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Figure 4.3: By stacking B + W
689 short pass and Omega
Optics filters, it was possible to
isolate light in the RE region.
This example demonstrates the
importance of checking the
transmittance of filters employed
in remote sensing applications.

RGB band extraction and LUT vignette correction proved to be a simple task

when using Python script within ESRI’s ArcMap 10.2, with typical processing times of

less than 10 seconds per waveband. Visual inspection of the camera-recorded RGB

channels revealed that the red band images exhibited the best signal-to-noise ratio when

using red edge and NIR filters, followed by green, and then blue. This finding supports

that of Lebourgeois et al. (2008), and is likely the result of less light transmission through

the shorter wavelength-filtered bands. Accordingly, only red and green bands of the

RGB images were used in this study, with the green band often presenting the only usable

data when saturation occurred in the red band. As Figure 4.4 demonstrates, the

application of the LUT correction method changed the non-uniform Spectralon images to

those with the expected, nearly uniform surface properties of a Lambertian reference

panel. Furthermore, comparing the CV of images taken at multiple shutter speeds

suggested that the LUT vignette correction method is valid across a range of light
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intensities, as image variation across the Spectralon surface was consistently reduced
(Figure 4.5). Problems were encountered, however, when LUTS created in the laboratory
were applied to images of the Spectralon reference taken in sunlit conditions. To address
this issue, LUTs were created for sunlit conditions and used for all subsequent outdoor
image processing. It should be noted that several studies have cautioned about the
ineffectiveness of the LUT method when settings are changed from those used to
generate the LUT for a camera and lens combination; accordingly, camera ISO and lens

aperture were held constant within the study (Dean et al., 2000; Yu, 2004).

Vignette Effect: Red Edge Filter Corrected Image

Figure 4.4: The LUT method of vignette correction proved to be a reliable method of
reducing this form of systematic error across images taken of a Spectralon reflectance
panel. Further research is needed to determine how various lighting conditions and camera
settings influence the LUT method’s effectiveness.
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Figure 4.5: The LUT method consistently reduced Spectralon image CV over a range of shutter
speeds, suggesting this method can be used across a range of light intensities. Less consistent
results were obtained when correcting outdoor imagery using laboratory created LUTS,

prompting the creation of separate LUTSs for sunlit conditions.

Swatch Target Measurements

Adjusting foam swatch images to reflectance proved to be a simple task once
average DNs of the Spectralon reference panel were determined within the images.
Comparisons between the camera and spectrometer swatch reflectance values taken
within the Spectroscopy Lab resulted in r? values of 0.98 or better for all lens/filter
combinations (Figure 4.6). Sunlit comparisons of swatches yielded similar results, with
r? values of 0.97 or better for all lens/filter combinations (Figure 4.7). The high
agreement found between camera and spectrometer reflectance suggests that consumer-
grade cameras are capable of making accurate measurements of light in user-defined
wavelength ranges. Furthermore, these findings also illustrate that observations can be
made in wavebands related to vegetated features of interest, indicating that such
consumer-grade camera systems have potential to be incorporated into advanced remote

sensing applications and research.
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Figure 4.6: When swatch reflectance values from the cameras were compared to those of a
spectrometer, in the University of Nebraska-Lincoln’s Spectroscopy Lab, a close association
was found between reflectance measured using the two instruments. Slightly lower r? values
and/or higher y-intercepts were found observed when reflectance was calculated from the
camera’s green band, indicating the higher signal-to-noise ratio present in this band when

observing red edge and NIR light.
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Figure 4.7: Comparison of camera and spectrometer measured swatch reflectance
values, taken under sunlit conditions, indicated a high degree of similarity between the
two systems. The ability of consumer-grade cameras to accurately measure surface
reflectance suggests potential integration of these systems into advanced remote sensing
applications and research.
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Turf Plot Measurements

Data collected at the University of Nebraska-Lincoln’s East Campus Turfgrass
Research Center provided a mixed results and insight into the use of such systems for
future airborne applications. Lens hoods were employed on the 28mm lens and filter
combinations, but could not be used with the 50mm combinations, due to a lack of
exposed filter threads. Data collection required approximately 20 to 30 minutes to collect
all camera system and spectrometer measurements at each solar zenith angle, resulting in
as much as four to six degrees of change in zenith angles early and late in the day.
Collection was timed to center data collection around the solar zenith angle of interest.
Missing data resulted when the Spectralon reference panel was not included in the last
image of the first two solar angles using the 28mm lens/filter combination precluding the
calculation of Clreq edge difference between the first and last image, and during the first
solar angle collected with the 50mm lens/filter combination, where a problem with the
shutter release system only allowed partial plot capture. After data collection, it was
discovered that most of the imagery’s Bayer filtered red bands were saturated due to
overexposure during image capture (Figure 4.8). Based on this finding, the Bayer filtered

green band was used for comparison between instruments.



35

28mm Red Edge: Red Band Saturation
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Figure 4.8: This JPEG image, captured as the same time as the raw image, illustrates how
improper exposure setting resulted in image saturation during turf plot measurements. This
can be seen in the image values reaching the peak of their dynamic range, or a DN of 255.

Initial image registration resulted in root mean square error (RMSE) values of less
than one; subsequent, automated image registration and Clred edge Calculation required less
than 15 seconds per image when using a Python script within ArcMap 10.2. Clyred edge
values derived from the 28mm lens/filter combination and spectrometer resulted in r?
values ranging from 0.62 to 0.96 (Table 4.1). These findings indicate the potential for such
consumer-grade camera systems to be used in advanced research and commercial applications

where canopy chlorophyll content is a subject of interest. Conversely, Clred edge Values from

the 50mm lens/filter combination and spectrometer resulted in r? values ranging from
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0.01to 0.88 (Table 4.2). Further investigation of the Clred edge Spectralon difference
between the first and last 50mm Clreq cdge image taken at 40° setting suggests that the r2 =
0.01 relationship is likely the result of changing irradiance during image capture.
Therefore, this value was removed as an outlier. In the equation used to calculate surface
reflectance, DN¢q,4.: Was derived from the first image containing the Spectralon panel
with the last image also containing the panel to indicate if changes in illumination had
occurred during multi-image capture. The Clred edge Spectralon difference should be close
to zero with consistent lighting during data collection. A difference of 0.3966 indicates
irradiance changed drastically during image collection and likely led to the reduced

correlation that was observed.

70 Rising 1.1824 0.4123 0.63 N/A
60 Rising 1.4238 0.3233 0.91 N/A
50 Rising 1.2611 0.3935 0.93 0.0248
40 Rising 1.3421 0.4082 0.96 0.0306
30 Rising 1.2796 0.6514 0.93 0.0036
20 Rising 1.5209 0.5174 0.89 0.0009
Solar Noon 1.8284 0.5963 0.83 0.0190
20 Setting 2.1236 0.6001 0.86 0.0328
30 Setting 2.1936 0.7577 0.79 0.0054
40 Setting 1.4622 0.2799 0.79 0.0088
50 Setting 1.6918 1.2179 0.59 0.0016
60 Setting 2.7216 0.8451 0.83 0.0143
70 Setting 3.1217 0.6683 0.84 0.0062

Table 4.1: Clred eqge Values, derived from the 28mm lens/filter combination,
showed strong agreement between Clreq eqge Values captured from a spectrometer
using the same wavebands.
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70 Rising N/A N/A N/A N/A
60 Rising 0.6338 -0.0019 0.65 0.0162
50 Rising 0.6802 0.0615 0.52 0.0097
40 Rising 0.7276 0.0364 0.49 0.0175
30 Rising 0.7597 0.0551 0.83 0.0290
Solar Noon 0.6947 0.0585 0.85 0.0162
30 Setting 0.7624 0.0688 0.85 0.0293
40 Setting 0.7280 0.0415 0.88 0.0003
50 Setting -0.1549 0.2806 0.01 0.3966
60 Setting 0.6534 -0.0013 0.60 0.0150
70 Setting 0.7336 -0.0396 0.65 0.0143

Table 4.2: Agreement between Clreq eqge Values derived from the 50mm lens/filter
combination and spectrometer were generally high, excluding the r? = 0.01 relationship
observed as the solar zenith was 50° and setting.

That changing in illumination affected camera data capture can also be seen in
Figure 4.9, where samples taken from the image containing the Spectralon panel used for
reflectance adjustment (sample locations13-15 and 28-30) experienced noticeably less
variation throughout the course of the day. The incorporation of a spectrometer
measuring irradiance during capture would have provided insight to the extent changing
light conditions affected the resulting measurements and should be an important
consideration for future research efforts. Another noteworthy consideration is that, while
the NIST traceable Spectralon reference panel was used in this study, other characterized
surfaces of known reflectance (such as reflective tarps, painted targets, or gravel) could
also be used within the reflectance equation to derive image reflectance. This could be
especially important for aerial remote sensing applications requiring larger reference

surfaces (Jones & Vaughn, 2010).
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In addition to changes in irradiance during data capture, another fundamental
problem can be seen in the inconsistent slope and y-intercept values experienced
throughout the day and between lens configurations. This problem is especially apparent
with the 28mm lens configuration, where slopes range from 1.18 to 3.12 and y-intercepts
fluctuate from 0.32 to 1.22 (Table 4.1). Insight into this issue can be gained by reviewing
the red edge and NIR response of both instruments at each sample location during the
day. The boxplots in Figure 4.9, depicting variance in reflectance values for each sample
location throughout the day, indicate NIR spectrometer values experienced a great deal of
variation and consistently fell below both camera values and expected reflectance from
an actively growing, vegetated surface (Jones and Vaughan 2010; McCoy 2005). A
review of the spectrometer spectra indicated that there was an inconsistent fluctuation in
NIR values in the 850-1000nm range (Figure 4.10). Such fluctuation likely resulted from
the sensor and, potentially, the fiber optic failure during data capture and would explain

the very different camera and spectrometer values seen in the 780-1000nm region.
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Daily Averaged Turf Spectra and Filter Bandwidth
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Figure 4.10: Spectrometer response during turf plot data capture indicates there were sensor
issues in the 850-1000nm wavelength range. This explains variation in slope and y-intercept
values with the 28mm lens combination and the relative lack of variation in the 50mm lens
combination, which focused on an unaffected region of NIR.

Less variation in slope and y-intercept was observed when looking at data
collected with the 50mm lens configuration (Table 4.2). This observation supports the
theory that spectrometer issues largely led to fluctuation in 28mm lens configuration
values, as the 780-790nm range of NIR light observed with the 50mm lens combination
does not appear to have been affected (Figure 4.10). It is noteworthy that relatively lower
r? values were observed between instruments when measuring the 725-735nm red edge
and 780-790nm NIR bandwidths of light. Instrument variance associated with sample
location suggests this poorer relationship may stem from a relative lack of difference
between turf grass plots when viewed in these wavebands (Figure 4.11). This is
especially true in observing the 725-735nm red edge portion of the spectrum where little

mean variance is observed across turf grass samples, compared with the 680-725nm red
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edge range captured with the 28mm configuration (Figures 4.9 and 4.11). While NIR
response seemed to vary in both lens configurations, presumably due to a higher amount
of biomass supported by increased nitrogen, a relative lack of red edge variance would
reduce the coefficient of determination’s ability to determine the degree of instrument

similarity.

Another consideration when viewing the more consistent slope and y-intercept
values seen in the 50mm lens configuration comparison is a potential reduction in
bidirectional effects when using lenses with a greater focal length. Bidirectional effects
can be conceived as light coming of a surface with a directional component as well as
variations introduced by shadows and light scattering across a sensors field of view; all
three factors are likely to play a role in vegetated surfaces, such as the turf grass plots
(Jones and Vaughan 2010; McCoy 2005). Since bidirectional effects increase toward the
edges of the sensor’s field of view, it is likely that the smaller field of view of the 50mm

lenses would have reduced bidirectional effects in these images (Pellikka et al. 2000).
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Relationships between the Clred edge measured with both consumer-grade camera
system and spectrometer highlight several important considerations for future research
and use in airborne applications, including: proper exposure settings, use of lens hoods,
and time-of-capture reflectance adjustment. During data capture, Bayer-filtered red
bands became saturated due to overexposure. While the camera’s Bayer-filtered, green
band provided a substitute in this study, future image saturation can be avoided by
ensuring camera exposure settings are placed in a range that would not overexpose the
camera’s red, green, and blue bands. Additionally, as was found in the filter transmission
results, using lens hoods to limit the amount of light entering the filter at odd angles
would help ensure only the bandwidths of interest are being captured. In the Clred edge
instrument comparison, it is noteworthy that the 50mm lens/filter combination did not use
lens hoods and exhibited less overall accuracy, especially at low solar angles. Future
research should consider the effect of lens hoods and the incidence angle of surface
lighting on instrument accuracy. Further consideration might also be given to the
possibility of mounting filters between the filter and the lens to determine if this reduces

angular lighting effects.

The results of this study also demonstrate how changing light conditions during
multi-image capture can reduce the accuracy of reflectance calculation and subsequently
calculated indices. Figures 4.9 and 4.11 demonstrate how sample variance is greatly
reduced within the image used to calculate reflectance from a reference surface; samples
13-15 and 28-30 were taken from this image in the 28mm configuration and samples 10
and 20 in the 50mm configuration. This finding supports field data collection

recommendations of Rundquist et al. (2014), who suggest that remote sensing
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instrumentation be calibrated as frequently as possible when operating in changing light
conditions. It is recommended that future research include reference surfaces within each
image when possible, or that a spectrometer be used to quantify irradiance during

capture, so that surface reflectance can be calculated for each image captured.

Findings from the Clreq edge instrument comparison, with daily averaged r? vales of
0.83 and 0.70 for the 28mm and 50mm lens/filter combinations (when the 0.01 outlier is
removed), indicate there is potential for the integration of consumer-grade camera
systems into many remote sensing applications, including: environmental monitoring,
precision agriculture, and remote sensing research. Consumer-grade camera systems,
mounted on SUAS or manned platforms, could potentially generate standardized data sets
to help monitor and quantify the effects of regionally changing climatic variables, such as
the onset of spring foliage or vegetation response to changes in temperature and
precipitation (Lucieer et al., 2012). Consumer-grade camera systems mounted on
airborne platforms could also be implemented within precision agriculture to help place
fertilizer, herbicide, and other inputs where needed during the growing season (Lan et al.,
2010; Yang et al., 2015). Research has suggested that generating variable-rate nitrogen
application maps from ground-based or airborne remote sensing data can increase
producers’ nitrogen use efficiency, effectively increasing profits while reducing ground
water contamination and greenhouse gas emissions resulting from excessive fertilizer
applications (Holland & Schepers, 2010; Quemada et al., 2014; Raun et al., 2002;
Robertson et al., 2013; Scharf et al., 2002; Solari et al., 2010; Wagner & Hank, 2013).
The cost-effective nature of consumer-grade camera systems, combined with their high

spatial and temporal resolution, provides an opportunity to bring remote sensing research
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to bear in today’s farming operations. These cost savings and increased spatial-temporal
resolutions would also benefit the remote sensing research community, where further
insight into the complexity of space-time effects on remotely sensed data could be
gained. With climate change affecting ecosystems at all scales, the ability to objectively
compare spatial-temporal data related to plant communities can provide insight into the
influence of changing environmental variables (Cleland et al., 2007; Field et al., 1995;

Yang et al., 2013).

CHAPTER FIVE CONCLUSIONS

This research was designed to determine the feasibility of using consumer-grade
cameras to measure surface reflectance in user-defined wavelengths, with the goal of
incorporating these sensors into manned and unmanned remote sensing applications.
Imagery from a consumer-grade camera system was calibrated using methods outlined by
previous research, adjusted to surface reflectance, and compared to reflectance values
obtained from a spectrometer in the same wavebands of interest. In both laboratory and
sunlit scenarios, camera system and spectrometer value comparison resulted in a r? of
0.97 or better for all lens/filter combinations evaluated. The close association between
instrument-derived reflectance values suggests that consumer-grade cameras are capable
of accurately quantifying surface reflectance in user-defined wavelengths when the

proper equipment and processing techniques are utilized. Furthermore, the ability to
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collect accurate reflectance data indicates that such consumer-grade camera systems

could be incorporated into many advanced remote sensing applications and models.

To evaluate the camera system in a simulated airborne role, camera and
spectrometer values were captured over turf grass variable nitrogen calibration plots at
the University of Nebraska-Lincoln’s East Campus Turf Research Center and used to
calculate Clred edge, an index known for its close association to chlorophyll content
(Ciganda et al., 2009; Gitelson & Merzlyak, 1994; Hunt et al., 2013; Jones & Vaughan,
2010). Data collection took place under numerous solar zenith angles and changing sky
conditions, resulting in r? values ranging from 0.49 to 0.96 when spectrometer Clred edge
values were compared to those of the camera system. The high agreement seen in many
of the spectrometer and camera system comparisons illustrate how these systems could be
employed to quantify biophysical properties of interest in a host of airborne applications.
For example, knowledge of chlorophyll distribution in a given crop canopy has many
potential uses within precision agriculture as it is closely related to the crop’s nitrogen
status, an especially important consideration when developing variable-rate nitrogen
applications (Holland & Schepers, 2010; Quemada et al., 2014; Raun et al., 2002; Scharf
et al., 2002; Solari et al., 2010; Wagner & Hank, 2013). Where low r? values were
observed between instruments, this could be attributed to numerous factors, including a
lack of lens hoods on the 50mm lens/filter combination, spectrometer errors in the case of
the 28mm lens NIR wavelengths, and lack of a reflectance standard in each image to
account for changing illumination during capture. Each of the fore mentioned issues
point to future consumer-grade camera research needs, where a better understanding

could lead to greater utility of these systems in airborne applications.
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Consumer-grade camera systems can be used to quantify surface reflectance in
user-defined wavelengths and used to calculate indices related to biophysical features of
interest. The ability of consumer-grade cameras to produce meaningful data has many
implications for the use of these systems in advanced remote sensing applications and
research. Consumer-grade camera systems will allow such work to be conducted with
the advantages of lower cost of image acquisition, increased ease of use, flexibility in
data acquisition, and potential integration with numerous platforms. Multispectral
consumer-grade camera systems can be obtained at a relatively low cost, and offer an
operational experience that many are familiar with, suggesting that these systems could
be more readily obtained and operated by users across numerous disciplines. The host of
camera bodies, lenses, filters, and accessories available for consumer-grade cameras
ensures that remote sensing professionals can configure these systems to collect data
suitable for a given task at hand, ranging from the collection of simple color imagery to
narrow bandwidth reflectance related to a given feature of interest. This configurability
also allows users to rapidly integrate new technology into their camera system, giving the
flexibility to field the best technology for a given remote sensing application. Finally, the
light weight offered by consumer-grade camera systems is ideally suited for deployment
on numerous manned and sSUAS platforms. As airspace regulations continue to favor the
expanded use of SUAS in the United States, the increased spatial and temporal resolution
offered by camera systems mounted on these platforms has the potential to open a

plethora of new remote sensing research questions and applications.

As the world’s population continues to expand, there is an ever-increasing need to

monitor our impact on climatic variation and better manage the earth’s resources.
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Remote sensing has traditionally offered a way in which mankind can accomplish these
objectives, giving a non-destructive means of quantifying the variability experienced
across a given landscape in a time-efficient manner. The integration of consumer-grade
camera systems into remote sensing applications and research offers the potential to fill a
niche between ground based, in-situ, measurements and those made by satellite sensors
by providing a low-cost means of collecting multispectral imagery at very high spatial
and temporal resolutions. However, further research is needed on the ability of these
systems to provide meaningful data related to a given feature under investigation. Future
research should consider a systematic approach, where consumer-grade camera system
data collected from manned or SUAS platforms can be directly compared with the
features under investigation. Once the utility of consumer-grade camera systems can be
established within a remote sensing context, these systems can be used to change the way

science and industry approach the needs of humanity.



49

REFERENCES

Busch, D. (2007). Digital Infrared Pro Secrets. Boston: Thomson.

Cescatti, A. (2007). Indirect estimates of canopy gap fraction based on the linear
conversion of hemispherical photographs methodology and comparison with
standard thresholding techniques. Agricultural and Forest Meteorology, 143, 1-
12.

Ciganda, V., A. Gitelson, & J. Schepers (2009). Non-destructive determination of maize
eaf and canopy chlorophyll content. Journal of Plant Physiology, 166, 157-167.

Cleland, E. E., I. Chunine, A. Menzel, H. A. Mooney, & M. D. Schwartz (2007).
Shifting plant phenology in response to global change. Trends in Ecology and
Evolution, 22(7), 357-365.

Dandois, J. P. & E. C. Ellis (2013). High spatial resolution three-dimensional mapping of
vegetation spectral dynamics using computer vision. Remote Sensing of the
Environment, 136, 259-276.

Dare, P. M. (2008). Small format digital sensors for aerial imaging applications. In XXIst
ISPRS Congress, Beijing, China.

Dean, C., T. A. Warner, & J. B. McGraw (2000). Suitability of the DCS460c color
digital camera for quantitative remote sensing analysis of vegetation. ISPRS
Journal of Photogrammetry and Remote Sensing, 55, 105-118.

Del Pozo, S., P. Rodriguez-Gonzalvez, D. Hernandez-Lopez, & B. Felipe-Garcia (2014).
Vicarious Radiometric Calibration of a Multispectral Camera System on Board an
Unmanned Aerial System. Remote Sensing, 6, 1918-1937.

Field, C. B., J. T. Randerson, & C. M. Malmstrom (1995). Global Net Primary
Production: Combining Ecology and Remote Sensing. Remote Sensing of the
Environment, 51, 74-88.

Gamon, J.A., L. Serrano, & J.S. Surfus (1997). The photochemical reflectance index: an
optical indicator of photosynthetic radiation use efficiency across species,
functional types, and nutrient levels. Oecologia, 112, 492-501.

Gamon, J. A. & J. A. Berry (2013). Facultative and constitutive pigment effects on the
Photochemical Reflectance Index (PRI) in sun and shade conifer needles. Israel
Journal of Plant Sciences, 60, 85-95.



50

Gitelson, A. & M. N. Merzlyak (1994). Spectral Reflectance Changes Associated with
Autumn Senescence of Aesculus hippocastanum L. and Acer platanoides L.
Leaves. Spectral Features and Relation to Chlorophyll Estimation. Journal of
Plant Physiology, 143, 286-292.

Holland, K. H. & J. S. Schepers (2010). Derivation of a VVariable Rate Nitrogen
Application Model for In-Season Fertilization of Corn. Agronomy Journal,
102(5), 1415-1424.

Honkavaara, E., R. Arbiol, L. Markelin, L. Martinez, M. Cramer, S. Bovet, L. Chandlier,
R. llves, S. Klonus, P. Marshal, D. Schlapfer, M. Tabor, C. Thom, & N. Veje
(2009). Digital Airborne Photogrammetery-A New Tool for Quantitative Remote
Sensing?-A State-of-the-Art Review On Radiometric Aspects of Digital
Photogrammetric Images. Remote Sensing, 1, 577-605.

Honkavaara, E., T. Hakala, J. Peltoniemi, J. Suomalainen, E. Ahokas, & L. Markelin
(2010). Analysis of Properties of Reflectance Reference Targets for Permanent
Radiometric Test Sites of High Resolution Airborne Imaging Systems. Remote
Sensing, 2, 1892-1917.

Honkavaara, E., H. Saari, J. Kaivosoja, I. Polonen, T. Hakala, P. Litkey, J. Makynen, &
L. Pesonen (2013). Processing and Assessment of Spectrometric, Stereoscopic
Imagery Collected Using a Lightweight UAV Spectral Camera for Precision
Agriculture. Remote Sensing, 5, 5006-5039.

Huang, Y., S.J. Thomson, Y. Lan, & S. J. Maas (2010). Multispectral imaging systems
for airborne remote sensing to support agricultural production management.
International Journal of Agriculture and Biological Engineering, 3(1), 50-62.

Hunt, R. E. Jr., W. D. Hively, S. J. Fujikawa, D. S. Linden, C. S. T. Daughtry, & G. W.
McCarty (2010). Acquisition of NIR-Green-Blue Digital Photographs from
Unmanned Aircraft for Crop Monitoring. Remote Sensing, 2, 290-305.

Hunt, R. E. Jr., P. C. Doraiswamy, J. E. McMurtrey, C. S. T. Daughtry, & E. M. Perry
(2013). A visible band index for remote sensing leaf chlorophyll content at the
canopy scale. International Journal of Applied Earth Observation and
Geoinformation, 21, 103-112.

Jensen, A. M., T. Hardy, M. McKee, & Y. Chen (2011). Using a Multispectral
Autonomous Unmanned Aerial Remote Sensing Platform (AggiAir) for Riparian
and Wetlands Applications. IEEE, 3413-3416.

Jones, H. G. & R. A. Vaughan (2010). Remote Sensing of Vegetation: Principles,
Techniques, and Applications. New York: Oxford.



51

Kim, S. J. & M. Pollefeys (2008). Robust Radiometric Calibration and Vignetting
Correction. IEEE Transactions on Pattern Analysis and Machine Intelligence,
30(4), 562-576.

Laliberte, A. S., J. E. Herrick, A. Rango, & C. Winters (2010). Acquisition,
Orthorectification, and Object-Based Classification of Unmanned Aerial Vehicle
(UAV) Imagery for Rangeland Monitoring. Photogrammetric Engineering and
Remote Sensing, 76(6), 661-672.

Lan, Y., S. J. Thomson, Y. Huang, W. C. Hoffmann, & H. Zhang (2010). Current status
and future directions of precision aerial application for site-specific crop
management in the USA. Computers and Electronics in Agriculture, 74, 34-38.

Lebourgeois, V., A. Begue, S. Labbe, B. Mallavan, L. Prevot, & B. Roux (2008). Can
Commercial Digital Cameras Be Used as Multispectral Sensors? A Crop
Monitoring Test. Sensors, 8, 7300-7322.

Lelong, C. C. D., P. Burger, G. Jubelin, B. Roux, S. Labbe, & F. Baret (2008).
Assessment of Unmanned Aerial Vehicles Imagery for Quantitative Monitoring
of Wheat Crop in Small Plots. Sensors, 8(5), 3557-3585.

Lucieer, A., S. Robinson, D. Turner, S. Harwin, & J. Kelcey (2012). Using a Micro-
UAV for Ultra-High Resolution Multi-Sensor Observations of Antarctic Moss
Beds. International Archives of the Photogrammetry, Remote Sensing, and
Spatial Information Sciences, XXXIX-B1, 429-433.

Lucieer, A., S. M. de Jong, & D. Turner (2014). Mapping landslide displacements using
Structure from Motion (SfM) and image correlation of multi-temporal UAV
photography. Progress in Physical Geography, 38(1), 97-116.

McCoy, Roger M. (2005). Field Methods in Remote Sensing. New York: The Guilford
Press.

McGrew, J. C. & C. B. Monroe (2000). An Introduction to Statistical Problem Solving in
Geography (2"4 ed). The University of Michigan: McGraw-Hill.

Pellikka, P., D. J. King, and S. G. Leblanc (2000). Quantification and Reduction of
Bidirectional Effects in Aerial CIR Imagery of Deciduous Forest Using Two
Reference Land Surface Types. Remote Sensing Reviews, 19(1-4), 1-33.

Petrie, G. & A. S. Walker (2007). Airborne Digital Imaging Technology: A New
Overview. The Photographic Record, 22(119), 203-225.



52

Planer-Friedrich, B., J. Becker, B. Brimer, & B. J. Merkel (2008). Low-cost aerial
photography for high-resolution mapping of hydrothermal areas in Yellowstone
National Park. International Journal of Remote Sensing, 29(6), 1781-1794.

Quemada, M., J. L. Gabriel, & P. Zarco-Tejada (2014). Airborne Hyperspectral Images
and Ground-Level Optical Sensors as Assessment Tools for Maize Nitrogen
Fertilization. Remote Sensing, 6, 2940-2962.

Rango, A., A. Laliberti, J. E. Herrick, C. Winters, K. Havstad, C. Stelle, & D. Browning
(2009). Unmanned aerial vehicle-based remote sensing for rangeland assessment,
monitoring, and management. Journal of Applied Remote Sensing, 3, 1-15.

Raun, W. R., J. B. Solie, G. V. Johnson, M. L. Stone, R. W. Mullen, K. W. Freeman, W.
E. Thomason, & E. V. Lukina (2002). Improving Nitrogen Use Efficiency in
Cereal Grain Production with Optical Sensing and Variable Rate Application.
Agronomy Journal, 94, 815-820.

Ritchie, G. L., D. G. Sullivan, C. D. Perry, J. E. Hook, & C. W. Bednarz (2008).
Preparation of a Low-Cost Digital Camera System for Remote Sensing. Applied
Engineering in Agriculture, 24(6), 885-896.

Robertson, G. P., T. W. Bruulsema, R. J. Gehl, D. Danter, D. L. Mauzerall, C. A. Rotz, &
C. O. Williams (2013). Nitrogen-climate interactions in US agriculture.
Biogeochemistry, 114, 41-70.

Rundquist, D., A. Gitelson, B. Leavitt, A. Zygielbaum, R. Perk, & G. Keydan (2014).
Elements of an Integrated Phenotyping System for Monitoring Crop Status at
Canopy Level. Agronomy, 4, 108-123.

Sakamoto, T., M. Shibayama, E. Takada, A. Inoue, D. Morita, W. Takahashi, S. Miura,
& A. Kimura (2010). Detecting Seasonal Changes in Crop Community Structure
using Day and Night Digital Images. Photogrammetric Engineering and Remote
Sensing, 76(6), 713-726.

Sakamoto, T., M. Shibayama, A. Kimura, & E. Takada (2011). Assessment of digital
camera-derived vegetation indices in quantitative monitoring of seasonal rice
growth. ISPRS Journal of Photogrammetry and Remote sensing, 66, 872-882.

Sakamoto, T., A. A. Gitelson, A. L. Nguy-Robertson, T. J. Arkebauer, B. D. Wardlow, A.
E. Suyker, S. B. Verma, and M. Shibayama (2012). An alternative method using
digital cameras for continuous monitoring of crop status. Agricultural and Forest
Meteorology, 154-155, 113-126.

Samseemoung, G., P. Soni, H. P. W. Jayasuriya, & V. M. Salokhe (2012). Application of



53

low altitude remote sensing (LARS) platform for monitoring crop growth and
weed infestation in a soybean plantation. Precision Agriculture, 13, 611-627.

Scharf, P. C., J. P. Schmidt, N. R. Kitchen, K. A. Sudduth, S. Y. Hong, J. A. Lory, & J.
G. Davis (2002). Remote sensing for nitrogen management. Journal of Soil and
Water Conservation, 57(6), 518-524.

Sklaver, B.A., A. Manangan, S. Bullard, A. Svanberg, & T. Handzel (2006). Rapid
imagery through kite aerial photography in a complex humanitarian emergency.
International Journal of Remote Sensing, 27(21), 4709-4714.

Solari, F., J. F. Shanahan, R. B. Ferguson, a& V. I. Adamchuk (2010). An Active Sensor
Algorithm for Corn Nitrogen Recommendations Based on a Chlorophyll Meter
Algorithm. Agronomy Journal, 102(4), 1090-1098.

Tetley, C. & S. Young (2008). Fujifilm Finepix 1S-Pro: A review. Journal of Visual
Communication in Medicine, 31(2), 61-63.

Vericat, D., J. Bransington, J. Wheaton, & M. Cowie (2008). Accuracy Assessment of
Aerial Photographs Acquired using Lighter-Than-Air Blimps: Low-Cost Tools for
Mapping River Corridors. River Research and Applications, 25(8), 985-1000.

Wagner, P. & K. Hank (2013). Suitability of aerial and satellite data for calculation of
site-specific nitrogen fertilization compared to ground based sensor data.
Precision Agriculture, 14, 135-150.

Warner, W. S., R. W. Graham, & R. E. Read (1997). Small Format Aerial Photography.
Caithness: Whittles Publishing.

Yang, C., J. K. Wstbrook, C. P. C. Suh, D. E. Martin, W. C. Hoffmann, Y. Lan, B. K.
Fritz, & J. A. Goolsby (2014). An Airborne Multispectral Imaging System Based
on Two Consumer-Grade Cameras for Agricultural Remote Sensing. Remote
Sensing, 6, 5257-5278.

Yang, C., & W. C. Hoffmann (2015). Low-cost single-camera imaging system for aerial
applications. Journal of Applied Remote sensing, 9, 1-17.

Yang, C., W. Hoffmann, F. Gomez, L. Denham, D. Martin, B. Fritz, & P. Jank (2015). A
low cost dual-camera imaging system for aerial applicators. Agricultural Aviation,
42(5), 44-47.

Yang, J., P. Gong, R. Fu, M. Zhang, J. Chen, S. Liang, B. Xu, J. Shi, & R. Dickinson
(2013). The role of satellite remote sensing in climate change studies. Nature
Climate Change, 3, 875-883.



Yu, W. (2004). Practical Anti-vignetting Methods for Digital Cameras. IEEE, 50(4),
975-983.

Zarco-Tejada, P., R. Diaz-Varela, V. Angileri, & P. Loudjani (2014). Tree height
quantification using very high resolution imagery acquired from an unmanned
aerial vehicle (UAV) and automatic 3-D photo-reconstruction methods.
European Journal of Agronomy, 55, 89-99.

Zhang, J., C. Yang, H. Song, S. Clint Hoffmann, D. Zhang, & G. Zhang (2016).
Evaluation of an Airborne Remote Sensing Platform Consisting of Two

Consumer-Grade Cameras for Crop ldentification. Remote Sensing, 8(3), 257.

54



