence of baseflow are calculated using Darcy’s 

Law as  

 

where qy = baseflow divided by river bank area,   = horizontal hydraulic head gradient, and 

K = horizontal hydraulic conductivity, which here describes the ease with which water can pass 

through the river bank. Cardenas (2009b) then uses  to calculate a dimensionless baseflow 

parameter, B. Final dimensionless exchange, Q, is the product of Qb and B (for further details, 

see  Cardenas, 2009b).  

 The 1D rate of hyporheic exchange (Q1D) along a given river reach is calculated as  

Q1D= K Q.  

The 3D rate of hyporheic exchange ( QE) along a given river reach is then calculated as  

 QE = 2 Q1D Ab 

where 2 represents the presence of two river banks and Ab is wetted area of one river bank (i.e. 

submerged bank area at a given time), taken in this study as the product of reach length and 

wetted river depth (i.e. depth at a given time). 

 Residence times in the hyporheic zone were calculated as follows: the base case, Tb, was 

calculated as  
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where is meander arc length (as described in Chapter 3) and A is hyporheic zone lateral area, 

calculated by inputting  and sinuosity (S) to Equation 14 of Cardenas (2009b).  

Next we used the hydraulic head gradient, , to calculate a dimensionless baseflow 

parameter Td: 

 

where  is the ratio of hydraulic head gradient to valley slope, and s and t are functions of 

sinuosity (Equations 22 and 23, respectively, of Cardenas, 2009b). 

 Final residence time, T, was then calculated as the product of Tb and Td. 

2.2 Data 

The above procedure was applied to the U.S. Geological Survey’s National Hydrography 

Dataset (NHD; <http://nhd.usgs.gov/index.html>) at the best spatial resolution available. 

Specifically, High Resolution NHD was used in order to capture the greatest number of rivers at 

the best map resolution. We only analyzed NHD Flowlines (i.e. 1D river lines) characterized as 

Perennial (FCode = 46006) or, for those Flowlines lying within NHD Areas (2D river polygons), 

Artificial Path (FCode = 55800). For a thorough discussion of flowline selection, see Chapter 2. 

According to the methods of Cardenas (2009a, b), we required the following input data to 

calculate volumetric hyporheic exchange and residence time:  river sinuosity, valley slope, 

horizontal hydraulic conductivity, river depth, river width, river discharge, and baseflow.  

 River sinuosities were measured using NHD, with the aid of measured river widths used 

to calculate meander wavelengths as described in Chapter 3. Measurement of sinuosity over a 
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single meander arc length was particularly important for input to the model of Cardenas (2009a, 

b) since one meander arc length is essentially the scale of the model. As described in Chapter 3, a 

population of >50,000 sinuosity measurements was spatially interpolated using inverse distance 

weighting linearly among 200 points to produce Fig. 4.4. This interpolation reveals strong spatial 

trends controlled by geologic variables (for discussion of influences on sinuosity, see Chapter 4). 

Because some rivers were too narrow to warrant 2D mapping by USGS (i.e. no NHD Area) and 

were therefore outside the scope of measurement methods presented in Chapter 3, this 

interpolation was used to assign sinuosity values to such rivers. 
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Figure 4.4 Map showing our measured, then interpolated, river sinuosity values over the central 
and eastern U.S. 

 

Valley slopes (JX) were derived from analysis of both USGS’ Hydrologic Land Regions 

dataset (Wolock, 2003) and federal field measurements of water surface slope (JL) and long-

reach sinuosity of wadeable, typically low-order rivers (WSA, EMAP). First we calculated 

valley slope at 448 field measurement sites as: 

JX = JL ΩL 

where JX is valley slope, JL is water-surface slope, and ΩL is sinuosity measured in the field over 

reach lengths 40-100 times local wetted width (Kaufmann et al., 1999). To produce a 
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comparable metric applicable across the U.S., we compared JX to land slopes of USGS’ 

Hydrologic Land Regions dataset (Wolock, 2003) and found the relation: 

JX = 0.4587 JL + 0.0041, r2 = 0.43 (Fig. 4.5).  

 

 

Figure 4.5 Graph showing regression of Jx(JL), with linear fit shown. 

 

 Horizontal hydraulic conductivity (K) was calculated throughout the study area based on 

median river bed grain size (D50). Grain size data was compiled (n > 400) from the Wadeable 

Streams Assessment (Paulsen et al., 2008) and the western Environmental Monitoring and 

Assessment Program (Stoddard, 2005). Because D50 exhibits broad spatial trends owing to 

contrasts between areas of mountainous relief and lowlands, log10 (D50) was spatially 

interpolated using inverse distance weighting linearly among 12 points. The resulting continuous 

map (Fig. 4.6) was used to produce a continuous map of K using the method of Shepherd (1989). 

Nebraska fieldwork of Lu et al. (2012) supports the application of Shepherd’s (1989) method 

within our study area. Specifically, we follow Lu et al. (2012) in calculating K as 

K = 1.62 * D50
1.62 
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where units of K are m/day and units of D50 are mm. Because Shepherd (1989) only considered 

D50 ≤ 10 mm, we set any locations of D50 > 10 mm at 10 mm. Applying this D50 threshold 

presumably yields under-estimation of K for D50 > 10 mm and, ultimately, conservative estimates 

of hyporheic exchange at those locations. 

 

 

Figure 4.6 Map of interpolated D50. Dots indicate points where D50 measurements were available. 
Note that while log10(D50) was used for interpolation, the interpolation was then 
converted from log form to mm for the purposes of this map. 

 

 Bankfull river depth (Hbf) was modeled from regression analysis of field-measured 

bankfull depths (EMAP, WSA) on drainage area (DA) and precipitation (P) separately for the 

Ohio, Upper Mississippi, and Missouri River drainages (Fig. 4.7). To calculate the wetted river 

depths (Hwet) used in this study, an additional step was required: performing a linear regression 

of Hwet on Hbf (Fig. 4.8), yielding the relationship Hwet = 0.375 Hbf. 
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 Bankfull width, which was required by some calculations but notably not those of 

residence time, was modeled from measurements of median width as discussed in Chapter 3 

where possible (Fig. 4.9). For low-order streams not represented as NHD Area polygons, 

NHDPlus Flow Accumulation (drainage area) data was combined with mean annual precipitation 

data to model bankfull width separately for the Ohio, Upper Mississippi, and Missouri River 

drainages (Fig. 4.9). 

River discharge QR, which was also not involved in the calculation of residence time, was 

taken directly from NHDPlus data where possible. For low-order streams whose discharges are 

not included in NHDPlus, NHDPlus Flow Accumulation (drainage area) data was combined with 

mean annual precipitation data to model discharge separately for the Ohio, Upper Mississippi, 

and Missouri River drainages (Fig. 4.10). Since NHDPlus includes most rivers of significant 

size, this regression analysis was confined to rivers with mean discharge less than 10 m3/s.  

In order to incorporate spatial baseflow data, we analyzed USGS gaged river discharge 

data and baseflow (Fig. 4.11), available as the product of mean river discharge and USGS 

baseflow index (http://water.usgs.gov/lookup/getspatial?bfi48grd). Baseflow data from each of 

the three drainages were separately fit with a linear regression on drainage area with r2 values ≥ 

0.93, yielding the following rates of baseflow per km2 of drainage area: Ohio, 804 m3/day; Upper 

Mississippi, 423 m3/day; and Missouri, 86 m3/day (Fig. 4.12).  
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Figure 4.7 Graphs showing multiple regressions of Hbf(P,DA) for the different watersheds. Left 
column shows the data points and right column shows the fitted surface. Top row: 
Ohio River watershed; middle row: U. Mississippi River watershed; bottom row: 
Missouri River watershed. 

 

 

Figure 4.8 Graph showing regression of Hwet(Hbf) using data from all three watersheds. 
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Figure 4.9 Graphs showing regressions of Wbf(Wwet) and Wbf(DA) for the different watersheds. 
Top row: Ohio River watershed; middle row: U. Mississippi River watershed; 
bottom row: Missouri River watershed. 
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Figure 4.10 Graph showing linear regressions of QR(DA) for the different watersheds. This graph 
reveals three clear “prongs” which represent, from left to right, the Ohio, Upper 
Mississippi, and Missouri drainages. 
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Figure 4.11 Map of gaged BFI data available from USGS. 
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Figure 4.12 Graph showing linear regressions of QBF(DA) for the different watersheds. This 
graph reveals three clear “prongs” corresponding to the Ohio, Upper Mississippi, 
and Missouri drainages. 

 

2.3 Network methodology 

The methods above were used to calculate reach-scale exchange dynamics, which can 

then be aggregated to describe network-scale dynamics. we also developed methods to describe 

downstream dynamics within a drainage network, especially for applications of contaminant 

transport, using the network topology of NHD features. 

A potentially informative way to characterize downstream exchange dynamics is to 

calculate a flow length over which a given fraction of river water will be involved in hyporheic 

exchange. For each Flowline, we calculated the flow length necessary for 50%, and 90%, of 

water routed downstream from that reach to be exchanged. If combined with reach-scale 

residence time calculations, flow length calculations yield the length of time the average drop of 

river water resides in the hyporheic zone. This is especially relevant for modeling contaminant 
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transport, but due to the fledgling nature of the relevant chemical science, contaminant transport 

is not modeled in this paper. Another perspective on network-scale dynamics is to consider the 

aggregate exchange history of flow reaching the network outlet, which in this case is the 

confluence of the Ohio and Upper Mississippi Rivers.  

These calculations were done as follows: 

1. For each Flowline, incremental discharge QRi (i.e. entering the Flowline locally without 

having entered the network elsewhere) was modeled from incremental drainage area and 

precipitation using a method identical to previously described discharge modeling. 

2. For each Flowline, a unit flow length L was calculated, using river width, as one half 

meander arc length (i.e. one meander bend; calculation method and terminology 

discussed in previous chapters). This is taken as unit flow length because it is the length 

over which a full cycle of through-bank hyporheic exchange occurs—flow of river water 

into the upstream edge of an inner bend, and flow from hyporheic zone to river through 

the downstream edge of an inner bend. L is needed to establish the event unit of a 

probability model. The rate of hyporheic exchange along L, in m3/s, is taken as QE. 

3. F, the ratio of exchange to discharge (QE:QR), represents the fraction of river water 

involved in hyporheic exchange as river water traverses L.. In a small number of 

instances where F was calculated > 1, F was set to 1 in order to preserve model 

functionality. 

4. PN, the probability of a given water molecule traversing the Flowline without being 

exchanged, was calculated as 

PN = (1 - F)L 
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5. Just as individual Flowlines comprise separate channel bends, the drainage network 

comprises many Flowlines. The probability of a given water molecule traversing the 

network without being exchanged, PN, was calculated as the product of all F along the 

flowpath from its source Flowline to the network outlet. This method assumes 

homogenous mixing of river water. We also determined, for each Flowline, the 

downstream flow length necessary for 50% of its incremental discharge to be exchanged, 

and 90% (L50, L90).  

6. Fo, the fraction of water reaching the outlet that had been exchanged over the course of 

its flow, was calculated as 

Fo = 1 – ( ∑ PN QRi )/ ( ∑ QRi ) 

with PN and QRi having been previously calculated for each Flowline. 

 
3. RESULTS 

Fo, the fraction of water reaching the confluence of the Ohio and Upper Mississippi 

Rivers that had been exchanged over the course of its flow, is 99.6%. The following results 

concern a sample of 1 million points randomly distributed across the study area. 

Mean F is 0.147, but many smaller rivers have F > 0.75 (Fig. 4.13). A previous study 

showed that local exchange turnover (analogous to F) at river segments that are hundreds of m 

long, with discharge ranging from 1-100l s-1, reaches as high as 40% (Covino et al., 2011), 

which is consistent with our results. F is related to QR (m3 s-1) via (Fig. 4.14a; R2 = 0.97): 

F (QR) = 0.0673QR
-0.447 
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Dimensionless baseflow B (Fig. 4.15) averages 88%—meaning that baseflow reduces 

hyporheic exchange by 12% on average—with a 24% standard deviation. Unlike F, B does not 

exhibit a clear relationship with QR (Fig. 4.14b). 

L50, the downstream flow length necessary for 50% exchange to occur (Fig. 4.16), 

exhibits a mean of 1.64 km and median of 0.67 km. L90, the downstream flow length necessary 

for 90% exchange to occur, exhibits a mean of 2.77 km and median of 1.58 km. 

Residence time in the hyporheic zone (Fig. 4.17) exhibits a mean of 1.5 days and median 

of 98 minutes (Fig. 4.18). Zarnetske et al. (2011) found in their Oregon (U.S.) study area that 

hyporheic zone locations with residence times of 6.9 hours exhibited maximum nitrate 

concentration, that locations with residence time < 6.9 hours exhibited net nitrification (increase 

of nitrate concentration), and that locations with residence time > 6.9 hours exhibited net 

denitrification. With respect to the threshold value of 6.9 hours, only 24.2% of river length 

within our study area would be expected to exhibit net denitrification. 
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Figure 4.13 Map and probability distribution (inset) of the fraction of laterally exchanged water 
(F) for the Mississippi River network. The distribution has n = 452,766. 
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Figure 4.14 Boxplot graphs showing relationships between (a) fraction of exchanged water F 
with river discharge Q, and (b) fraction of reduction of hyporheic exchange due to 
baseflow B with river discharge Q. The quantiles in the boxplots are 50% (red 
lines), 25% and 75% (blue box boundaries), and 10% and 90% for the whisker 
edges. 
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Figure 4.15 Map and probability distribution (inset) of the 50% lateral exchange length (L50) for 
the Mississippi River network. The distribution has n = 452,766. 
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Figure 4.16 Map and probability distribution (inset) of the lateral hyporheic flux reduction ratio 
due to groundwater baseflow (B) for the Mississippi River network. The 
distribution has n = 452,766. 
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Figure 4.17 Map and probability distribution (inset) of the lateral hyporheic zone residence time 
for the Mississippi River network. The distribution has n = 452,766. 
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Figure 4.18 Frequency histogram showing residence times (here shown in log10 form) via 1 
million random samples taken along the river network. Dashed vertical line 
corresponds to 6.9 hours: Zarnetske et al. (2011) found that hyporheic zone 
locations with residence times of 6.9 hours exhibited maximum nitrate 
concentration, that locations with residence time < 6.9 hours exhibited net 
nitrification, and that locations with residence time > 6.9 hours exhibited net 
denitrification. Only 24.2% of river length within our study area would be expected 
to exhibit net denitrification. 

 

4. DISCUSSION 

This study introduces important methodologies and yields results that are meaningful in 

numerous ways. We developed the first relationship of baseflow with drainage area across our 

upper Midwest study area. We developed a map of interpolated D50 across the study area for the 

purpose of estimating K. These and other data were input to a new, drainage network-scale 
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procedure for characterizing through-bank hyporheic exchange and residence times. Our analysis 

of hyporheic exchange has several important applications. 

Our calculated ratios of hyporheic exchange to river discharge are perhaps most relevant 

locally to aquatic fauna, some of which prefer to reside near locations of active hyporheic 

exchange (e.g. Geist and Dauble, 1998). This ratio informs ecological management by 

suggesting preferred habitat locations for a variety of fauna.  

Hyporheic residence times, and the exchange flow lengths L50 and L90, are most relevant 

to understanding contaminant transport. Hyporheic exchange affects river chemistry due to the 

role of microbes in the hyporheic zone. Previous efforts to model hyporheic zone regulation of 

nitrate concentration in rivers by Alexander et al., (2000) and Seitzinger et al., (2002) lacked a 

physical process base. Here, we applied the process-based hyporheic exchange model of 

Cardenas (2009a, b) in order to quantify hyporheic exchange at drainage network scale. While 

Seitzinger et al., (2002) discussed the influence of flow length on nitrate transport, we have 

quantified exchange flow lengths L50 and L90, and residence times operative throughout the upper 

Midwest drainage network. 

We calculate that 99.6% of all water reaching the confluence of the Ohio and Upper 

Mississippi Rivers has entered the hyporheic zone at some point along the drainage network. 

Thus, the hyporheic process discussed herein is applicable to nearly all water that enters the 

drainage network. To understand the chemical implications of such prolific exchange, we turn to 

recent geochemical fieldwork. While hyporheic geochemical research does not yet suggest clear 

chemical implications of our own analysis, Zarnetske et al. (2011) found at their Oregon site a 

threshold residence time of 6.9 hours.  Hyporheic zone locations with residence time < 6.9 hours 

exhibited net nitrification, while locations with residence time > 6.9 hours exhibited net 
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denitrification. If this threshold value were applicable across our study area, only 24.2% of river 

length in this study would be expected to exhibit net denitrification. Zarnetske et al. (2011) 

acknowledge that their residence time threshold likely varies in time and space. Still, the 

documentation of such a threshold between nitrification and denitrification holds implications for 

ecological management globally. In the case of the Mississippi River Drainage, this threshold 

makes clear that many hyporheic zones are failing to filter nitrate out of river water that passes 

through them, due to insufficient residence time. 

Integration of such geochemical results with our hydraulic process-based model yields a 

full framework for understanding contaminant transport at scales ranging from reach to drainage. 

It seems that the key products of this integration are classification of reaches as nitrifying or de 

nitrifying, and an understanding of cumulative chemical process at drainage network scale.  As 

active hyporheic zone management begins to take hold (e.g. Kasahara et al., 2006; Hester and 

Gooseff, 2010), it is crucial for policymakers and ecological managers to be aware of present 

hyporheic dynamics, and which management tactics are logical given those dynamics. 

The biggest step to increase the accuracy of our hydraulic model would be to improve 

knowledge of local horizontal hydraulic conductivity K, likely by improving knowledge of river 

bank grain size. K is a multiplier in the equations for both hyporheic exchange and residence 

time. 

 

5. CONCLUSIONS 

 Hyporheic exchange influences spatial distributions of both fauna and chemicals in 

rivers. This manuscript represents the first physical process-based study of hyporheic exchange 

at drainage network scale. By applying reach-scale methods of Cardenas (2009a, b) and 
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developing new methods and datasets for network-scale study, we have identified widespread 

controls on hyporheic exchange and residence times across the upper Midwest of the U.S. The 

Midwest is a particularly crucial area for hyporheic study, as its chemical runoff contributes 

significantly to a large Gulf of Mexico anoxic zone. Previous efforts to model hyporheic zone 

regulation of nitrate concentration in rivers lacked a physical process base.  We consider 

methods and formulae discussed herein to be broadly applicable to river reaches and networks.  

 We calculate that 99.6% of all water reaching the confluence of the Ohio and Upper 

Mississippi Rivers has entered the hyporheic zone at some point along the drainage network. L50, 

the downstream flow length necessary for 50% exchange to occur, exhibits a mean of 1.64 km 

and median of 0.67 km. L90, the downstream flow length necessary for 90% exchange to occur, 

exhibits a mean of 2.77 km and median of 1.58 km. These lengths are somewhat startlingly short, 

but are within the realm of probability suggested not only by our analysis, but by Covino et al. 

(2011). Thus, the average water molecule can’t even traverse a few kilometers without entering a 

hyporheic zone. 

To understand the network-scale chemical implications of this prolific hyporheic 

exchange, we turn to Zarnetske et al. (2011), who found at an Oregon site a threshold residence 

time of 6.9 hours. Hyporheic locations with residence times < 6.9 hours exhibited net 

nitrification, while locations with residence times > 6.9 exhibited net denitrification. If this 

threshold value were applicable across our study area, only 24.2% of river length in this study 

would be expected to exhibit net denitrification. 

We have arrived at an understanding of why hyporheic zones within the Mississippi 

River Drainage are not effectively filtering fertilizer nitrates out of river water. Clearly, the 
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problem is not that river water rarely encounters hyporheic zones—the problem is that hyporheic 

zones are, on the whole, failing to filter nitrates out of the river water that passes through them. 

Integration of geochemical results with our hydraulic model yields a framework for 

understanding contaminant transport at scales ranging from reach to drainage. As hyporheic zone 

management continues to develop, it is crucial for policymakers and ecological managers to be 

aware of existing hyporheic zone dynamics, and which management tactics are logical. 
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Chapter 5: Conclusions 

 

1. INTRODUCTION 

Workers in many fields strive to understand morphology and processes of rivers for 

reasons such as water resource management, chemical regulation, flood and erosion 

management, fisheries management, subsurface reservoir analysis, and land surface modeling. 

Because rivers are influenced by a wide range of natural and anthropogenic factors, inferences 

drawn regarding a given river reach are frequently not applicable to many other reaches. Though 

this constitutes a hurdle for increasing our understanding of rivers, the recent proliferation of 

high-resolution digital river data facilitates study at continental and global scales. In this way, we 

can discover which processes exert the greatest influence on rivers as a whole, and which 

processes are influenced by rivers, while also documenting the incredible variability among 

rivers. 

 

2. GOALS AND CONCLUSIONS ACHIEVED 

The first primary goal of this dissertation was to develop methods of measuring river 

morphology remotely at continental scale, and to identify datasets that empowered these 

methods. We asked: Why are river width and sinuosity difficult to remotely measure over broad 

areas? How can river width and sinuosity best be measured across the U.S. so as to produce an 

accurate, high-resolution dataset? We have achieved answers to these questions:  

1. Two existing methods of width measurement are either insufficiently automated, 

inaccurate, or excessively computer time-intensive to run. We developed a new 

automated, vector-based method for river width measurement and generated a national 

width dataset by inputting National Hydrography Dataset (NHD) features. We 

demonstrated that river width is best measured as the shortest distance across a river. 
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2. Remote measurements of river sinuosity have occasionally been published, but rarely 

over large spatial scales, due to the perceived difficulty in making consistent, accurate, 

time-efficient measurements. Faulty sinuosity measurement methods are likely to have 

drastic effects on any sinuosity analysis. For instance, we found that applying a fixed 

measurement reach length across rivers of variable width, as Schumm (1963) did, 

introduces bias such that sinuosity measurements of wide rivers are underestimated. 

Sinuosities of mapped NHD rivers were measured in this study using a new method. The 

most important parameter of sinuosity measurement is reach length. River sinuosity is 

best measured consistently over reach lengths scaled by river width. This necessitates the 

availability of width measurements. We apply the standard set by Leopold and Wolman 

(1960) in using reach lengths of roughly a single meander arc length to best measure the 

sinuosity of a river meandering within a floodplain. 

 

 The second goal of this dissertation was to use these measurements to determine 

influences on river morphology. Regarding river width, we asked: At reach scale, how variable is 

river width? What factors influence the width of rivers across a broad area? We have achieved 

answers to these questions:  

3. Across the contiguous U.S., width standard deviation within a given river reach averages 

25% of mean width (r = 0.92), i.e. variability is ~2x. 

4. Our measured river widths are evidently influenced primarily by water discharge (r = 

0.74), though we were unable to assess the influence that sediment discharge may have 

on river width. Marginal increases in precipitation, and corresponding increases in 

vegetation growth, limit widths below what would be expected from discharge modeling 

alone. Discharge relations tend to under-predict width upstream of slack waters such as 

oceans and reservoirs.  
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Regarding river sinuosity, we asked: Are any published theories of near-river margin grain size 

influence on river sinuosity supported by a broad study of natural river systems? If near-margin 

grain size does influence river sinuosity, what is the responsible physical mechanism? We have 

achieved answers to these questions:  

5. No explicit, published theories of near-river margin grain size influence on river sinuosity 

were supported by this study. Sinuosities measured over short reach lengths (one 

meander arc length) are uncorrelated with drainage area (r = 0.01) and water-surface 

slope (r = -0.02) within the eastern half of the contiguous U.S. High river sinuosity over 

short reach lengths is fostered by a combination of high adjacent soil sand content (r = 

0.54) and, as demonstrated by literature such as Constantine et al. (2010), vegetated bank 

stability. Vegetation character influences whether rivers take meandering form, but does 

not determine the degree of a river reach’s sinuosity. 

6. Lateral erosion of bend outer banks in sinuous rivers is driven by a self-reinforcing mass 

balance cycle wherein sand eroded from outer banks sustains point bar lateral accretion, 

which in turn sustains outer bend lateral erosion. This gradient between net erosion and 

net deposition forces passive lateral flow migration away from the advancing point bar 

toward the retreating outer bank, thus enhancing sinuosity. This concept has been 

developed by Dietrich and Smith (1983), Lauer and Parker (2008), Smith (2012), and Eke 

et al. (2014a, 2014b), but this study is the first to demonstrate that rivers with high 

sinuosity generally traverse areas with sand-rich soil. Sand-rich soil is capable of 

contributing the sand (through river lateral erosion) necessary to sustain this self-

reinforcing sinuosity cycle. 

 

 The third goal of this dissertation was to use river morphology to quantify Earth surface 

processes. In particular, we were able to contribute critical insights to the study of river lateral 

hyporheic exchange. We asked: Why are hyporheic zones within the Mississippi River drainage 
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not sequestering enough fertilizer nitrate to prevent hypoxia at the river’s outlet? We have 

achieved a multi-part answer to this question: 

 

7. We have demonstrated that hyporheic zones within the Mississippi River drainage 

collectively have the opportunity to filter nearly all river water that passes through the 

drainage network (99.6%). In keeping with this finding, we calculate that the downstream 

flow length necessary for 50% lateral hyporheic exchange to occur exhibits a mean of 

1.64 km and median of 0.67 km. These lengths seem startlingly short, but are in within 

the realm of probability inferred from Covino et al. (2011). Thus, the average water 

molecule can’t even traverse a few kilometers without entering a hyporheic zone. 

8. Integration of geochemical results with our hydraulic model yields a framework for 

understanding contaminant transport at scales ranging from reach to drainage. Upon 

applying the chemical threshold of Zarnetske et al. (2011), we find that only 24.2% of 

river length within the Mississippi River drainage would be expected to exhibit net 

denitrification. 

9. We have thus arrived at an understanding of why hyporheic zones within the Mississippi 

River Drainage are not effectively filtering fertilizer nitrates out of river water. Clearly, 

the problem is not that river water rarely encounters hyporheic zones—the problem is 

that hyporheic zones are, on the whole, failing to filter nitrates out of the river water that 

passes through them. 

 

3. LIMITATIONS AND FUTURE WORK 

One potential limitation of our sinuosity work is that we are merely modeling meander 

lengths. While we submit that our sinuosity measurements carry meaning at almost any reach 

length, we realize that a true knowledge of meander length would help us more clearly identify 

the sinuosity of rivers meandering within floodplains. 
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Our hyporheic exchange work is greatly limited by the quality of available input data. 

However, we believe our core methods are well-developed. Our assumption of homogenous 

mixing of river water is questionable, but is a common assumption in related literature, and is not 

relevant to our calculations of residence time. Our data limitations include: 

1. Spatial and temporal applicability of Zarnetske et al. (2011) nitrification threshold value. 

No comparable data exist at this time, so we are essentially limited to a single 

nitrification datum. 

2. For narrow rivers represented one-dimensionally in NHD, the only river attributes we are 

directly provided with are location and length. Modeling is required to determine other 

parameters. 

3. Horizontal hydraulic conductivity (K) and grain size (D50). In personal communication, 

Cardenas states that even in the case of field measurements, hydraulic conductivity can 

be very difficult to characterize, partly due to its steep spatial gradients. In order to model 

K, we first performed a spatial interpolation of D50 across our study area. This 

interpolation assumes that D50 is dictated by broad geologic trends, and may completely 

miss local patterns in actual D50, as well as variation with discharge magnitude. Next, an 

historical empirical relationship between D50 and K is applied in order to estimate K. It 

would be more straightforward for us to interpolate measured values of K rather than D50, 

but we find a paucity of measured K values within our study area. 

These limitations provide a starting point for future work: 

1. The chemical science connecting our hyporheic exchange model to contaminant transport 

is in its early stages. The determination by Zarnetske et al. (2011) of a threshold between 

nitrification and denitrification is a striking early finding. More such fieldwork could 

simultaneously characterize this threshold value and K. A prominent question regarding 

the threshold is: what factors influence this threshold, and how effectively can it be 

modeled or interpolated? 
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2. We believe the potential exists for existing collected grain size data to facilitate more 

accurate modeling of K. This is because D16, D50, and D84 are all included in Wadeable 

Streams Assessment data. However, we have not identified a method to use these data to 

calculate K. 
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Appendix 1: Sinuosity Measurement 

1) Sinuosity was calculated at various Reach Width Multiples (RWM) 

2) WidthPts: create duplicate ObjectID field (Long) Object2 

3) Eliminate unknown-GNIS lines and points 

4) Lines and points: GNIS_ID zfill(8) to new field GNIS_ID2 

5) Dissolve lines 

6) Use dissolved lines for Stations 100m  

7) Delete reservoir station points (select by location, switch, export) 

8) Use Non-Dissolved Lines for Create Routes (uncheck Ignore Gaps)  

9) Spatial join from toolbox with Routes to re-associate GNIS_ID2. Found that the 

following step was faster using this output than that resulting from Non-Dissolved 

Lines join. 

10) Locate features along routes (Search Radius: 0.005; uncheck Create distance field – 

to save time).  

11) Add LinRef output table and join to Stations on Target_FID 

12) Create Long field DekLinRef = Meas/100  

13) Create text field TextDekLin = DekLinRef 

14) Create text field GNISandLin = GNIS_ID2 + TextDekLin 

15) Spatial join WidthPts_StationPts to append DekLinRef unless width measurements 

were already associated with the stations.  
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a. Spatial Join QA 

i. Delete points > 50m away  

ii. Check they’re joined to identical GNIS_ID2: do a difference column 

between the WidthPts and StationPts GNIS_ID2 values, where 0 

indicates successful join 

16) Using RWM 5 10 15 20 25 30 40 55 80 120 180 280 440 680 1040 1580 2400 

3600. 

17) Create Short field WidthInc = (W*X/2)/100 = W*X/200  

[BankfullWidthMispGages_M]*10/200 

(min width 100/X) 

18) Create Long field Minus =  

[DekLinRef] - [WidthInc] 

19) Create Long field Plus =  

[DekLinRef] + [WidthInc] 

20)  Create Text field MinusText =  

[Minus] 

21) Create Text field PlusText =  

[Plus] 

22) Create text field GNISandMinus =  

[GNIS_ID2] + [MinusText] 
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23) Create text field GNISandPlus =  

[GNIS_ID2] + [PlusText] 

24) Attr join WidthPts_StationPts on GNISandMinus / GNISandLin (keep only 

matching) 

25) Export new, remove old 

26) Attr join WidthPts2_StationPts on GNISandPlus  / GNISandLin (keep only 

matching)  

27) Export new, remove old 

28) Create field StationDiff (Long)=  

Abs ( [ET_STATION_12] - [ET_STATION_1] ) 

29) Create field ReachLength10 (Double)=  

Abs ( [MEAS_1] - [MEAS] )  

Check that reachlengths approximately align with Width*X 

30) Create field StationReachDiff10 (Long)=  

[StationDiff] - [ReachLength10]  

Value <0 suggests the reach is broken, e.g. by dams 

31) Create field Sinuosity10 (Double), where X and Y are associated with each 

ET_Station=  

[ReachLength10] / ( ( [ET_X_1] - [ET_X] )^2 + ([ET_Y_1] - [ET_Y])^2 )^(1/2)  

32) Select "StationReachDiff010" >=0, Export New  
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33) For statistical purposes, only those reaches that could extend >= 280 RWM in 

length were used, in order to eliminate some reaches not well-connected to the 

drainage network. 
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