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ABSTRACT 
 

 Agricultural soil erosion is a serious problem on farms because it contributes to 

crop yield declines and beyond farms because it is a source of sediment and chemical 

pollutants. Ephemeral gullies effectively convey runoff and connect agricultural uplands 

to off-site waters, so control of this phenomenon would benefit multiple societal sectors. 

Soil conservationists often employ predictive soil erosion models to develop conservation 

plans, but commonly used models cannot account for ephemeral gully erosion. Future 

models with the capability to simulate such concentrated flow erosion must be verified 

with field measurements. This work sought to quantify the measurement uncertainty of a 

recently developed tool based on geo-referenced close-range digital photogrammetry and 

to apply it to naturally evolving channels in agricultural fields. Repeated 

photogrammetric surveys were conducted to create a set of point clouds, which were 

compared to define the two standard deviation (2σ) uncertainty in average elevation 

change between two point clouds as ± 1.29 to ± 2.55 mm (depending on surface relief), 

the 2σ relative vertical uncertainty of individual point clouds as 0.916 mm, and the 2σ 

geo-referenced vertical accuracy of entire point clouds as 8.26 cm. Utilization of the 

method at field monitoring sites resulted in average watershed-scale (0.47 to 3.19 ha) 

estimates of ephemeral gully erosion rates of 3.93, 0.847, and 0.415 Mg ha
-1

 for three 

time intervals during 2013 and 2014. For the average soil bulk density of approximately 

1.2 Mg m
-3

, the vertical change uncertainty applied to estimate soil mass moved by 

ephemeral gully erosion resulted in an average sediment flux uncertainty of ± 0.175 Mg. 

The small uncertainties determined in the validation study and the plausible rates of soil 

loss by topographically concentrated overland flow quantified in the field study reflect 
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the reliability of the data, which contributes to their utility for future refinement of soil 

erosion models that explicitly predict ephemeral gully erosion. 
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CHAPTER 1 

 

IMPROVED MEASUREMENTS OF EPHEMERAL GULLY 

EROSION WILL ENHANCE SOIL CONSERVATION 

 

 Soil is the natural porous matrix of solid organic and mineral substances that 

exists at the surface of Earth. While sometimes considered discrete objects, soils are 

spatially and temporally continuous three-dimensional bodies that are dynamic in space 

and time (Schaetzl and Anderson, 2005). Soil occupies a critical zone known as the 

pedosphere in which the lithosphere, atmosphere, hydrosphere, and biosphere intersect 

and interact (Schaetzl and Anderson, 2005; Hillel, 2008). Due to this unique 

environmental position, soil provides the foundation for nearly all terrestrial life on Earth 

(Hillel, 2008). Soils are heterogeneous at multiple scales, and such complexity results in 

high diversity both among and within soils. The dynamism and biodiversity inherent in 

soil attest to its crucial yet delicate role in terrestrial ecosystems. 

 Properly functioning soil is capable of providing diverse ecosystem services such 

as human enjoyment, physical support for plants and human infrastructure, habitat for 

terrestrial biota, pest and waste control, climate regulation through biogeochemical 

fluxes, water storage and filtration, and the cycling and supplying of nutrients necessary 

for plant growth (Dominati et al., 2010; Hatfield et al., 2014). From the human 

perspective, one of the most important purposes of soil is its fundamental role in food 

production. In fact, natural systems – including soil – are intricately linked to 

anthropogenic systems through human activities such as agriculture (Cruse et al., 2014). 

Thus, agricultural management has profound impacts on natural entities such as soil. Soil 

management practices can either improve or worsen soil productivity (den Biggelaar et 

al., 2003b), where productivity is understood based on definitions suggested by Lal 
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(2001) and den Biggelaar et al. (2003a) to be the potential of soil to support biomass or 

energy production by some desired species or community of species. One typical 

consequence of soil mismanagement is accelerated soil erosion. 

 Physically, soil erosion is the translocation of surface soil particles. Such mass 

flux is the result of disequilibrium between opposing forces, i.e. work done on the soil 

system and the tendency of the soil to resist such work. Newton (1729) posited that a 

body at rest will thus remain unless force is exerted upon it. Accordingly, when energy in 

excess of some resistance threshold is applied to the soil surface, soil particles will move 

in response. Erosive agents that do work on the soil surface and initiate soil erosion 

include gravity, chemical reactions, physical forces of wind and water, and deliberate and 

accidental human disturbances (Lal, 2001). Each of these forces can cause substantial soil 

movement, but erosion by water has undergone much research due to its predominance in 

humid areas such as Iowa that are suitable for rain-fed agriculture. Agents of water 

erosion in uplands include soil pore flow, soil ice, raindrop impact, and runoff (Lal, 

2001). Regardless of the erosive force, the three phases of soil erosion are detachment, 

transport, and deposition. 

 Soil erosion is a natural sub-process of soil formation and landscape development 

(e.g. Uri, 2000; Lal, 2001). Topsoil erosion is only one form of soil degradation (e.g. Lal, 

2001; Hillel, 2008) but it is typically the most serious due to its irreversibility (Hillel, 

2008). Johnson and Watson-Stegner (1987) asserted that pedogenesis includes regressive 

soil development. Thus, even though it involves degradation, erosion can be considered a 

pedogenic process. Despite this understanding, erosion is typically thought to counteract 

soil formation, which occurs due to inputs, outputs, internal mass fluxes, and material 
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alterations (Simonson, 1959) acting upon initial conditions over time (Jenny, 1941). On 

the human timescale of decades to centuries, soil erosion and soil genesis are indeed 

opposing processes because anthropogenically accelerated soil erosion rapidly outpaces 

pedogenesis. 

 Humans are capable of transporting tremendous amounts of earth. It has been 

suggested that humans have disturbed greater than one half of the terrestrial surface of 

Earth (Hooke et al., 2012) and that human activity – agriculture in particular – may be the 

largest geomorphic force on this planet (Hooke, 2000). In terms of per capita global food 

production, it has been argued that the role of humans as erosive agents is negligible on a 

global scale and over geologic time (Wilkinson and McElroy, 2007). However, a 

synthesis of worldwide data showed that soil erosion under conventional agriculture 

systems occurs at rates one to two orders of magnitude faster than rates of natural erosion 

and pedogenesis (Montgomery, 2007). There is clearly an imbalance between 

anthropogenic erosion and soil production. 

 Accelerated soil erosion is often harmful in two locations: where the soil particles 

are detached and where the sediment is deposited. Erosional landscape positions are 

characterized by net topsoil loss, which lowers inherent agricultural productivity by 

diminishing soil organic matter, lowering available water holding capacity, decreasing 

rooting depth, and removing natural or artificial nutrients (Cruse et al., 2013). 

Uncontrolled anthropogenic erosion can decrease productivity by 5% to 10% within only 

one century and can render some land entirely unsuitable for agriculture until 

pedogenesis has replaced lost topsoil (Larson et al., 1983). Research in Iowa, USA, has 

shown that maize yields were reduced by 10% and 23% on severely eroded soils formed 
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in loess and glacial till, respectively, relative to slightly eroded soils of the same series 

and that such reductions may necessitate higher rates of fertilizer application to maintain 

yields (Fenton et al., 2005), thereby increasing production costs. Soil erosion is a delicate 

environmental problem because it is typically part of a positive feedback of less biomass 

production, lowered soil organic matter, slower infiltration, and increased runoff – which 

promotes further soil loss (Hatfield et al., 2013). Because land is also removed from 

production for non-agricultural human development (Cruse et al., 2013), it is paramount 

that remaining agricultural land be managed in ways that limit or eliminate degradative 

processes such as soil erosion. Practices and structures that control soil erosion can 

impose financial burdens to producers, but there is also a cost to allowing soil to erode – 

and such costs negatively impact both producers and off-farm stakeholders (Faeth, 1993; 

Pimentel et al., 1995; Uri, 2000). Recognition of the economic value of soil could lead to 

improved conservation implementation and lesser costs externalized to non-agricultural 

sectors of society (Faeth, 1993; Zhou et al., 2009). 

 Soil erosion negatively affects ecosystems and economics beyond the area of soil 

removal because the ensuing deposition adds sediment and chemicals to landscape 

elements that naturally would not receive such a high sediment load. Soil particles can 

alter local hydrologic regimes by filling reservoirs or disrupting stream flow by altering 

bank and bed morphology. Eroded soil consists not only of mineral solids but also of 

dissolved and adsorbed nutrients. Such nutrients, especially phosphorus and nitrogen 

often sourced from anthropogenic soil amendments and fertilizers, disrupt aquatic 

ecosystems. Impaired water quality in upland agricultural watersheds imposes 

purification costs on downstream municipalities, decreases water body recreational value, 



5 

 

and ultimately contributes to hypoxia in terminal waters. Many of these challenges could 

be averted if sediment was not deposited in waterways. However, agricultural landscapes 

are effectively connected to streams through a specific type of soil displacement called 

ephemeral gully erosion. 

 An ephemeral gully is a temporary channel that is formed by the erosive force of 

concentrated overland flow. Because they tend to form in lower field reaches (Zheng et 

al., 2005) and easily convey runoff, ephemeral gullies increase surficial drainage network 

connectivity by linking uplands to streams (Gordon et al., 2008; Ohde, 2011). Ephemeral 

gully erosion is distinguished from sheet and rill erosion on the basis that it occurs in 

non-random landscape positions (swales), whereas sheet and rill erosion occur randomly 

and uniformly on planar hillslopes (Casalí et al., 2006). Ephemeral gully erosion lowers 

agricultural productivity both within gullies because crops rarely grow in channels 

(Cheng et al., 2006) and adjacent to topographic concavities because channels are 

frequently filled with nearby soil which reduces local topsoil depth beyond the gully 

itself (Martínez-Casasnovas et al., 2005; Gordon et al., 2008). Fill operations allow 

channels to redevelop due to subsequent runoff events, which has two primary 

consequences: soil loss via ephemeral channel erosion is perpetuated (Martínez-

Casasnovas et al., 2005) and a reinforcing feedback of local steepening that leads to 

landscapes on which overland flow is more efficiently concentrated, thereby further 

increasing future risk of concentrated flow erosion (Poesen et al., 1996b). The 

significance of ephemeral gully erosion is well-recognized within the scientific 

community (e.g. Poesen et al., 2003), but there is still much to be learned about this 

unique phenomenon. 
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 Substantial advances in predictive modeling of ephemeral gullies have been made 

(e.g. Gordon et al., 2007; Gordon et al., 2008; Wells et al., 2009; Wells et al., 2010; 

Gordon et al., 2012; Momm et al., 2012; Momm et al., 2013; Wells et al., 2013), and 

ephemeral gully erosion has been accurately simulated within the context of total (sheet, 

rill, channel, and tillage) field-scale erosion (Dabney et al., 2014). Such efforts are 

improvements over commonly used field-scale models such as the Revised Universal 

Soil Loss Equation 2 (RUSLE2: USDA-ARS, 2013) and the Water Erosion Prediction 

Project hillslope model (WEPP: Flanagan et al., 1995), which only estimate sheet and rill 

erosion (Flanagan et al., 1995; Bennett et al., 2000; Gordon et al., 2007; USDA-ARS, 

2013). Newly developed models that explicitly account for ephemeral gully erosion must 

be validated with field measurements (Poesen et al., 1996a; Stroosnijder, 2005) – of 

which there is a dearth at the small-field or large-hillslope scale (Deasy et al., 2011). The 

preferred technique for measuring erosion at such scales is by quantifying changes in 

gully morphology (Stroosnijder, 2005). There also exists a lack of measurements made 

specifically of ephemeral channels over multi-year timeframes (Dabney et al., 2011). 

 While there exists an array of suitable methods to measure ephemeral gully 

evolution in agricultural fields (Castillo et al., 2012), one well-established yet still-

developing and promising technique is photogrammetry, which is the science of using 

photographs to make measurements. Classical stereo photogrammetry has been used to 

quantify ephemeral gully erosion (Thomas et al., 1986) and reconstruct soil surfaces at 

large scales (Welch et al., 1984; Warner, 1995). Close-range digital photogrammetry has 

been shown to accurately reconstruct ephemeral gully morphology (Castillo et al., 2012; 

Nouwakpo and Huang, 2012) and has been used to assess gully development (Gómez-
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Gutiérrez et al., 2014; Kaiser et al., 2014). However, there is still a lack of long-term, 

field-scale digital measurements of ephemeral channel evolution in multiple agricultural 

fields that could be utilized to validate or calibrate predictive models. Ultimately, 

improved models will enhance soil conservation planning. 

 The research presented in this thesis has employed close-range digital 

photogrammetry to quantify ephemeral gully erosion and generate morphological data of 

channel development to be used for model validation. The specific photogrammetric 

method was analyzed and its accuracy was quantified. The technique was applied to 12 

field-scale sub-catchments in Iowa during 2013 and 2014. The results demonstrate that 

close-range digital photogrammetry is a valid and efficient approach to digitally 

reconstruct a time-series of ephemeral gully morphologies that may be used to improve 

predictive models and to estimate soil erosion by topographically concentrated runoff. 
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Abstract 

 Measurement of geomorphic change may be of interest to researchers and 

practitioners in a variety of fields including geology, geomorphology, hydrology, 

engineering, and soil science. Landscapes are often represented by digital elevation 

models. Surface models generated of the same landscape over a time interval can be 

compared to estimate geomorphic evolution. Any such morphological estimate of change 

in a landform should include a range of probable values based on the quality of the digital 

elevation models that represent the surface of interest. This study sought to determine the 

uncertainty associated with detecting changes in reaches of ephemeral gullies with close-

range digital photogrammetry. An experimental surface was constructed, surveyed, and 

photographed. The images were used as input to photogrammetry software to generate 

point clouds, which were then analyzed to determine the quality of elevation data 

generated by the photogrammetric technique. For individual point clouds the 2σ relative 

vertical accuracy was determined to equal 0.916 mm and the 2σ absolute (geo-

referenced) vertical accuracy was computed as 8.26 cm, and the 95% confidence range 

(2σ uncertainty) of detecting elevation change between two point clouds was determined 

to be ± 1.29 to ± 2.55 mm, depending on relief. These values could be applied to 

volumetrically derived estimates of geomorphic change as an uncertainty range. The high 

vertical accuracy and small uncertainty in elevation change determined in this study 
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suggest that close-range digital photogrammetry is an effective and acceptable method to 

accurately detect small changes in ephemeral gullies or other geomorphic features of 

interest. 

Introduction 

 Characterizing morphological evolution of ephemeral gullies and rills in 

agricultural landscapes with traditional surveying methods is often limited by the 

dynamic nature and small size of such channels. Photogrammetry constitutes a viable 

alternative for the digital reconstruction and measurement of micromorphological 

landscape elements. Photogrammetry is defined as the science of deriving three-

dimensional measurements and models of an object from two or more two-dimensional 

photographs of that object and its surroundings (Mikhail et al., 2001; Kasser and Egels, 

2002; Luhmann et al., 2006). 

 The first step of digital photogrammetry is resection, which utilizes known 

camera lens properties to locate the center of each camera sensor in three-dimensional 

image space (Mikhail et al., 2001). Next, the accurate location and orientation (pose) of 

each camera sensor are used as input for image matching, which is performed by 

specialized algorithms that locate conjugate points in a stereo set of digital images and 

calculate their three-dimensional coordinates (Schenk, 1996). When generating a 

continuous digital representation of topography, such as a digital elevation model (DEM), 

the set of matched points is converted into a three-dimensional surface by interpolation 

(Schenk, 1996). Both the pixel matching and the interpolation processes can introduce 

error into the final DEM, where such error represents the discrepancy between the DEM 

and the actual surface that it models. DEM error is typically constrained to the spatial 
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domain because photogrammetric surface reconstruction yields a DEM that corresponds 

to the surface at the unique time of image acquisition. 

 Repeated photogrammetric surveys of experimental and natural landforms can be 

used to detect and assess geomorphic change (e.g. Welch et al., 1984; Stojic et al., 1998; 

Brasington and Smart, 2003; James and Robson, 2012). Aerial photogrammetry has been 

used to study fluvial and upland channel erosion processes including stream evolution 

(Lane et al., 2003; Fonstad et al., 2013) and classical and ephemeral gully erosion 

(Thomas et al., 1986; Nachtergaele and Poesen, 1999; Marzolff and Poesen, 2009). 

However, the large object distance (measured from camera to land surface) on the order 

of 10
1
 to 10

2
 m utilized in aerial photogrammetry limits the spatial resolution of any 

DEM that is generated to represent the geomorphic feature of interest. Ground resolution 

is constrained by pixel size because a pixel is the basic unit for image matching 

procedures. High camera altitude corresponds to a small pixel-to-ground ratio and thus a 

low maximum horizontal resolution. Conversely, in images obtained at low altitudes each 

pixel represents a much smaller area in object space and therefore the potential DEM 

resolution is larger. Thus, closer cameras capture more detail (James and Robson, 2012; 

Fonstad et al., 2013). Vertical accuracy is also constrained by object distance 

(Ackermann, 1996). 

 Close-range photogrammetry (i.e. object distance < 10 m) has been manually 

implemented to reconstruct soil surfaces at improved horizontal resolution (10
-1

 to 10
-2

 m 

or higher) and vertical accuracy (10
-2

 to 10
-3

 m), which are necessary for soil erosion 

research (Welch et al., 1984; Warner, 1995). More recently, digital close-range 

photogrammetry has been shown to outperform manual photogrammetry (Hancock and 
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Willgoose, 2001) and to compare favorably with terrestrial laser scanning (Aguilar et al., 

2009; Castillo et al., 2012; James and Robson, 2012; Nouwakpo and Huang, 2012) with 

respect to the quality of derived topographic data. Due to its capacity to generate high-

resolution data, photogrammetry has been applied to the study of soil erosion and 

drainage network evolution in laboratory and runoff plot environments (Rieke-Zapp and 

Nearing, 2005; Gessesse et al., 2010; Heng et al., 2010; Gordon et al., 2012). Close-range 

photogrammetry has been used to produce single time step DEMs of gullies in 

agricultural landscapes (Castillo et al., 2012; Nouwakpo and Huang, 2012) and to 

monitor headcut development (Gómez-Gutiérrez et al., 2014; Kaiser et al., 2014). DEMs 

of entire channels obtained sequentially over longer timeframes would allow for multi-

temporal surface comparison and determination of long-term morphometric sediment 

flux as a proxy measurement of geomorphic evolution. 

 A field study was designed to utilize time-sequenced photogrammetry to generate 

a collection of topographic data of reaches of ephemeral channels (Wells et al., in prep.). 

The dataset was used to derive estimates of morphological change within monitored 

reaches of ephemeral gullies by determining volume change between multiple dates. 

Computed morphological change (i.e. channel evolution) is not without error and 

ultimately is tied to DEM quality (Heritage et al., 2009). Erosion- and deposition-induced 

volumetric changes must account for uncertainties associated with the source of 

topographic data (Lane et al., 2003; Heng et al., 2010), which in this study was close-

range digital photogrammetry. 

 The study initiated by Wells et al. (in prep.) focused on development of a specific 

method of data collection via photogrammetry, a scheme for post-processing the 
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photogrammetric data, and an experimental setup to apply the specific photogrammetric 

method in a field setting. This study sought to evaluate the method (this chapter) and to 

apply it in agricultural fields (Chapter 3). 

 In this research, photogrammetry was used to generate raw point clouds of 

ephemeral gully reaches (Wells et al., in prep.). A point cloud is a collection of 

irregularly distributed points that each contain a three-dimensional location recorded in a 

(X, Y, Z) tuple. A raw point cloud can then be used to generate a DEM as a regularly 

spaced raster grid. Automated point cloud extraction or DEM generation from 

photographs are specific instances of surface reconstruction, which is a mathematically 

ill-posed problem because its solution may not exist nor is that solution necessarily 

unique and robust (Schenk, 1996; Paparoditis and Dissard, 2002). Because a DEM is an 

imperfect surface representation, it follows that any measurement obtained from a DEM 

must deviate from the corresponding true (yet theoretically unobtainable) value. 

Likewise, the photogrammetric measurement technique also contains errors that should 

be quantified, which was the purpose for this study. The reliability of topographic 

analyses and topographically derived parameters are limited by the errors inherent in the 

DEM used (Abd Aziz et al., 2012; Momm et al., 2013). Furthermore, when DEMs of the 

same surface are generated at multiple time steps, errors in the individual DEMs are 

propagated into any calculations of volumetric change over that time interval (Brasington 

et al., 2000; Fuller et al., 2003; Lane et al., 2003; Wheaton et al., 2010). One goal of the 

research program is to utilize sequential DEMs to determine volumetric change within 

reaches of ephemeral gullies due to precipitation and runoff events (Wells et al., in prep.), 

so accounting for DEM uncertainty is critical. 
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 Because errors in DEMs influence the detection of morphological evolution, the 

volume change calculations for field-monitored channel reaches may misrepresent actual 

erosional or depositional change. To rectify this, two procedures were used to determine 

the uncertainties embedded in this application of close-range digital photogrammetry. 

The objective of this study was to use the results of these analyses to define the 

uncertainty associated with morphometric estimates of landform change and the relative 

and absolute vertical accuracy of geospatial data generated with close-range 

photogrammetry. 

Methods 

 To quantify the intrinsic methodological uncertainty, two analyses were 

conducted. First, the error due to DEM differencing was determined. Second, the relative 

and absolute vertical errors of point clouds generated with close-range digital 

photogrammetry were established. Both analyses were performed using point clouds 

generated from photographs of the same experimental setup. 

 A simulated channel reach was established on a flat asphalt surface. This reach 

was intended to mimic the design of in-field ephemeral gully reaches. The reach was 

defined as the area within a 1.8 m by 1.2 m PVC frame, which was also utilized for the 

placement of anchor points that delineated channel reaches monitored in the field study 

(Wells et al., in prep.). Asphalt was chosen as the experimental surface because it was 

primarily flat and smooth yet still had modest texture on a gentle slope. Within the reach, 

35 photogrammetric targets were placed in a 0.3 m grid (Figure 1). The targets were 

surveyed with a Trimble R8 real-time kinematic global positioning system (RTK-GPS) 

receiver, which has maximum horizontal and vertical accuracies of 0.8 cm and 1.5 cm, 
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respectively (Trimble Navigation Ltd., 2013). The receiver was connected to the Iowa 

Real-Time Network (IaRTN) maintained by the Iowa Department of Transportation, 

which is a network of base stations with a 1σ vertical accuracy of 2 to 3 cm (Iowa DOT, 

2014). This RTK-GPS survey dataset was used as the reference dataset in the subsequent 

analyses. Of the 35 targets, the four that were located in the reach corners were used as 

ground control points (GCPs) for photogrammetric processing and the 31 remaining 

targets were used as validation points (VPs). The GCPs in this configuration correspond 

to field reaches defined by sets of four surveyed reference stakes placed sequentially 

along actual channels. The GCPs were used as vertices of a quadrilateral that defined the 

extents of the asphalt reach, which had an area of 2.11 m
2
. 

 The experimental reach was photographed with a non-metric pre-calibrated Nikon 

D7000 digital single-lens reflex camera containing an AF Nikkor lens with f/2.8D 

aperture and fixed 20 mm focal length. Image files were saved in JPEG format. The 

camera was mounted on a metal frame attached to a backpack. The photographer then 

wore the backpack which resulted in a camera height of approximately 3.1 m. The 

camera was connected to a Cam Ranger wireless router that allowed the photographer to 

use an iPad to view the imaging area and capture photographs without touching the 

camera (Wells et al., in prep.). 

 Two sequences of convergent oblique images were obtained, and every 

photograph contained the entire reach. When oblique camera angles are used the size of a 

pixel in object space is dependent upon its location in image space (Heng at al., 2010), so 

camera location must be known or solvable. In this case, camera locations were 

automatically determined during photogrammetric processing using the camera 



19 

 

calibration parameters. Oblique photographs were used because images that converge on 

the scene improve the solution of camera orientation and thus also the accuracy of the 

reconstructed surface (Stojic et al., 1998; Eos Systems Inc., 2012). First, eight 

photographs were taken in a circular fashion around the reach. Automatically resolved 

camera positions for the first sequence of images are shown in Figure 2. In field-based 

photography of channel reaches, one photograph is obtained from the downstream side 

facing upstream parallel to the channel and a second is taken from the upstream side of 

the reach facing downstream (Wells et al., in prep.). To mimic this procedure the second 

set of photographs included three images from the "downstream" side and three images 

from the "upstream" side of the experimental reach. 

 The eight photographs obtained in the first sequence were all used as input to 

generate a point cloud in PhotoModeler Scanner (Eos Systems Inc., 2014). To create the 

point cloud, first all eight images were matched with PhotoModeler Scanner's automated 

image matching procedure, which is based on the scale-invariant feature transform 

(SIFT) algorithm (Lowe, 2004). The four GCPs in every photograph were each manually 

identified and then cross-referenced to the corresponding GCP in each of the other 

images. The GCPs were then geo-referenced using the RTK-GPS survey data. Geo-

referencing prior to point cloud generation is beneficial because it automatically scales 

and orients the point cloud as it is computed. Finally, the point cloud was generated using 

the Create Dense Surface command within PhotoModeler Scanner. All paired photos 

were used, sampling interval was set to 5 mm, and default meshing options were used. 

The resulting point cloud was exported as a text file (Figure 3). 
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 The set of six additional photographs was used to generate nine point clouds with 

PhotoModeler Scanner. Each of the "upstream" facing photographs was matched with 

each of the "downstream" facing photographs for a total of nine image pairs. Every image 

pair was used as input to create a point cloud according to the procedure described above, 

with the only difference being that two photographs were used instead of eight. The 

image pairs and corresponding point clouds are shown in Figure 4. The resulting nine 

point clouds were exported as text files. 

 Comparison of replicated models of the same surface has been proposed (Heng et 

al., 2010; Wheaton et al., 2010) and used (Brasington and Smart, 2003) as an approach to 

assess DEM uncertainty. This tactic was adopted for the ensuing analysis. Each of the 

nine point clouds generated from the second image set was paired with every other point 

cloud for a total of 36 pairs. Wells et al. (in prep.) have developed a straightforward 

procedure that can be applied to determine the discrepancy, expressed as volumetric 

change, between the surfaces approximated by two point clouds. This is mathematically 

analogous to subtracting one surface from the other. In theory, any volume difference 

thus computed using the 36 point cloud pairs should equal 0 m
3
 because the nine point 

clouds represent the same surface. However, the errors inherent in any general case of 

surface reconstruction and in this specific application of close-range photogrammetry 

suggest that the inevitable inconsistencies between point clouds should result in a non-

zero volume difference. 

 To verify this supposition, volumetric discrepancy, ΔV, between surfaces was 

calculated for all 36 point cloud pairs using the point cloud post-processing approach of 

Wells et al. (in prep.), which is briefly summarized here. Two input point cloud files p 
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and q are interpolated to a 5 mm raster grid containing i × j cells, each with elevation Zij. 

The volume difference between the surfaces represented by p and q is given by 

 ∆𝑉 = 𝑎∑∑(𝑍𝑞 − 𝑍𝑝)

𝑗𝑖

 (1) 

where a is the area of one raster cell (equal for all cells), i and j are indices corresponding 

to the location of an individual cell, and Zp and Zq are the interpolated elevations at cell ij 

within the DEMs fitted from p and q, respectively. 

 When subtracting the replicate surfaces approximated by the nine point clouds, 

the minuend and subtrahend were determined with a random number generator. For each 

point cloud pair a 0 dictated that the point cloud represented by the alphabetically later 

letter would serve as the minuend (e.g. ΔVAB = B – A); a 1 indicated the opposite (e.g. 

ΔVAB = A – B). The distribution of volumetric changes was assessed and summary 

statistics were calculated using R statistical software (R Core Team, 2013). Two times 

the standard deviation (2σ) of the population of volume changes was taken as the 

uncertainty in calculation of volume change, δΔV, as determined by the photogrammetric 

method employed in this study, where two standard deviations of a population with a 

Gaussian distribution approximates a 95% confidence level (Taylor, 1997). Normality of 

all populations was verified with the Shapiro-Wilk test. 

 The quality of the elevation information contained in the point clouds was then 

assessed. For all nine point clouds the elevation of each of the 31 VPs was compared with 

the elevation of the closest point in the point cloud, which was determined with an in-

house Python script. Raw point clouds rather than rasterized DEMs were used as input to 

preclude any interpolation errors. The program utilizes the NumPy library (Dubois et al., 

1996; van der Walt et al., 2011) to rapidly organize and query point cloud geospatial data 
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for the nearest neighbor of every validation point. Once the nearest neighbor is located, 

the distance between the VP currently under consideration and its nearest neighbor along 

with the elevation difference between them are computed and recorded. Elevation 

difference, �̂�, is calculated by 

 �̂� = 𝑍𝑁𝑁 − 𝑍𝑉𝑃 (2) 

where ZNN is the elevation value of the nearest neighbor within the point cloud and ZVP is 

the elevation of the validation point against which the neighbor is being compared. The 

formulation of Equation 2 suggests that for any validation point VPi if the corresponding 

elevation difference �̂�i > 0 then the surface approximated by the point cloud 

overestimates elevation relative to the surveyed VPi, which serves as the reference value. 

The inputs, processes, and outputs of the nearest neighbor search-and-compare algorithm 

are summarized in Figure 5. The results of running the script with nine point clouds and 

31 VPs were outputted as a text file and analyzed with R statistical software. 

 In determination of photogrammetric point cloud quality, the spatially averaged 

elevation difference was used to compute the relative vertical accuracy, δZrel, and the 

standard deviation of validation point-to-nearest neighbor elevation differences was 

understood to represent the absolute (geo-referenced) vertical accuracy, δZgeo-ref, of the 

point clouds. Uncertainty of elevation change, δΔZ, was defined as 

 𝛿∆𝑍 = 𝛿Δ𝑉 𝐴𝑅⁄  (3) 

where AR is the area of the reach. This is analogous to average volume change per unit 

area, or mean elevation difference across an entire surface model. Vertical change 

uncertainty was derived from volumetric change uncertainty because determination of 

volumetric change within channel reaches is one goal of the field study. Furthermore, 
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utilization of descriptive statistics from a population of volume differences to define the 

probable range of vertical change accounts for additional errors that may be introduced 

by interpolation and rasterization during point cloud post-processing. The use of volume 

change uncertainty to establish elevation change uncertainty is based on the assumption 

that vertical uncertainty is not spatially variable within the reach, that is for any 

individual point cloud the error associated with elevation is uniform at all locations 

within that point cloud. The value calculated by Equation 3 is associated with uncertainty 

of change in elevation between DEMs. This value is actually a combination of the 

vertical uncertainty of each surface in a pair. If the vertical errors of individual DEMs p 

and q are assumed to be independent and random, then they can be propagated into 

vertical change error, 휀Δ𝑍, using the sum in quadrature approach of Taylor (1997, 

Equation 3.16) such that 

 휀Δ𝑍 = √(𝛿𝑍𝑝)
2
+ (𝛿𝑍𝑞)

2
 (4) 

where δZp and δZq are the vertical uncertainties associated with the surfaces 

approximated by point clouds p and q, respectively, and 휀Δ𝑍is equivalent to δΔZ. If it is 

assumed that the vertical uncertainties of individual surfaces p and q are equal such that 

δZp = δZq = δZrel then Equation 4 can be rearranged and simplified to yield 

 𝛿𝑍rel = 0.707휀∆𝑍 (5) 

where δZrel is the vertical uncertainty of the surface described by any one point cloud. 

This value is useful as an indicator of vertical accuracy because it provides a measure of 

typical elevation discrepancy across the entire horizontal area described by a point cloud. 

Similarly, the volume change calculation in Equation 1 integrates elevation change over 

the entire raster grid area. 
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 Two times the sample standard deviation (2σ), root mean square error (RMSE), 

and mean absolute error (MAE), were calculated as metrics of uncertainty for ΔV, δΔZ, 

δZrel, and δZgeo-ref with the following equations: 

 

2𝜎

= 2√
1

𝑁 − 1
∑(휀𝑖 − 휀)̅2 

(6) 

 RMSE = √
1

𝑁
∑휀𝑖2 (7) 

 MAE =
1

𝑁
∑|휀𝑖| (8) 

where N is a sample size; 휀𝑖 is an individual error of volume change, elevation change, or 

elevation; and 휀 ̅is the mean error of an entire population of volume change, elevation 

change or elevation errors. 

Results 

 The point cloud generated with the set of eight photographs contained 2,468,517 

points within the reach area of 2.11 m
2
, which corresponded to a point density of 1.17 

points mm
-2

. Point clouds A through I generated from the set of six images contained an 

average of 94,620 points inside the reach, or 0.045 points mm
-2

. 

 A histogram of the 36 computed volume differences is shown in Figure 6, and a 

Shapiro-Wilk test (W = 0.986, p = 0.9195) validated the graphical evidence of a Gaussian 

distribution. Mean volume difference was 2.06 × 10
-4

 m
3
 and the sample standard 

deviation of volume differences was 1.37 × 10
-3

 m
3
. Thus δΔV within the experimental 

reach was defined as ± 2.73 × 10
-3

 m
3
. A one-sample t-test (t = 0.9047, df = 35, p = 

0.3718) showed that the mean volumetric discrepancy was not significantly different 
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from zero. Based on this value of δΔV, the 2σ uncertainty of elevation change, δΔZ, was 

calculated as ± 1.29 mm with Equation 3. Inserting this value into Equation 5 yielded an 

individual point cloud 2σ relative vertical uncertainty, δZrel, of 0.916 mm. Figure 7 

illustrates the distribution of spatially averaged elevation discrepancies (computed by 

dividing the population of volume differences by the reach area, as in Equation 3) which 

had an unbiased mean of 0.098 mm (one-sample t-test: t = 0.9047, df = 35, p = 0.3718) 

and a standard deviation of 0.647 mm with a normal distribution (Shapiro-Wilk test: W = 

0.986, p = 0.9195). 

 The results of the point cloud quality assessment via the nearest neighbor script 

are summarized in Figure 8. There was no significant correlation (r = 0.245) between 

validation point-to-nearest neighbor distance and elevation difference (Figure 9). Mean 

distance between validation points and their nearest neighbor was 3.09 mm (less than the 

width of one raster cell, 5 mm) and mean elevation difference was 0.465 mm, while the 

standard deviation of elevation differences was 4.13 cm. A Shapiro-Wilk test (W = 

0.9681, p = 7.274 × 10
-6

) revealed that the population of elevation differences did not 

have a Gaussian distribution. Based on a one-sample t-test (t = 0.188, df = 278, p = 

0.851), the mean elevation discrepancy of 0.465 mm was not statistically different from 

zero. Two times the standard deviation of elevation differences, 8.26 cm, was used as the 

2σ geo-referenced absolute vertical accuracy, δZgeo-ref, of photogrammetric point clouds. 

Together with graphical evidence of normality (Figure 8), a non-parametric 95% 

confidence interval of –7.39 to 11.06 cm suggests that the population of elevation 

differences is only approximately Gaussian because it is more heavily tailed and slightly 

positively skewed. 
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 2σ values were assumed to be the preferred uncertainty metric due to the 

associated high level of confidence, although root mean square (RMS) error and MAE 

were also computed using Equations 6, 7, and 8, respectively, for δΔZ, δZrel, and δZgeo-ref. 

These results are compiled in Table 1. 

Discussion 

 The point cloud generated using eight images contained approximately 26 times 

more points than the point clouds generated using paired photographs. While the point 

density of 0.045 points mm
-2

 of the two-image point clouds appears to be low, it is worth 

noting that, during post-processing, point clouds are interpolated to 5 mm grids, which 

means that a 0.045 points mm
-2

 density corresponds to 1.12 points per raster cell (25 

mm
2
). This value suggests that interpolation-induced error should be small even when 

only two photographs are used because the number of points exceeds the number of raster 

cells. Such data redundancy typically increases DEM accuracy (Ackermann, 1996). 

 Because more photographs improve the accuracy of any photogrammetrically 

reconstructed surface (Eos Systems Inc., 2012; Fonstad et al., 2013), the validity of using 

only two images in lieu of eight was assessed by comparing point clouds A through I with 

the eight-image point cloud. The average ΔV was 2.77 × 10
-3

 m
3
 and the corresponding 

average vertical difference was 1.31 mm. Both of these values compare well with the 

δΔV and δΔZ values of ± 2.73 × 10
-3

 m
3
 and ± 1.29 mm, respectively, as calculated 

above. The primary benefit of using only two photographs is reduced time to generate a 

point cloud. Using the set of eight photographs as input in PhotoModeler Scanner, an 

experienced operator took almost two hours to create the final point cloud, including 

manual GCP identification and cross-referencing in addition to automated image 
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matching and dense surface calculation. The same operator was able to use the exact 

same procedure to create point clouds in approximately 15 minutes when using only pairs 

of images. Because the typical volumetric and vertical differences between the surface 

constructed from eight photographs and surfaces from photograph pairs were similar to 

the 95% probability intervals for both volume change and elevation change, the time-

saving approach of using only two images per point cloud was accepted on the basis that 

image pairs can be used to reconstruct any experimental surface of interest with sufficient 

accuracy. 

 The uncertainty associated with volume change, δΔV, in the experimental reach 

was established as ± 2.73 × 10
-3

 m
3
 based on 2σ of the population of ΔV values, which 

corresponds to a 95% confidence level that true volume change values are within this 

range from observed values. There is no significant bias to this approach, as indicated by 

the fact that the mean ΔV of 2.06 × 10
-4

 m
3
 was not significantly different from zero. 

However, applying this volume change uncertainty to in-field ephemeral gully reaches is 

complicated by the fact that not every reach encompasses the exact same ground area. 

Thus, an uncertainty of volume change averaged per unit area, expressed as a range for 

elevation change (at 95% probability), is preferable. The uncertainty of vertical change, 

δΔZ, calculated as ± 1.29 mm implies a 95% probability that the discrepancy between 

any observed elevation change and the actual elevation change is within this amount from 

calculated values. 

 Using the δΔZ value of ± 1.29 mm along with Equations 4 and 5 resulted in a 2σ 

relative vertical point cloud accuracy, δZrel, of 0.916 mm. The calculation of this accuracy 

value assumes that errors in one point cloud are independent of errors in another point 
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cloud. Even though some comparisons involved point clouds with a common photo (e.g. 

point clouds E and H both used photograph KGA_0785 for photogrammetric image 

processing) the fact that every point cloud had at least one unique source photograph each 

time it was compared with other point clouds satisfied this assumption because image 

matching (i.e. the SIFT algorithm) depends on both photographs in a stereo pair. This 

value is twice as large as the elevation standard deviation (1σ) of any one point cloud 

relative either to itself or to another point cloud that exists in the same arbitrary (i.e. not 

geo-referenced) Euclidian three-dimensional space of real-world scale. The theoretically 

obtainable vertical accuracy of a DEM can be 1 × 10
-4

 of the object distance (Ackermann, 

1996). Thus for a camera height of approximately 3.1 m a maximum vertical accuracy of 

0.31 mm could be expected. Encouragingly, the 2σ vertical point cloud uncertainty, δZrel, 

of 0.916 mm approaches this theoretical optimum and is on the same order of magnitude. 

For a reconstructed surface model of this size, a maximum vertical RMS error of 1.664 

mm can be expected (Eos Systems Inc., 2012). The δZrel value of 0.916 mm is within this 

upper limit, as is the RMS error of an individual point cloud of 0.457 mm. 

 The 2σ absolute vertical accuracy, δZgeo-ref, of photogrammetric point clouds as 

determined by comparison of validation points with their nearest neighbors was found to 

be 8.26 cm. This accuracy of elevation values is in an absolute sense, that is, the elevation 

of a point cloud with respect to a fixed vertical datum (mean sea level: the same datum of 

the RTK-GPS survey). Thus, there is 95% confidence that a geo-referenced point cloud – 

which is necessary for multi-temporal surface differencing of field-monitored channel 

reaches – generated by this technique is located within 8.26 cm of its true vertical 

location on the surface of the earth. Furthermore, the fact that the mean elevation 
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difference of 0.465 mm determined from the output of the nearest neighbor search-and-

compare script is not significantly different from zero suggests that there is no positive or 

negative bias of mean point cloud elevation in real-world coordinates. 

 The GCPs used for geo-referencing during point cloud generation were surveyed 

along with the 31 validation points used to define absolute vertical accuracy. Therefore, 

as long as point cloud relative elevation accuracy is high (e.g. < 1 mm, as in this 

instance), it is logical that the absolute vertical uncertainty of any geo-referenced point 

cloud approaches the vertical accuracy of the survey equipment used. The 2σ δZgeo-ref 

value of 8.26 cm is comparable to the Trimble R8 receiver and IaRTN 2σ vertical 

accuracy of approximately 4 to 6 cm. Optimum RTK-GPS accuracy was deemed 

plausible because the horizontal accuracy of the surveyed GCPs was better than 2 cm: the 

distances between surveyed GCP coordinates were within approximately 2 cm of the 

actual ground distances between GCPs on the experimental surface. RMS error is another 

common metric of vertical accuracy. The RMS error of the 279 validation point-to-

nearest neighbor elevation differences was 4.12 cm, which also compares well with the 

vertical accuracy of the RTK-GPS system utilized. Thus, the accuracy of the survey 

equipment constrained the accuracy of geo-referenced point clouds generated with this 

photogrammetric approach. 

 Erroneous GCP information due to survey error could influence point cloud 

elevation. The effect of GCP measurement error on point clouds was quantified by re-

generating point clouds A through I with altered GCP values, such that the GCP 

elevations were first increased by 10 cm and then decreased by 5 cm relative to the 

original survey data. It was assumed for this analysis that elevation error would be equal 
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for all GCPs. Each erroneous point cloud was compared to its original counterpart, which 

resulted in average elevation differences of 9.99 cm and –4.98 cm for the +10 cm and –5 

cm cases, respectively. Thus, vertical error in GCP measurement directly impacts the 

elevation of all points within a point cloud. 

 Utilizing geo-referenced GCPs to scale and orient point clouds would not impact 

multi-temporal elevation change error δΔZ, provided that the same GCP coordinates are 

used to scale and orient each point cloud. However, if GCPs are re-surveyed between 

photography, any comparison of the resulting point clouds (based on different GCP 

surveys) must take into account the individual accuracies of each GCP survey. Therefore, 

it is recommended that GCPs be (re-)surveyed according to best practices and under 

optimum conditions so as to maximize their accuracy, thereby minimizing the potential 

error of comparing multi-temporal geo-referenced point clouds. 

 Choice of uncertainty metric depends on planned data use. As Table 1 indicates, 

there are clear differences between 2σ, RMS error, and MAE as indices of vertical 

geospatial data quality, such that 2σ uncertainty is the largest (i.e. the most conservative). 

Because no significant positive or negative vertical biases were observed, RMS error was 

nearly equivalent to 1σ for δΔZ, δZrel, and δZgeo-ref. If elevation change uncertainty δΔZ is 

used as a probability interval along with volumetric estimates of morphological 

development, MAE would result in the smallest range and 2σ in the largest. If vertical 

change uncertainty is used as a minimum detection threshold (e.g. Brasington et al., 

2000; Brasington and Smart, 2003; Fuller et al., 2003; Lane et al., 2003; Heritage et al., 

2009; Gessesse et al., 2010; Wheaton et al., 2010; Hugenholtz et al., 2013), choice of 2σ 
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would cause the most information loss whereas selection of RMS error or MAE as the 

threshold level of detectable geomorphic change would preserve more information. 

 Comparison of models generated from repeated topographic reconstructions of 

the same surface was utilized to establish DEM vertical uncertainty (Brasington and 

Smart, 2003; Heng et al., 2010; Wheaton et al., 2010) and comparison of geo-referenced 

point clouds against surveyed validation points was used to determine absolute accuracy 

of elevation data (similar to Fonstad et al., 2013). It is beneficial to use surface 

differencing to define uncertainty both of elevation and of vertical change because doing 

so accounts for all sources of potential error (e.g. interpolation and rasterization) and not 

solely error induced during point cloud generation. The high δZrel of 0.916 mm would 

allow for accurate determination of three-dimensional parameters such as soil surface 

roughness and four-dimensional values such as volume change, whereas the δZgeo-ref of 

geo-referenced point clouds of 8.26 cm would allow for confident integration of point 

cloud geospatial data into pre-existing DEMs with lower elevation accuracy, such as 

those derived from aerial laser scanning or other remote sensing techniques. 

 For field application of this technique to study soil erosion, it is necessary that the 

average magnitude of observed elevation changes be larger than the vertical change 

uncertainty of ± 1.29 mm. However, this δΔZ value was determined using a surface with 

little relief (17 cm), whereas gullies have greater relief. The influence of relief on vertical 

change uncertainty was quantified by replicating the procedure used for the asphalt 

surface but with images of an actual gully reach. The reach encompassed an area of 2.16 

m
2
 and had relief of 63 cm. Six photographs and four surveyed GCPs were used to 

generate nine point clouds, which were all compared to calculate the uncertainty in 
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average elevation change. The 2σ uncertainty of vertical change based on post-processing 

of the nine point clouds with 63 cm relief was determined to equal ± 2.55 mm. The 

vertical change uncertainty was larger for the point clouds that represented the gully 

reach, but the uncertainty increase (by a factor of 1.97) was less than the relief increase 

(by a factor of 3.71). Therefore, depending on relief, the uncertainty of elevation change 

ranges from ± 1.29 to ± 2.55 mm, and uncertainty may increase further when images of 

deeper channels are used. A pair of convergent oblique images that both contain an entire 

reach and its four surveyed GCPs is all that is necessary to accurately reconstruct a 

segment of a channel formed by concentrated overland flow. Applying the uncertainty of 

elevation change (volume change per unit area, δΔZ) to field-monitored channels would 

allow for a 95% estimate confidence interval to be reported along with morphometrically 

derived estimates of ephemeral gully erosion. 

Conclusions 

 Statistical analysis of the results of comparing repeated topographic models of an 

experimental asphalt surface yielded an individual digital elevation model 2σ relative 

vertical accuracy of 0.916 mm and a 2σ uncertainty of detecting elevation change 

between two point clouds of ± 1.29 mm. Comparison of the replicate digital surface 

models with a set of surveyed validation points showed that geo-referenced point clouds 

created with this application of close-range photogrammetry had an unbiased 2σ absolute 

vertical accuracy of 8.26 cm. Close-range digital photogrammetry allowed for highly 

accurate reconstruction of the experimental surface. The relief-dependent vertical change 

uncertainty range of ± 1.29 to ± 2.55 mm may be extended to estimates of channel 
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erosion that are based on morphological change in reaches reconstructed with close-range 

photogrammetry. 
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Table 1. Uncertainty measures (two standard deviations, 2σ; root mean square error, 

RMSE; mean absolute error, MAE) of three point cloud elevation quality indicators 

(spatially averaged elevation change uncertainty, δΔZ; relative vertical accuracy, δZrel; 

absolute vertical accuracy, δZgeo-ref). 

 

Uncertainty type 
Uncertainty metric 

2σ RMSE MAE 

δΔZ (mm) 1.29 0.646 0.537 

δZrel (mm) 0.916 0.457 0.380 

δZgeo-ref (cm) 8.26 4.12 3.28 
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Figure 1. Schematic of experimental reach with four ground control points (GCPs) in 

corners and 31 validation points (VPs). Target points were placed in a 0.3 m grid. The 

surveyed GCPs enclosed an area of 2.11 m
2
. 
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Figure 2. Overhead perspective of camera station (CS) configuration for first sequence 

(eight photographs) of image acquisition of the experimental surface. CS2 is facing 

"upstream" and CS6 is facing "downstream." 
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Figure 3. Point cloud of the experimental reach generated with PhotoModeler Scanner 

from eight images of the asphalt surface. The top of the figure corresponds to the 

simulated downstream side of the reach. 
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Figure 4. Three "upstream" facing photographs were paired with three "downstream" 

facing photographs for a total of nine image pairs, A through I. Each pair was used as 

input in PhotoModeler Scanner to generate a point cloud (see text for procedure). 
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Figure 5. Schematic of the nearest neighbor (NN) search-and-compare algorithm. 
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Figure 6. Histogram of volume change ΔV for all comparisons of the 

photogrammetrically reconstructed experimental asphalt surface using point clouds A 

through I as input (n = 36). 
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Figure 7. Histogram of average elevation error ΔZ (volumetric discrepancy per reach 

area) for all comparisons of point clouds A through I (n = 36). 
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Figure 8. Histogram of elevation discrepancy �̂� (as calculated with Equation 3 by the 

Python nearest neighbor algorithm) based on all comparisons of 31 validation points with 

their nearest neighbor in each of the nine point clouds A through I (n = 279). 

  



46 

 

 
 

Figure 9. Scatter plot of elevation difference �̂� versus distance from validation point to 

nearest neighbor (n = 279). 
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CHAPTER 3 
 

A MULTI-TEMPORAL GEO-REFERENCED TOPOGRAPHIC DATASET 

OF UPLAND EPHEMERAL CHANNEL DEVELOPMENT 

 

Abstract 

 Environmental and economic damage by soil erosion is typically worse beyond 

farm fields than within. Ephemeral gullies are conduits that export eroded soil from 

agricultural uplands to off-site locations. Because ephemeral gullies develop in non-

random landscape locations, they require separate simulation by soil erosion models for 

conservation planning. This study utilized a recently developed field monitoring 

approach based on geo-referenced close-range digital photogrammetry to generate a 

database of morphological reconstructions of ephemeral gullies over multiple time 

intervals. Combined with a collection of measured soil properties, this topographic 

ephemeral gully dataset can be used for validation of predictive soil erosion models that 

explicitly account for erosion by topographically concentrated runoff. The ephemeral 

channel data were post-processed and used to estimate watershed-scale rates of 

ephemeral gully erosion of 3.93, 0.847, and 0.415 Mg ha
-1

 for three time intervals. These 

rates are comparable to expected ranges of soil loss by ephemeral gully erosion in similar 

landscapes. Although growing plants posed challenges to the method utilized, the reliable 

data obtained in this study should aid model development and improve soil conservation. 

Introduction 

 Ephemeral gully erosion occurs in agricultural catchments due to topographic 

convergence of overland flow. Such soil loss negatively impacts agriculture due to 

decreased crop yields (Martínez-Casasnovas et al., 2005; Cheng et al., 2006) and 

machinery interference (Casalí et al., 1999). However, the primary consequences of 
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concentrated flow erosion are typically manifested beyond farm fields because these 

temporary channels increase landscape drainage network connectivity and allow for 

efficient transport of soil and agrichemicals from agricultural uplands to downstream 

reaches and water bodies (Casalí et al., 1999; Gordon et al. 2008). Off-site economic 

damages due to soil erosion are often greater than on-farm financial losses (Faeth, 1993; 

Uri, 2000). Because ephemeral gully erosion has a disproportionately large off-farm 

impact relative to sheet and rill erosion (Poesen et al., 2003), soil conservation measures 

that specifically combat this phenomenon are critical. While soil conservation planning 

requires local expertise and cultural practices, soil erosion models also provide a useful 

tool for conservationists. 

 Ephemeral gullies have been studied and modeled as distinct landscape features 

for nearly three decades (e.g. Spomer and Hjelmfelt, 1986; Thomas et al., 1986). These 

temporary channels have been distinguished from rills on the basis of size, such that a 

929 cm
2
 cross-sectional area served as the minimum size of an ephemeral gully (e.g. 

Vandaele et al., 1996; Capra and Scicolone, 2002; Valcárel et al., 2003; Di Stefano and 

Ferro, 2011). However, this quantitative classification has been gradually replaced with a 

qualitative distinction: ephemeral gullies remove soil from non-random landscape 

locations where opposing slopes converge at concave contours whereas rills erode 

randomly on convex and planar hillslopes (e.g. Bennett et al., 2000; Casalí et al., 2006; 

De Santisteban et al., 2006; Gordon et al., 2008; Momm et al., 2013; Daggupati et al., 

2014). This conceptual definition is favorable because it is well aligned with physically 

based modeling of ephemeral gully erosion processes. 
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 Sheet and rill erosion are often simulated for soil conservation or research 

purposes with the Revised Universal Soil Loss Equation 2 (RUSLE2) model (USDA-

ARS, 2013) or the Water Erosion Prediction Project (WEPP) hillslope model (Flanagan 

et al., 1995). RUSLE2 is an empirical model and WEPP is a process model, but neither 

can be used to simulate ephemeral gully erosion (Bennett et al., 2000; Gordon et al., 

2007). RUSLE2 is based on data gathered from runoff plots 22.1 m in length (USDA, 

2013), so the lack of a sufficiently large drainage area for channel formation precludes 

the inclusion of gullies as a source of sediment measured in plot effluent (Vandaele et al., 

1996; Boardman 2006). The hillslope component of WEPP is two-dimensional and thus 

does not account for runoff concentration and the ensuing ephemeral gully erosion; 

however, the watershed version of WEPP can be configured to model channel erosion 

process (Flanagan et al., 1995; Ascough et al., 1997), but is used less frequently for soil 

erosion modelling applications (e.g. Laflen et al., 2004). The Ephemeral Gully Erosion 

Model (EGEM) was developed specifically to simulate this distinct process (Woodward, 

1999), but EGEM has been shown to perform poorly and has severe limitations 

(Nachtergaele et al., 2001; Capra et al., 2005). 

 Recent improvements in watershed-scale modelling of ephemeral gullies have 

been made (Momm et al., 2012; Momm et al., 2013; Daggupati et al., 2014). However, 

field-scale simulations have not advanced at the same pace. Gordon et al. (2007; 2008) 

successfully used Annualized Agricultural Non-Point Source (AnnAGNPS) to model 

ephemeral gully erosion. Coupling RUSLE2 with a physically based tool such as the 

Chemicals, Runoff, and Erosion from Agricultural Management Systems (CREAMS) 

model constitutes another viable approach to estimate total soil erosion within a field 
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(Dabney et al., 2011; Dabney et al., 2012). Dabney et al. (2014) have developed the 

Ephemeral Gully Erosion Estimator (EphGEE) model; implemented it in the context of 

total field-scale erosion including sheet, rill, channel, and tillage erosion; and achieved 

reliable long-term results. These recently applied models and any future developments 

would benefit from a topographic dataset of ephemeral gully erosion that can be used for 

validation and calibration. 

 Field measurements are a requirement for accurate simulation of channel erosion 

(Stroosnijder, 2005). Field-scale observations of soil erosion also occupy an under-

studied void between watershed-scale and plot-scale measurements that are made far 

more frequently (Poesen et al., 1996; Deasy et al., 2011). The preferred method to 

measure field-scale soil erosion is quantification of change in gully morphology (Lal, 

2001; Stroosnijder, 2005). Morphological data of developing ephemeral channels should 

be gathered from multiple fields over multiple years, should be geo-referenced and in a 

digital format for efficient incorporation into pre-existing digital elevation models 

(DEMs), and must be sufficiently reliable to allow for accurate representation of actual 

geomorphic change. There is a pressing need for such field measurements of ephemeral 

gully erosion due to a lack of suitable data to aid model development (Dabney et al., 

2011). 

 The importance of developing appropriate field methods to monitor ephemeral 

gully development in addition to improving predictive model capability has been 

emphasized (Poesen et al., 2003). Castillo et al. (2012) compared a suite of techniques 

that are available to quantify gully morphology. Simple approaches include measuring 

tape (Zhang et al., 2007; Capra et al., 2009) or a pole (Castillo et al., 2012) to measure 



51 

 

depths and widths of triangle or quadrilateral cross-sections. Profile meters present a 

technique to sample cross-section depths at denser intervals (Leatherman, 1987; Casalí et 

al., 1999; Bennett et al., 2000; Casalí et al., 2006; De Santisteban et al., 2006; Di Stefano 

and Ferro 2011). Real-time kinematic global positioning system (RTK-GPS) survey 

(Cheng et al., 2006; Wu et al., 2008) and total station survey (Castillo et al., 2012) have 

been used to obtain gully morphology. Other close-range techniques to reconstruct 

channels include laser profilers (Giménez et al., 2009; Castillo et al., 2012) and ground 

based light detection and ranging (LiDAR) scanners (Momm et al., 2011; Castillo et al., 

2012; Nouwakpo and Huang, 2012). Finally, close-range photogrammetry can be 

employed to generate high-resolution gully reconstructions. 

 Photogrammetry can be applied remotely or proximally. Aerial photogrammetry 

(object distance > 10 m) has been used to assess gully development (Thomas et al., 1986; 

Nachtergaele and Poesen, 1999; Giménez et al., 2009; Marzolff and Poesen, 2009), but 

the high ground area-to-pixel area ratio constrains the horizontal resolution of the 

resultant photogrammetric DEM. A relatively lower ground area-to-pixel area ratio is 

achievable with close-range images, which are obtained with ground-based cameras. 

Closer imagery thus yields greater horizontal DEM resolution due to computation of 

denser point clouds. Such three-dimensional detail on the order of 10
-2

 to 10
-3

 m is 

required to accurately assess small geomorphic changes in ephemeral gullies. As such, an 

increasing number of researchers (Rieke-Zapp and Nearing, 2005; Gessesse et al., 2010; 

Heng et al., 2010; Castillo et al., 2012; Gordon et al. 2012; Nouwakpo and Huang, 2012; 

Gómez-Gutiérrez et al., 2014; Kaiser et al., 2014; Wells et al., in prep.) have utilized 

close-range photogrammetry for soil erosion research over the last decade. 
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 The research presented in this chapter has applied a technique developed by Wells 

et al. (in prep.) that couples RTK-GPS survey and close-range photogrammetry to 

generate geo-referenced point clouds of ephemeral gullies in multiple agricultural fields 

over longer time intervals than are currently documented. Ephemeral gullies were 

photographed for compilation of a photogrammetric dataset, which was complemented 

by a dataset of soil properties. The objective of this study was to generate a database of 

ephemeral gully morphologies and soil parameters suitable for model validation and to 

derive field-scale estimates of ephemeral gully erosion rates. 

Methods 

Study Site 

 Field research was conducted during 2013 and 2014 at Neal Smith National 

Wildlife Refuge in Jasper County, Iowa, USA (Figure 1). Twelve field-scale ephemeral 

watersheds were established in 2007 (cf. Helmers et al., 2012). The experimental 

watersheds measure 0.47 to 3.19 ha with 6.1% to 10.5% average slopes, are managed 

under a no-till 2 y maize–soy rotation (2013: soy; 2014: maize) with varying areal 

proportions removed from crop production for prairie reconstruction, and are identified as 

Interim 1 through 3, Orbweaver 1 through 3, and Basswood 1 through 6 (Helmers et al., 

2012). Any channels that developed in topographic swales after 2007 were filled in 

March 2012. Precipitation data were originally obtained from the MesoWest 

meteorological database maintained by the University of Utah Department of 

Atmospheric Sciences (UUDAS, 2014), and then verified with precipitation information 

from the Iowa Daily Erosion Project (IDEP) website (Cruse et al., 2006). 
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 In April 2013, monitoring sites were established along the thalweg of each of the 

12 zero-order watersheds where there was visible evidence of erosion due to concentrated 

overland flow. In each watershed, the sites were placed sequentially along the 

concentrated flowpaths and were spaced approximately 10 m apart (Figure 2). A total of 

88 sites were maintained through 2014 (Table 1). A 1.8 m by 1.2 m PVC frame was used 

to locate four survey stakes that demarcated the extents of each monitoring site, which 

occupied an average area of 2.16 m
2
 (Figure 3). These stakes were surveyed with RTK-

GPS initially and again in May 2014 to avoid measurement errors due to potential freeze-

thaw dislocation. The surveyed stakes were used as ground control points (GCPs) to geo-

reference and scale photogrammetric point clouds. 

Photogrammetry & Post-Processing 

 An established procedure was followed to photograph each monitoring site (Wells 

et al., in prep.). A calibrated Nikon D7000 digital single-lens reflex camera with an AF 

Nikkor lens of 20 mm focal length (fixed) and f/2.8D aperture was used for all 

photography. All image files were saved in JPEG format. To capture images of each 

monitoring site, the camera was mounted to an aluminum arm attached to a frame 

backpack worn by the operator and was viewed with an iPad connected to the camera via 

a Cam Ranger wireless router (Wells et al., in prep.). Each site was photographed twice: 

from downstream facing upstream (parallel to the channel) and vice versa (Figure 4). 

 Image pairs were imported to PhotoModeler Scanner (Eos Systems Inc., 2014) to 

generate a point cloud for each site. PhotoModeler Scanner uses algorithms based on the 

scale-invariant feature transform (SIFT) developed by Lowe (2004) to identify matching 

pixels in the two photographs and automatically solve for the location of both cameras in 
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three-dimensional image space (Figure 5). The four GCPs are then manually identified 

and registered with survey data in order to transform image space into object space and 

geo-reference the entire model. The matching points identified by the SIFT algorithm are 

then sampled at 5 mm density to compute a point cloud with the Create Dense Surface 

stereo image pair option. The final geo-referenced point cloud is exported as a *.txt file 

(Figure 6). 

 The monitoring sites were visited periodically during the 2013 and 2014 growing 

seasons in order to generate multiple point clouds for each site (Table 1). The same 

protocol is followed for field-work and computer processing to create every point cloud 

(Figure 7). In order to assess erosive (or depositional) changes within each monitoring 

site, sequential pairs of point clouds were post-processed using custom Python code 

developed by Wells et al. (in prep.). The algorithm interpolates both point clouds to a 5 

mm grid DEM and uses the elevation difference of corresponding raster cells from the 

two time steps (Figure 8) to compute the total volume change within the monitoring site 

between the photography dates (Wells et al., in prep.). Cross-section and longitudinal 

profiles are also outputted graphically (Figure 9) and as *.csv tables (Wells et al., in 

prep.). 

Soil Properties 

 In addition to tabular cross-section profile data, soil properties were also 

measured to facilitate future model development and refinement. Particle size 

distribution, total organic carbon, and bulk density have been measured to assess the 

relationships between soil and ephemeral gully erosion (Lentz et al., 1993). The soil 

properties measured herein included bulk density, texture, soil carbon, and wet aggregate 
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stability. For each watershed block (Basswood, Interim, Orbweaver), soil properties were 

measured in one watershed (Basswood 1, Interim 3, Orbweaver 1) at five locations: 

within the channel in the bottom half of the channel (Cb), in the channel within the top 

half of the channel (Ct), gully bank at bottom (Bb), gully bank at top (Bt), and a control 

(Con) located at least 10 m away from the concentrated flowpaths at an intermediate 

elevation. 

 Bulk density was sampled at a higher spatial frequency in order to determine an 

overall average value for each block. Soil cores were taken to 7.6 cm depth with a 

double-cylinder sampler (Grossman and Reinsch, 2002) in all 12 watersheds sequentially 

along channels within a few paces from monitoring sites. Samples were obtained on 

August 8, 2013 (n = 31), and again on June 10, 2014 (n = 46). Cores were oven dried at 

105°C for 24 h and then weighed to determine bulk density, which was averaged for each 

block. These bulk density samples corresponded to gully bank locations (Bb and Bt) and 

were used as such. Additional bulk density measurements (n = 24) were made on June 

24, 2014 at the Cb, Ct, and Con sites in each block. 

 Soil samples were obtained at 15 locations (Cb, Ct, Bb, Bt, and Con in each block) 

on June 24, 2014 for measurement of the remaining soil properties. At each location, a 

3.2 cm diameter probe was inserted to 15 cm depth five times to make a composite 

sample. Particle size analysis was conducted according the pipette method (Gee and Or, 

2002). Total soil carbon and soil organic matter were determined by combustion. A 

modified approach of Nimmo and Perkins (2002) was followed to quantify wet aggregate 

stability. First, field-moist samples were passed through an 8 mm sieve and air-dried. 

Samples were then wetted slowly with filter paper to a gravimetric water content of 40 g 
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H2O g
-1

 dry soil. Moist samples were then placed onto a set of sieves (4, 2, 1, 0.5, and 

0.25 mm). Each sieve stack was submerged in water and vertically shaken at 128 

revolutions min
-1

 for 5 min. The aggregates remaining on each sieve were oven dried at 

65°C over night and then weighed. 

Ephemeral Gully Erosion 

 The primary motivation for applying photogrammetry to reconstruct multi-

temporal ephemeral gully morphologies is to improve predictive capabilities of soil 

erosion models. However, it is worthwhile to use the calculated volume changes in 

monitoring sites to estimate total volumetric change of entire channels between two time 

steps. Doing so allows for verification that site-scale observations (approximately 2 m
2
) 

are plausible when translated to the field-scale (three to four orders of magnitude larger). 

To determine total ephemeral gully volumetric change, volume changes within observed 

sites (computed) were used to estimate volume changes between sites (interpolated). 

 Interpolation was necessary because monitored reaches were spatially 

discontinuous (Figure 2). The interpolation procedure was based on a modification of the 

end area method (EAM), which is a well-documented approach to estimate gully volume 

using sequential cross-sectional area measurements (Spomer and Hjelmfelt, 1986; Capra 

and Scicolone, 2002; Casalí et al., 2006; De Santisteban et al., 2006; Zhang et al., 2007; 

Capra et al., 2009; Di Stefano and Ferro, 2011; Capra et al., 2012; Castillo et al., 2012). 

The EAM calculates total gully volume V as 

 𝑉 =∑𝑉𝑖

𝑛

𝑖=1

=∑0.5(𝐶𝑖−1 + 𝐶𝑖) × 𝐿𝑖

𝑛

𝑖=1

 (1) 

where i is the segment between two cross-sections, n is the number of segments, Vi is the 

volume of segment i, Ci–1 is the downstream cross-sectional area, Ci is the upstream 
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cross-sectional area, and Li is the length of the segment measured between the cross-

sections. Equation 1 assumes a linear change in morphology between cross-sections, and 

this assumption of linearity was also followed for the modified EAM. 

 Post-processing of sequential point clouds yields volume change over the time 

interval (Wells et al., in prep.), but only for photographed channel reaches. To determine 

volume change between monitored sites, the average elevation changes within the 

upstream and downstream sites are averaged and then multiplied by the corresponding 

ground area between photographed reaches. The sums of volumetric changes inside the 

observed sites and within the interpolated spaces are added to yield the total volume 

change of a channel ΔVc given as 

 ∆𝑉𝑐 =∑∆𝑉𝑖

𝑛

𝑖=1

+∑0.5 (
∆𝑉𝑖
𝐴𝑖

+
∆𝑉𝑖+1
𝐴𝑖+1

) × 𝐴𝑏

𝑛−1

𝑖=1

 (2) 

where i is a monitored site, n is the number of sites experiencing channel erosion, ΔVi is 

the volume change within site i, Ai is the area of site i, ΔVi+1 is the volume change within 

the site immediately upstream of site i, Ai+1 is the area of the upstream site, and Ab is the 

ground area between site i and its upstream neighbor. The interpolation procedure is 

illustrated in Figure 10. All areas were measured with ArcMap 10 (ESRI, 2010). 

 To assess the plausibility of estimated total volume changes within the observed 

channels, ΔV was converted to mass flux, ΔM, using topsoil (7.6 cm) bulk density, ρb 

(e.g. Woodward, 1999; Zhang et al., 2007). Bulk density was assumed to be uniform in 

space and time for this calculation. Mass flux was divided by both channel area and field 

area (i.e. channel drainage area) to determine the rate of ephemeral gully erosion over 

each time interval. Erosion rate (mass flux) uncertainty was defined by combining the 

individual uncertainties in volume calculations and bulk density measurements. The 
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errors in ΔV and ρb are assumed to be independent and random, so Taylor (1997) 

Equation 3.18 allows the uncertainty of mass flux δΔM to be determined for each 

ephemeral gully by 

 𝛿∆𝑀 = |∆𝑀| × √(
𝛿∆𝑉

∆𝑉
)
2

+ (
𝛿𝜌𝑏
𝜌𝑏

)
2

 (3) 

where ΔM is the estimated mass flux within a channel, ΔV is the volume change, ρb is the 

bulk density, and δΔV and δρb are the 2σ uncertainties in volume change and bulk 

density, respectively. δΔV for each channel was computed by multiplying the δΔZ value 

of ± 1.29 mm (Chapter 2) by the channel ground area. 

Results 

 Concentrated flow erosion occurred in nine of the 12 experimental watersheds 

during 2013 and 2014, ephemeral gully lengths ranged 18.9 to 137.2 m, and channel 

density was between 15.3 and 87.3 m ha
-1

 (Table 2). Average bulk density values for 

each block were lower in 2014 than in 2013 by an overall difference 0.17 Mg m
-3

 (p < 

0.01; Table 3). Other soil properties are summarized in Table 4. No soil properties 

significantly differed (based on comparison of 95% confidence intervals) by sampling 

position (i.e. channel, bank, bottom, top, and control). Bulk density was numerically 

higher in channel thalwegs relative to that on gully banks, higher in lower watershed 

reaches than in upper reaches, and highest at the control location. Lower field reaches had 

relatively higher sand content. Total soil carbon and soil organic matter were numerically 

greater on channel banks than within the gullies and were highest for the control samples. 

Soil aggregates were slightly more stable at upper reaches than at lower locations within 
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the fields, and aggregate stability was substantially higher at the control sampling sites 

than at all other locations. 

 Volume changes within monitored sites were used to derive rates of ephemeral 

gully erosion. Channel volume change, estimated mass flux, mass flux per channel area, 

and mass flux per watershed area are listed in Tables 5, 6, 7, and 8 for each field that 

experienced concentrated flow erosion during the four time intervals (T0 to Tt1: April 25, 

2013 to June 10, 2013; T1 to T2: June 10, 2013 to September 24, 2013; T3 to T4: May 14, 

2014 to May 29, 2014; and T4 to T5: May 29, 2014 to June 5, 2014) for which 

corresponding multi-temporal surface reconstructions were available. According to 

MesoWest, rainfall during the first, second, and fourth time intervals was 232.4, 159.5, 

and 37.8 mm, respectively; precipitation details were unavailable for the third interval 

due to a reset of the rain gauge. IDEP data indicated similar values, with approximate 

rainfall depths of 250, 150, 10, and 30 mm for the four time intervals. The average 

computed rates of ephemeral gully erosion on the per channel area basis for each time 

interval (T0 to T1, T1 to T2, T3 to T4, and T4 to T5) were 306.1, 76.3, 50.5, and –51.6 Mg 

ha
-1

, respectively; the average calculated rates of soil loss by topographically 

concentrated runoff on the per gully drainage area basis for the four time intervals were 

3.93, 0.847, 0.415, and –0.493 Mg ha
-1

. Calculations for average rates only include 

significant changes (i.e. computed net mass flux must be larger than the uncertainty). 

Discussion 

 Photographs obtained of the ephemeral gully monitoring sites at Neal Smith 

National Wildlife Refuge constitute a permanent digital record of the soil surfaces 

observed during this study. Images were the primary raw data collected, but the point 
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clouds generated therewith comprise a secondary collection of data that describe the 

studied channels. Volume changes and channel profiles extracted from post-processing 

are the most derived and readily useful data. 

 Erosion estimates were made for the four time intervals T0 to T1, T1 to T2, T3 to 

T4, and T4 to T5 based on volume changes computed during point cloud post-processing. 

For each post-processing run, spreadsheets of cross-section and longitudinal profiles of 

the monitoring sites for both the initial and end dates were generated. These spreadsheets 

can be integrated into predictive models for calibration. Because the topographic data in 

these spreadsheets are geo-referenced, they may be easily incorporated into pre-existing 

terrain models. The multi-temporality of the channel morphology data allows for inverse 

modeling of ephemeral gully evolution. Despite this, the temporal resolution is 

insufficient to use for simulation of the processes of concentrated flow erosion such as 

headcut erosion (Wells et al., 2009; Wells et al., 2010) or channel widening (Wells et al., 

2013). 

 Ephemeral gullies formed in nine of 12 fields monitored in this study. The three 

fields in which channels did not develop (Basswood 2, Basswood 3, Orbweaver 2) had 

gentler slopes (6.7%), smaller drainage areas (2.40 ha), or shorter maximum slope lengths 

(220 m), where the maximum value of the three fields without channels is given in 

parentheses (Table 2). This is consistent with the concept that there exist slope and area 

thresholds for the initiation of ephemeral gullies (Vandaele et al., 1996; Capra and 

Scicolone, 2002; Poesen et al., 2003; Valentin et al., 2005; Daggupati et al., 2014). 

Channel length was moderately well correlated with watershed drainage area (r = 0.855) 

and watershed maximum slope length (r = 0.879). Of the other landscape parameters and 
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soil properties, average slope was most often the explanatory variable best-correlated 

with volume change and mass flux from the channels. These general relationships, while 

statistically inconclusive, imply that larger drainage area, greater slope length, and 

steeper slope increase likelihood of ephemeral gully development, channel length, and 

sediment export. However, the correlations in this study are moderate at best, which 

suggests that different or more complex topographic (e.g. compound topographic index) 

or soil (e.g. critical shear stress, concentrated erodibility) parameters could be better 

predictors of the degree or magnitude of ephemeral gully erosion. 

 The soil properties compiled in Table 4 can be used to specify primary parameters 

(or to derive secondary parameters with pedotransfer functions) within gully erosion 

models. The soil dataset collected for this research had no correlation with ephemeral 

gully volume or sediment movement. Channel lengths were modestly correlated with soil 

texture: sand (r = 0.785), silt (r = –0.808), and clay (r = 0.733). Further detection of 

significant relationships between soil and ephemeral gully morphology may be due to 

small sample size (n = 15) or the lack of actual associations between soil and channel 

characteristics. 

 For the soil properties determined by location, it is logical that channel thalwegs 

had greater bulk density and lesser total carbon and organic matter relative to other 

sampling locations. The samples obtained from within the ephemeral gullies contained 

more subsoil (instead of more topsoil, such as the samples taken on gully banks or at the 

control locations), and thus the larger bulk density and lower carbon content. Bulk 

density was largest at the control location, which is plausible because the soil near and 

within the channels is less consolidated due to repeated displacement by topographically 
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concentrated runoff. Likewise, and perhaps most important, aggregate stability was 

highest at the control location. Soil aggregates on channel banks and within ephemeral 

gullies may be less stable due to the force exerted by flowing water. Conversely, the 

lower bulk density and less stable aggregates near and in channels may promote erosion 

because the soil is weaker and less consolidated. A reinforcing feedback between the two 

scenarios is likely. 

 In addition to terrain and soil characteristics, ephemeral gully erosion is also 

influenced by management. The fields were not tilled during the study period. Relative to 

tillage, no-till management reduces sheet and rill erosion relatively more than runoff 

(Dabney et al., 2012). Despite minimal anthropogenic soil disturbance, sufficient 

occurrence of topographic runoff concentration and the ensuing channel scouring allowed 

ephemeral gullies to form. 

 The average ephemeral gully erosion rates for all four time steps are higher when 

reported per channel area than when divided by the total areas of the zero-order 

watersheds. The per-field-area figures are in addition to sheet and rill erosion that could 

be computed with RUSLE2 or WEPP, whereas the per-channel area values are highly 

localized and therefore difficult to evaluate. It should be noted that the channel area 

utilized includes the overbank area captured in the photographs of each monitoring site. 

Because the monitored channels did not fill the sites (ground areas within sets of four 

survey stakes), the channel areas are overestimates. Further, the volume changes 

computed during post-processing did not discriminate between channels and floodplains, 

so morphological development outside of the gullies within each site impacted the 

calculation of volume change. Channels could be automatically separated from overbank 
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areas with an edge detection algorithm (Wells et al., 2013). However, the computed 

volumetric change within monitored channel reaches allowed for estimation of total 

channel volumes with Equation 2, which in turn permitted a means for quantitative data 

verification. 

 The average field-scale rates of ephemeral gully erosion for time intervals T0 to 

T1, T1 to T2, and T3 to T4 were 3.93, 0.847, and 0.415 Mg ha
-1

, respectively. The value for 

the T0 to T1 interval is larger because it only reflects the ephemeral gully erosion rates of 

two fields, one (Interim 3) of which experienced the most erosion. The value was lesser 

for the T1 to T2 interval due to less rainfall (150 mm) than the previous interval (250 

mm), and the small value for the T3 to T4 interval is attributed to the much shorter elapsed 

time (15 d) with little precipitation (about 10 mm). The magnitudes of ephemeral gully 

erosion for the first three time intervals compare well with (i) the average Iowa annual 

ephemeral gully erosion rate under no-till of 4.00 ± 1.76 Mg ha
-1

 simulated by Gordon et 

al. (2008), (ii) the range in Iowa annual ephemeral gully erosion of 2 to 18.2 Mg ha
-1

 

compiled by Poesen et al. (2003), and (iii) the average annual sediment yield of 8.30 ± 

3.21 Mg ha
-1

 from 2007 to 2010 from the 100% row-crop watersheds at Neal Smith 

National Wildlife Refuge reported by Helmers et al. (2012). The contribution of upland 

channel erosion to total soil losses in Iowa ranges from 19% to 45% (Poesen et al., 2003). 

This range combined with the lower (5.09 Mg ha
-1

) and upper (11.51 Mg ha
-1

) bounds of 

sediment delivery from 100% row-crop fields (Helmers et al., 2012) yields a range of 

0.967 to 5.180 Mg ha
-1

 of ephemeral gully erosion within the experimental watersheds at 

Neal Smith National Wildlife Refuge. The rates of upland ephemeral channel erosion of 

3.93, 0.847, and 0.415 Mg ha
-1

 for the first three time intervals are therefore deemed 
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plausible because the morphological changes at the observation scale are realistic when 

extrapolated to the field (gully drainage area) scale. Furthermore, the expected rates of 

0.967 to 5.180 Mg ha
-1

 are based on runoff data collected from late March through late 

November (Helmers et al., 2012), so less soil loss would have occurred (per unit time) 

had those longer time intervals been separated into finer temporal increments. 

 The derived estimate of average field-scale ephemeral gully erosion for the final 

time interval T4 to T5 of –0.493 Mg ha
-1

 requires separate interpretation. The negative 

value implies average net deposition within all channels due to positive volumetric 

changes within the photographed monitoring sites. Rather than substantial accumulation 

of displaced soil, the supposed deposition reflects the vertical growth of the maize crop 

within each monitoring site. This interference of crops is one major challenge to the 

method used in this field study. 

 In 2014, Orbweaver 1 contained extensive weed growth. The monitoring sites in 

Orbweaver 1 were photographed and point clouds were generated, but substantial vertical 

noise and horizontal gaps in the point clouds precluded accurate post-processing for 

volume change calculation and profile extraction. In a similar manner, in 2013 the 

September 24 photography was only made possible by removing the soy crop within the 

monitoring sites prior to image acquisition. In 2014, photography was suspended after 

June 5 due to rapid growth of the maize crop and occlusion of the imaging surface by the 

vegetative canopy. The close-range photogrammetric technique is therefore best applied 

to fallow landscapes or to monitoring sites that do not contain actively growing biomass. 

 Despite the challenges presented by crop and weed interference, the utilized 

method has numerous benefits. The data quality is good because vertical uncertainty is 
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low (Chapter 2) and horizontal resolution is high (5 mm), and the data are of high utility 

because they are geo-referenced and easily integrated into computer applications. The in-

field data collection approach is advantageous because it is repeatable (necessary for 

multi-temporal surface reconstruction) and fast (one researcher was able to travel to Neal 

Smith National Wildlife Refuge [1 h, one way] and photograph all monitoring sites in 

less than 6 to 8 h). Point cloud generation and post-processing adhere to a workflow that 

minimizes subjectivity (Wells et al., in prep.). As long as plant interference is minimal 

and both images of a given monitoring site clearly contain all four GCPs, geo-referenced 

close-range digital photogrammetry provides an efficient and effective method to 

reconstruct a time series of ephemeral channel morphologies. 

Conclusions 

 A multi-temporal morphological dataset of ephemeral gullies was successfully 

produced with repeated application of geo-referenced close-range photogrammetry to 

monitoring sites in 12 fields at Neal Smith National Wildlife Refuge in Iowa, USA. 

Observed reaches of ephemeral channels were photographed six times during 2013 and 

2014, which allowed for the generation of digital surface reconstructions in the form of 

point clouds for each imaging date. Point cloud post-processing outputted tables of cross-

section and longitudinal profiles of ephemeral gullies that can be used for model 

validation, and multi-temporal channel topographic data were supplemented by a dataset 

of soil properties that may further enhance model parameterization. The estimated rates 

of ephemeral gully erosion per drainage area for three time intervals were 3.93, 0.847, 

and 0.415 Mg ha
-1

, which are plausible with respect to previously measured and modeled 

rates in Iowa. This consistency of extrapolated field-scale estimates of ephemeral gully 
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erosion implies that the micromorphological changes calculated from the observation 

scale are appropriate representations of actual geomorphic changes due to ephemeral 

channel development. 
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Table 1. 2013 and 2014 counts and dates of photography for sites monitored for 

ephemeral gully development in 12 experimental watersheds at Neal Smith National 

Wildlife Refuge (Basswood, B; Interim, I; Orbweaver, O). 

 

Field 
Sites monitored 

 
Dates photographed (MM-DD) 

2013 2014 
 

2013 2014 

B1 5 5 
 

06-10 05-14, 05-29, 06-05 

B2 2 2 
 

06-10 05-14, 05-29, 06-05 

B3 2 2 
 

06-10 05-14, 05-29, 06-05 

B4 9 3 
 

06-10 05-14, 05-29, 06-05 

B5 8 5 
 

06-10 05-14, 05-29, 06-05 

B6 10 10 
 

06-10 05-14, 05-29, 06-05 

I1 17 15 
 

06-10 05-14, 05-29, 06-05 

I2 12 12 
 

06-10, 09-24 05-14, 05-29, 06-05 

I3 10 8 
 

04-22, 06-10, 09-24 05-14, 05-29, 06-05 

O1 8 8 
 

04-25, 06-10, 09-24 05-14, 05-29, 06-05 

O2 6 6 
 

04-25, 06-10, 09-24 05-14, 05-29, 06-05 

O3 10 12 
 

04-25, 06-10, 09-24 05-14, 05-29, 06-05 
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Table 2. Topographic characteristics (slope, S; area, A; maximum slope length, Lmax) of 

the 12 experimental watersheds (Helmers et al., 2012). Ephemeral gully (EG) 

development occurred in nine of 12 fields. 

 

Field S (m m
-1

) A (ha) Lmax (m) EG? EG length (m) EG density (m ha
-1

) 

B1 0.075 0.53 120 yes 30.4 57.4 

B2 0.066 0.48 113 no - - 

B3 0.064 0.47 110 no - - 

B4 0.082 0.55 118 yes 19.5 35.5 

B5 0.089 1.24 144 yes 18.9 15.3 

B6 0.105 0.84 140 yes 62.6 74.5 

I1 0.077 3.00 288 yes 102.1 34.0 

I2 0.061 3.19 284 yes 137.2 43.0 

I3 0.093 0.73 137 yes 63.7 87.3 

O1 0.103 1.18 187 yes 61.2 51.9 

O2 0.067 2.40 220 no - - 

O3 0.066 1.24 230 yes 70.9 57.2 
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Table 3. Bulk density (ρb) averaged by block, with uncertainty of two standard deviations 

(2σ). 

 

Block 
Average ρb ± 2σ (Mg m

-3
) 

2013 2014 

Basswood 1.32 (0.18) 1.13 (0.22) 

Interim 1.24 (0.24) 1.08 (0.21) 

Orbweaver 1.30 (0.18) 1.14 (0.25) 
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Table 4. Soil properties measured from composite samples obtained in Basswood 1, 

Interim 3, and Orbweaver 1 at five locations (Loc.): in channel at bottom (Cb), in channel 

at top (Ct), gully bank at bottom (Bb), gully bank at top (Bt), and control (Con). Measured 

bulk density (ρb), texture, total soil carbon (Total C), soil organic matter (OM), and wet 

aggregate stability (WAS, expressed as percent stable aggregates) values were averaged 

by location in order to contrast channel (Chan.) with bank, to contrast bottom (Bot.) with 

top, and for comparison against the control (Con). 

 

Block Loc. 
ρb 

(Mg m
-3

) 

Sand 

(%) 

Silt 

(%) 

Clay 

(%) 

Total C 

(%) 

OM 

(%) 

WAS 

(%) 

Basswood Cb 1.13 5.48 66.70 27.82 2.10 3.9 27.6 

 
Ct 1.16 5.74 66.83 27.43 1.65 3.1 27.2 

 
Bb 1.08 5.12 70.22 24.66 1.97 3.7 19.5 

 
Bt 1.21 3.54 70.66 25.80 2.07 3.9 25.0 

 
Con 1.26 2.92 67.04 30.04 2.28 4.3 28.4 

         
Interim Cb 1.21 20.34 51.16 28.50 1.61 3.0 24.6 

 
Ct 1.27 14.36 56.11 29.53 1.24 2.4 27.9 

 
Bb 1.22 19.82 51.09 29.09 1.69 3.2 29.9 

 
Bt 1.06 14.51 55.45 30.04 1.90 3.6 25.9 

 
Con 1.18 12.23 54.96 32.81 2.26 4.2 48.5 

         
Orbweaver Cb 1.20 17.21 56.00 26.79 2.36 4.4 22.7 

 
Ct 1.09 7.52 64.14 28.34 2.68 5.0 36.5 

 
Bb 1.30 14.14 58.71 27.15 2.61 4.9 29.7 

 
Bt 1.06 8.06 63.87 28.07 2.81 5.2 32.5 

 
Con 1.15 22.05 52.74 25.21 2.41 4.5 51.3 

Overall Chan. 1.18 11.78 60.16 28.07 1.94 3.63 27.75 

 
Bank 1.15 10.87 61.67 27.47 2.17 4.08 27.08 

         
 

Bot. 1.19 13.69 58.98 27.34 2.05 3.85 25.66 

 
Top 1.14 8.96 62.84 28.20 2.06 3.87 29.16 

         
 

Con 1.20 12.40 58.25 29.35 2.31 4.33 42.72 
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Table 5. Net volume loss (ΔVc), net sediment efflux (ΔM), net sediment efflux per 

channel area, and net sediment efflux per watershed area for three watersheds at Neal 

Smith National Wildlife Refuge (Interim, I; Orbweaver, O) during the time interval April 

25, 2013 to June 10, 2013: T0 to T1. Parenthetical values for ΔVc and ΔM are 2σ 

uncertainties δΔVc and δΔM, respectively. Negative values indicate positive volume 

change (net sediment deposition). Asterisk indicates insignificant tabulated values due to 

the uncertainty being larger in magnitude than calculated values of volume change and 

sediment flux. 

 

Field ΔVc (m
3
) ΔM (Mg) 

Erosion 

Per channel (Mg ha
-1

) Per field (Mg ha
-1

) 

I3 3.821 (0.146) 4.733 (0.921) 418.670 6.484 

O1* –0.073 (0.142) –0.094 (0.185) –8.586 –0.080 

O3 1.314 (0.114) 1.706 (0.282) 193.530 1.376 
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Table 6. Net volume loss (ΔVc), net sediment efflux (ΔM), net sediment efflux per 

channel area, and net sediment efflux per watershed area for four watersheds at Neal 

Smith National Wildlife Refuge (Interim, I; Orbweaver, O) during the time interval June 

10, 2013 to September 24, 2013: T1 to T2. Parenthetical values for ΔVc and ΔM are 2σ 

uncertainties δΔVc and δΔM, respectively. Negative values indicate positive volume 

change (net sediment deposition). 

 

Field ΔVc (m
3
) ΔM (Mg) 

Erosion 

Per channel (Mg ha
-1

) Per field (Mg ha
-1

) 

I2 2.387 (0.293) 2.956 (0.670) 130.895 0.927 

I3 1.514 (0.146) 1.875 (0.401) 165.844 2.568 

O1 –0.640 (0.142) –0.830 (0.218) –75.682 –0.704 

O3 0.571 (0.114) 0.741 (0.181) 84.037 0.597 
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Table 7. Net volume loss (ΔVc), net sediment efflux (ΔM), net sediment efflux per 

channel area, and net sediment efflux per watershed area for eight watersheds at Neal 

Smith National Wildlife Refuge (Basswood, B; Interim, I; Orbweaver, O) during the time 

interval May 14, 2014 to May 29, 2014: T3 to T4. Parenthetical values for ΔVc and ΔM 

are 2σ uncertainties δΔVc and δΔM, respectively. Negative values indicate positive 

volume change (net sediment deposition). Asterisks indicate insignificant tabulated 

values due to the uncertainties being larger in magnitude than calculated values of 

volume change and sediment flux. 

 

Field ΔVc (m
3
) ΔM (Mg) 

Erosion 

Per channel (Mg ha
-1

) Per field (Mg ha
-1

) 

B1 0.132 (0.072) 0.149 (0.086) 26.973 0.281 

B4* 0.042 (0.044) 0.048 (0.050) 14.118 0.087 

B5 0.284 (0.043) 0.321 (0.080) 95.899 0.259 

B6 0.515 (0.138) 0.581 (0.193) 54.663 0.692 

I1 0.843 (0.230) 0.911 (0.305) 51.292 0.304 

I2 0.518 (0.317) 0.560 (0.359) 22.911 0.176 

I3 0.526 (0.143) 0.569 (0.190) 51.363 0.780 

O3* –0.002 (0.156) –0.003 (0.178) –0.210 –0.002 
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Table 8. Net volume loss (ΔVc), net sediment efflux (ΔM), net sediment efflux per 

channel area, and net sediment efflux per watershed area for eight watersheds at Neal 

Smith National Wildlife Refuge (Basswood, B; Interim, I; Orbweaver, O) during the time 

interval May 29, 2014 to June 5, 2014: T4 to T5. Parenthetical values for ΔVc and ΔM are 

2σ uncertainties δΔVc and δΔM, respectively. Negative values indicate positive volume 

change (net sediment deposition). Asterisk indicates insignificant tabulated values due to 

the uncertainty being larger in magnitude than calculated values of volume change and 

sediment flux. 

 

Field ΔVc (m
3
) ΔM (Mg) 

Erosion 

Per channel (Mg ha
-1

) Per field (Mg ha
-1

) 

B1 –0.526 (0.072) –0.594 (0.142) –107.496 –1.120 

B4* 0.036 (0.044) 0.041 (0.050) 12.117 0.075 

B5  –0.118 (0.043) –0.133 (0.055) –39.701 –0.107 

B6 –0.220 (0.138) –0.249 (0.163) –23.401 –0.296 

I1 –1.063 (0.230) –1.150 (0.334) –64.730 –0.383 

I2 –0.520 (0.317) –0.562 (0.359) –22.970 –0.176 

I3 –0.700 (0.143) –0.757 (0.213) –68.374 –1.038 

O3 –0.360 (0.156) –0.412 (0.199) –34.236 –0.332 
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Figure 1. Study site was located at Neal Smith National Wildlife Refuge, which is within 

the Walnut Creek Watershed in southwest Jasper County, Iowa, USA. 
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Figure 2. Eight monitoring sites (black dots) placed sequentially along the concentrated 

flowpath in Interim 3. The gray outline is the boundary of the field, which is a zero-order 

watershed. 
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Figure 3. Each monitoring site was delineated by a set of four survey stakes, which were 

located with a 1.8 m by 1.2 m PVC frame. Stakes were surveyed for future use as ground 

control points during photogrammetric point cloud generation and post-processing. 
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Figure 4. A. Upstream facing image at Interim 3 Site 6 for T0 (April 22, 2013). B. 

Downstream facing image at Interim 3 Site 6 for T0. 
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Figure 5. Matching points (white dots) and camera sensors automatically located by 

PhotoModeler Scanner using as input the image pair shown in Figure 4 of Interim 3 Site 

6 from T0 (April 22, 2013). 
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Figure 6. Point cloud for Interim 3 Site 6 at T0 (April 22, 2013) generated with 

PhotoModeler Scanner. 
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Figure 7. A. Upstream facing image at Interim 3 Site 6 for T2 (September 24, 2013). B. 

Downstream facing image at Interim 3 Site 6 for T2. C. Point cloud for Interim 3 Site 6 at 

T2 generated with PhotoModeler Scanner. 
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Figure 8. Elevation changes within Interim 3 Site 6 between T0 (April 22, 2013) and T2 

(September 24, 2013). Elevation changes in all raster cells are used to determine volume 

change (Chapter 2 Equation 1), which was –0.063649 m
3
 over the time interval T0 to T2. 
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Figure 9. Cross-section profiles extracted from the T0 (red) and T2 (blue) point clouds 

during post-processing. This is a graphical representation of the data contained in the 

*.csv tables of ephemeral gully morphologies. 
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Figure 10. Example of the interpolation procedure used in Equation 2, which is a 

modification of the end area method. Interim 2 Site 5 area (Ai) and Interim 2 Site 6 area 

(Ai+1) are used to determine the average elevation change in the area between the sites 

(Ab). Average elevation change within each segment (Site 5, Site 6, and between) are 

multiplied by the corresponding areas (Ai, Ai+1, and Ab) to determine the volume of each 

segment, and all segment volumes are summed to calculate total volume change for an 

entire ephemeral gully. 
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CHAPTER 4 
 

EPHEMERAL GULLY EROSION AND SOIL CONSERVATION 

 

 Soil erosion is a losing proposition for many sectors of society. Agricultural 

producers lose income through yield declines and loss of agronomic inputs such as 

fertilizers. Landowners see their assets depreciate due to soil degradation. Off-farm 

stakeholders bear the economic burden of externalities imposed by erosion-related 

damages such as reservoir sedimentation and increased flooding. Ephemeral gully 

erosion is a particularly problematic type of soil loss as it exacerbates off-site negative 

consequences because these channels serve as links between agricultural catchments and 

downstream ecosystems. Because ephemeral gullies are disproportionately large 

pollution sources, soil conservation practices that specifically target their formation and 

evolution can lead to disproportionately large economic and ecological benefits. 

 Soil erosion models are one tool available to conservationists. A suite of models 

that encompass a variety of scales (e.g. individual ephemeral gully, separate field, entire 

watershed) can be used to allocate limited financial and human capital for maximum 

conservation (Momm et al., 2013). Watershed modeling can give spatial insights for 

gully erosion susceptibility, single channel models can be used to simulate the physical 

processes of channel erosion (e.g. incision, headcut migration, channel widening), and the 

intermediate approach of field-scale modeling can be leveraged to design and evaluate 

conservation practices to control ephemeral gully erosion. A model is a simplification of 

reality, and its quality is dependent upon the data on which it is based. Soil erosion 

models must be validated with field measurements (Poesen et al., 1996). In this research 
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project, a photogrammetric approach developed by Wells et al. (in prep.) was validated 

and applied for quantification of ephemeral gully erosion. 

 Validation of the field measurement technique was performed to quantify the 

accuracy of the data obtained. Accuracy was assessed by calculation of measurement 

uncertainty, which was defined by precision. Two times the standard deviation of a 

population of volume changes between replicated digital elevation models of an 

experimental surface was used as the metric of uncertainty in average elevation change 

between two surfaces. The small uncertainty, along with the high relative vertical 

accuracy of a single digital surface reconstruction and acceptable absolute accuracy of 

geo-referenced point clouds, indicates that close-range photogrammetry provides a viable 

method to detect morphological changes within ephemeral gullies. 

 Application of the validated technique to experimental watersheds revealed that 

observation-scale geomorphic change data were reasonable when extrapolated to the 

scale of entire fields. The multi-temporal morphological ephemeral gully data gathered 

and generated address the documented need for more field measurements of ephemeral 

gully erosion (Dabney et al., 2011). A dataset of soil parameters was also compiled to 

complement gully topographic data. Plant growth interfered with photogrammetry, but 

otherwise the method was successfully applied to generate a useful database for future 

improvement of predictive ephemeral gully erosion models. 

 This study could be improved by accounting for dynamic soil properties, 

especially bulk density. Measurement of soil properties at greater spatial and temporal 

resolutions would allow for better parameterization of erosion models and might improve 

statistical relationships between soil and ephemeral gullying. More complex terrain 
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indices could yield better insights into landscape-gully relationships. One associated 

consequence of ephemeral gully erosion that merits further exploration is phosphorus (P) 

transport. Within no-till management systems (i.e. stratified soil P concentration) in 

particular, P movement due to ephemeral gully erosion and concentrated runoff should be 

quantified. 

 While the field data generated in this study can benefit soil erosion models that 

may eventually be used for soil conservation planning, predictive models alone will not 

curtail ephemeral gully erosion. Innovative conservation practices can dramatically lower 

sediment export from agricultural land (e.g. Helmers et al., 2012). In addition to 

creativity, a firm commitment to soil conservation as an international economic and 

agroecological priority will be needed to protect this vital natural resource. Holistic 

accounting for the long-term financial and biophysical impacts of soil erosion is 

necessary to maintain the inherent production potential of soil (Cruse et al., 2013). 

Adequate valuation and conservation of this fragile and dynamic resource are needed to 

achieve and sustain the maximum natural and societal services provisioned by healthy 

soil. 
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