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Sensitivities of Normalized Difference
Vegetation Index and a Green/Red Ratio
Index to Cotton Ground Cover Fraction
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ABSTRACT

Vegetation indices based solely on visible reflec-
tance may simplify and decrease the cost of crop
growth estimates compared to visible and near-
infrared (NIR) indices. Ground-based and aerial
visible and visible/NIR vegetation indices based
on aerial images were compared for sensitivity
to ground cover fraction (GCF) of cotton (Gossy-
pium hirsutum L.) under four irrigation treatments
in 2004 and five treatments in 2005 and 2006. In-
season cotton imagery was collected using an
unmodified Nikon COOLPIX 4300 camera and a
COOLPIX 4300 camera modified for NIR imaging
attached to a tethered blimp. GCF imagery was
collected at 45 to 60 m and compared with nor-
malized difference vegetation index (NDVI) and
green/red ratio values from imagery collected at
180 to 250 m. Ground-based (1.5 m) spectrom-
eter NDVI measurements using multiple spec-
tral regions were also evaluated. Spectrometer
(* = 0.40 to 0.80) and camera (* = 0.68 to 0.90)
indices were highly correlated with season-wide
GCF between fractions of 0.20 and 0.80 and
were sensitive to irrigation treatments. Camera
green/red ratio was linearly correlated with GCF
throughout the 3 yr. The pooled comparison for
the 3 yr was strongly linear (* = 0.86). Our results
suggest that the green/red ratio index might
allow quick, simple, and accurate crop growth
estimates for production.
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R EMOTE SENSING offers a practical solution to the need for large-
scale plant growth and health estimates. Current remote sens-
ing platforms such as satellites, airplanes, and ground-based platforms
can be used to obtain field-scale imagery (Sui et al., 2005; Vierling et
al., 2006; Yang et al., 2001, 2003) and offer an alternative to inten-
sive soil or tissue sampling for broad-scale crop growth and health
estimates (Hatfield et al., 2008). Ground cover fraction (the fraction
of an area of interest within an image covered by vegetative biomass)
estimates and remote sensing vegetation indices can identify plant
growth and aid in management decisions (Booth et al., 2006, 2008,
and others). Indices that require only a single camera and minimal
processing can save time and money in image analysis.

Ground Cover Fraction and Crop Growth

The GCF has been used to estimate crop growth and as a base-
line for other remote sensing measurements (Boissard et al., 1992;
Chen and Vierling, 2006; Klassen et al., 2003), because it is closely
related to crop growth and radiation capture (Asrar et al., 1992).
The GCF measurements are commonly made at a nadir viewing
angle (Purevdorj et al.,, 1998). The images are processed digitally,
and plant pixels are separated from soil pixels in software, either

Published in Crop Sci. 50:1000-1010 (2010).

doi: 10.2135/cropsci2009.04.0203

Published online 10 Mar. 2010.

© Crop Science Society of America | 5585 Guilford Rd., Madison, WI 53711 USA

All rights reserved. No part of this periodical may be reproduced or transmitted in any
form or by any means, electronic or mechanical, including photocopying, recording,
or any information storage and retrieval system, without permission in writing from
the publisher. Permission for printing and for reprinting the material contained herein
has been obtained by the publisher.

1000

WWW.CROPS.ORG

CROP SCIENCE, VOL. 50, MAY—JUNE 2010



manually or using software that has been designed to dis-
criminate between image features such as plants, soil, rocks,
and shadows (Booth et al., 2006). Ground cover measure-
ments have the potential to be very precise estimators of
crop growth, because images taken close to the crop canopy
under favorable lighting conditions discriminate precisely
between plants and the background (Klassen et al., 2003).

The limiting factor for GCF measurements under ideal
conditions is not precision, but the time and expertise needed
to perform the analysis. Even when automatic machine pro-
cessing is available, the proper field of view must be extracted
and aligned. As the distance between the camera and plants
increases, spatial resolution becomes an issue (Calera et al.,
2001). At low spatial resolution, pixel separation and clas-
sification become difficult, and vegetation indices become
the preferred method of image analysis. Overhead imagery
can be used to calculate both GCF and vegetation indices,
but conditions that lend themselves to accurate ground cover
estimates include lack of shadows and high ground resolu-
tion, whereas spectral vegetation indices benefit from sunny
days and are not as sensitive to ground resolution.

Vegetation Indices

Remote sensing vegetation indices determine crop
growth and color by measuring reflected shortwave radia-
tion. One vegetation index class uses ratios or normalized
ratios of reflected visible and NIR radiation to improve
sensitivity to crop growth (Bannari et al.,, 1995; Elvidge
and Chen, 1995). These indices capitalize on spectral dif-
ferences between plants and soils, thereby minimizing dif-
ferences in soil background reflectance, solar irradiance,
and atmospheric effects (Elvidge and Chen, 1995; Huete,
1988; Rouse et al., 1973). Plants have low red and blue
reflectance, low to intermediate green reflectance, and
high NIR reflectance. Soil reflectance tends to be flat with
a slight upward slope throughout the visible and NIR.

Combinations of green, red, red edge, and NIR reflec-
tance have been consistently well correlated with crop
growth and health, due to chlorophyll absorbance of visible
radiation and the high NIR reflectance of leaves (Carter and
Spiering, 2002; Gitelson and Merzlyak, 1998; Horler et al.,
1983b). Vegetative indices are also well correlated with crop
GCEF. If soil, plant, and atmospheric eftects are accounted for,
these vegetation indices provide a robust method to identify
crop growth characteristics and detect general stress events
(Osborne et al., 2002; Pinter et al., 2003; Plant et al., 2000).
Reduced costs and improvements in timeliness will continue
to expand the use of remote sensing technology.

One commonly used vegetation index is the NDVI,
with variants that are used to correct for soil or atmospheric
effects (Huete, 1988; Huete et al., 1985; Plant et al., 2000;
Rouse et al., 1973). The NDVI consists of a ratio of reflec-
tance at two wavelengths (A, A,) in the form (A, —21,)/( A, +
A,). Alternatively, this index can be calculated using broad

visible and NIR spectral regions. The reference wavelength
(1) is often in the NIR portion of the spectrum, since
chlorophyll does not absorb NIR radiation (Curran, 1989).
The most common version of the NDVI uses a combina-
tion of red and NIR reflectance (Rouse et al., 1973), but
other ratios have been shown to have a more linear correla-
tion with GCF and crop chlorophyll content (Gitelson and
Merzlyak, 1997; Ritchie and Bednarz, 2005).

Although narrow-band indices from hyperspectral sen-
sors offer wavelength selectivity that is unavailable with
broad band indices, research has shown that broad band
indices can provide comparable measurements of vegetation
quantity (Broge and Leblanc, 2001; Elvidge and Chen, 1995;
Thenkabail et al., 2002). Broad band indices allow the use of
cameras for remote sensing, and advancements in resolution
and sensitivity may allow the use of low-cost, lightweight
cameras instead of bulky, research grade instruments.

Reflected radiation can be measured with a simple
three-channel RGB camera, such as off-the-shelf con-
sumer models. These cameras are widely available and
user friendly, and many of them have features that allow
manual adjustments of shutter speed, white balance, and
sensitivity, as well as logging of camera settings. Measur-
ing NIR reflectance requires a camera with filters that
block incoming visible light and transmit incoming NIR
radiation (Ritchie et al., 2008). This requires either an in-
camera filter mosaic that includes NIR filters and a four-
channel output, or a separate optical system that measures
NIR radiation. Four channel visible-NIR consumer cam-
eras are not currently marketed, and combining separate
RGB and NIR images requires image to image registra-
tion using specialized software. The silicon photodiodes
used in visible optical systems are insensitive to IR radia-
tion above about 1000 nm (ASD, 1999), so mid-infrared
measurements are beyond the capabilities of consumer
digital cameras. A simple visible vegetation index, such
as the green/red ratio described by Adamsen et al. (1999),
can be simpler and save money compared to indices that
use visible and NIR reflectance, since the index relies only
on visible reflectance. Classical studies have shown the
green/red ratio to be highly related to green plant growth
and biomass (Kanemasu, 1974; Tucker, 1979).

Remote sensing of plant stress for in-season manage-
ment decisions such as irrigation might benefit from a
simple visible imaging technique, because dynamic crop
growth characteristics require rapid processing. In-season
analysis must be quick, simple, and sensitive enough to
changes in vegetative growth to let the producer make
irrigation and other decisions. Minimizing the costs and
processing time is a vital component of successtul in-sea-
son remote sensing, since management decisions require
data that is available and useful. The simplification of a
remote sensing system can also make it practical for more
frequent measurements during a production season.
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Table 1. Tillage, irrigation treatments, and plot design for 2004-2006.

2004 2005

2006 (strip) 2006 (conventional)

Tillage Strip

Conventional
Lateral move system with on/  Lateral move system with on/ Lateral move system with on/

Strip Conventional

Irrigation system Variable rate center pivot

off switches off switches

Number of plots 16 20 20
Number of replicates 4 4 4
Irrigation treatments nat 20-kPa Watermark trigger 20-kPa Watermark trigger

40-kPa Watermark trigger* 40-kPa Watermark trigger 40-kPa Watermark trigger

Aerial trigger® Aerial trigger Aerial trigger

Aerial trigger-3 df Aerial trigger-3 d Aerial trigger-3 d
Nonirrigated

Latin square

Nonirrigated
Randomized complete block

Nonirrigated

Plot design 2 Factor randomized block

off switches
16
4

20-kPa Watermark trigger
40-kPa Watermark trigger
Aerial trigger
Aerial trigger-3 d
na
2 Factor randomized block

No 20-kPa Watermark trigger was used in 2004, nor was a nonirrigated conventional treatment used in 2006.
Hrrigation was triggered when any of three sensors buried at depths of 20, 40, and 60 cm reached —40 kPa.

Slrrigation was triggered when plots had significantly lower normalized difference vegetation index values than the treatment with the most irrigation applied.

firrigation was applied 3 d after aerial trigger unless rainfall occurred.

We propose the use of the green/red ratio for quick,
simple estimates of growth and GCF in a production set-
ting. The objectives of this research were to compare
visible and NIR aerial imagery-based vegetation indices
(Ritchie et al., 2008) and spectrometer ground-based veg-
etation indices for sensitivity to crop growth, as measured
by GCF. The vegetation indices chosen for this study
included the green/red ratio, as described by Adamsen et
al. (1999), and the red and red-edge variants of the NDVT,
as Ritchie and Bednarz (2005) described.

MATERIALS AND METHODS

Management
The research was conducted at the Stripling Irrigation Research
Park in Camilla, GA during 2004—2006 and was part of a study
on remote sensing as a management tool in cotton irrigation.
Delta & Pineland 555 BG/RR was seeded in 0.91 m wide rows
at a density of 11 plants m™ on all planting dates. Planting dates
were 5 May 2004, 20 Apr. 2005, and 2 May 2006. Fertility, weed
control, insect monitoring and control followed the University
of Georgia Cooperative Extension Service Guidelines (Anony-
mous, 2009). To ensure plant emergence, all plots were irrigated
13 mm before emergence with the overhead system. Crop height
was managed using mepiquat chloride at 550 mL ha™' at squaring,
then 550 to 1400 mL ha™' uniformly applied over all treatments
at 1 to 2 wk intervals based on management guidelines for a total
of 3500 to 4200 mL per year for the studies (Anonymous, 2009).
The irrigation and tillage systems varied by year, due to crop
rotation at the irrigation park. The plot layouts, irrigation system,
tillage, and irrigation treatments are summarized in Table 1. In
2004, the study was conducted under a variable-rate center pivot
based on the design described by Perry etal. (2003). The pivot was
programmed to simultaneously apply varying levels of irrigation
based on treatment. The treatments were separated by 12 to 20
m of border cotton to allow consistent irrigation within a treat-
ment and prevent overlap with adjacent treatments. All ground-
level measurements were made in the center of each treatment to
avoid sprinkler overlap. Plot lengths ranged from approximately
21 to 37 m, based on the location of the plot in relationship to the

center pivot. The design was a 4 by 4 Latin square with four irri-
gation treatments: the well-watered treatment used Watermark
(Irrometer Company, Riverside, CA) sensors placed in each plot
at depths of 20, 40, and 60 cm with irrigation triggered at —40
kPa at any depth (40 kPa); an irrigation treatment based on the
detection of stress using aerial imagery (Aerial); an irrigation
treatment delayed by 3 d from the detection of stress using aerial
imagery (Aerial-3 d); and a nonirrigated control.

In 2005 and 2006, the study was conducted on a lateral-move
irrigation system designed to allow randomized plot irrigation.
The irrigation treatments from 2004 were included, and an addi-
tional treatment based on a Watermark trigger of —20 kPa was
added (20 kPa trigger). In 2005, all 20 plots were conventional till-
age, while in 2006, 20 plots were strip-tilled, randomized with an
additional 16 plots that were conventional tillage with the 20 kPa,
40 kPa, Aerial, and Aerial-3 d treatments. As with the 2004 study,
overlap between irrigation treatments was minimized by taking
measurements in the center of each treatment and separating treat-
ments with border cotton. Plot lengths were 21 m. Early irrigation
was applied to all plots after planting at a rate of 13 mm in 2005 and
20 mm in 2006 to ensure uniform emergence.

Aerial Imagery

Aerial imagery was collected using a two-camera system sus-
pended from a 5-m long and 2.5-m tall tethered blimp (South-
ern Balloon Works, Deland, FL). The blimp has a 4 kg lift rating
by the manufacturer, and was able to carry a 2.5 kg load 250 m
high for this study. The camera system consisted of two Nikon
4300 4-megapixel digital cameras (2272 X 1704), one of which
was modified to be NIR sensitive (Ritchie et al., 2008), a Digis-
nap 2100 electronic shutter release device that controlled both
cameras (Harbortronics, Gig Harbor, WA), a Schieppati RC
switch (KAPshop, Holthees, the Netherlands) that conditioned
the electric signal between the remote control radio system and
the Digisnap, and a Futaba 4 channel remote control radio sys-
tem (Tower Hobbies, Champaign, IL) that allowed simultane-
ous remote firing of the cameras from the ground. The NIR
camera was modified by disassembling the camera and replacing
the internal hot mirror with a piece of Hoya R72 NIR filter
(Hoya Filters, Long Beach, CA) cut to size (Ritchie et al., 2008).
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Fig. 1. Ground cover measurements included four plant rows and
four soil rows. Plant pixels were separated from soil pixels using
the Magic Wand selection tool, as shown by the selection mask
in the bottom frame.

The camera settings for each camera were sunlight white
balance, ISO 100, no image adjustment, 38-mm focal length
(fully zoomed out), and exposure correction applied between vis-
ible and NIR cameras. The blimp was flown over the plots at two
heights: 45 to 60 m for ground cover measurements, and 180 to
250 m for vegetation index measurements (Ritchie et al., 2008).
On some occasions, the ground cover measurement images were
collected under cloudy conditions with high ground visibility,
but the vegetation index pictures were collected under sunny or
partly cloudy conditions to increase the visibility of the blimp
for low-flying aircraft and decrease atmospheric variability for
the indices. Blimp height was affected somewhat by factors that
affected lift and tether angle, including wind and temperature.
Blimp height was estimated using marks on the tether strings
and verified using the pixel spatial resolution at the center of each
image. The blimp was guided by the tethers to each sampling
location, and several sample images were taken as the blimp was
held above each set of plots to ensure complete plot coverage.
Images were collected between 1000 and 1300 h EDT on high
visibility days, two to three times per week, with collection
dates determined by weather conditions. The blimp platform was
quite stable under most weather conditions, and shutter speed
rarely decreased below 1/60 s. Consequently, very few images
were blurry, and blurry images were excluded from any analyses.

The spectral sensitivity curve of each camera channel was not
calculated directly. Instead, the accuracy of the channels in esti-
mating reflectance in broad spectral channels was tested using cor-
relation with the integrated reflectance values of values of colored
squares on a GretagMacBeth ColorChecker color panel (X-Rite,
Grand Rapids, MI) measured using the spectrometer (Ritchie et
al., 2008). The red channel of the visible camera was well-corre-
lated (* = 0.98) with integrated reflectance between 600 and 700
nm, and the green channel was well-correlated (> = 0.96) with
the integrated reflectance between 500 and 600 nm.

The NIR camera blue channel was used for the NIR
brightness measurements and was most highly correlated (* =
0.99) with reflectance between 800 and 900 nm. The NIR fil-
ter in the NIR camera covered the entire imaging array, and
all three camera channels were sensitive to NIR radiation. The
blue channel of the NIR camera was used as the NIR chan-
nel for this research, because it had a high range of sensitivity
and did not saturate under high light conditions (Ritchie et al.,
2008). Additional information about the spectral sensitivities
of the visible and NIR camera channels used in this study, as

well as the modification procedure for the NIR camera, are
discussed in detail by Ritchie et al. (2008).

Square (1 m?) plywood reflectance panels painted white,
gray, and black were placed in the field adjacent to each plot
and georeferenced using a Trimble ProXT differential GPS
receiver (Trimble Navigation Ltd., Sunnyvale, CA) with sub-
meter HRMS accuracy to allow plot identification and image
spatial correction. The panels were clearly visible in the images
selected for analysis and allowed consistent image alignment.
Georeferencing points were made to the northeast corner of
each reflectance panel in the image, with a minimum of five
alignment points in each image. The reference points were not
moved throughout the season, so every image was aligned to
the same reference points. In 2004, six to eight rows from each
plot were selected for ground cover and vegetation index mea-
surement. In 2005 and 2006, four rows were selected from the
center of each plot for image analysis. The visible and NIR
images were aligned to the same reference points using the
alignment tool in ArcView 3.3 to a root mean square error
(RMSE) of <0.1 m throughout each growing season.

Ground Cover
Ground cover was estimated from the same rows used for veg-
etation index measurement. Areas of interest included the same
number (n = 8 in 2004; n = 4 in 2005-2006) of plant and soil
rows (Fig. 1), and were extracted from the images using Adobe
Photoshop CS2 (San Jose, CA). Each image was saved in the
JPEG image format, which consists of red, green, and blue
brightness channels. The quality setting of the camera was set to
maximum (least compression), resulting in image files between
1.2 and 1.5 Mb. The brightness channels are viewable and select-
able in Adobe Photoshop without any modification to the image.
Image pixels containing plants were spectrally separated from
pixels containing soil using the Magic Wand tool, a Photoshop
tool that selects spectrally similar pixels in an image. The Magic
Wand tool selects pixels throughout the image that are within a
user-selected tolerance range of red, green, and blue (RGB) pixel
brightness values of a selected pixel. Although the mechanism of
the Magic Wand selection tool is proprietary, the algorithm is sim-
ilar in mode to a three channel parallelepiped classification proce-
dure as described by Mather (2004), which expresses a brightness
range in terms of a given number of standard deviation units on
either side of the means of selected (RGB) values. Tolerance ranges
were usually set between 10 and 15. Soil pixels were selected by
hand using the Magic Wand tool and an additive selection proce-
dure that allowed the user to make multiple selections to separate
soil pixels from plant pixels. The numbers of plant pixels and total
pixels were recorded from the Photoshop histogram values, and
GCEF was calculated as the ratio of plant pixels to total pixels.
Dark shadows were classified as soil, since the brightness val-
ues were low and not spectrally distinct as plants. Classification
of shadows has been combined with nonplant image features in
more complex rangeland GCF estimates, such as Booth et al.
(2006), where the researchers combined the rock and shadow
features in images. Due to the GCF images being collected either
under cloudy conditions or near solar noon at the relatively south
latitude of 31.28° N (Camilla, GA), dark shadows were observed
in most cases to constitute <5% of each image.
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Spectrometer Measurements

Ground-level reflectance of each plot was measured using an
Apogee VIS-NIR spectrometer (Apogee Instruments, Inc.,
Logan, UT) with an effective spectral range of 400 to 900 nm
and a spectral resolution of 1.4 nm (full width, half maximum
height). Each reading consisted of an average of three spectral
scans, and two readings were collected per plot on each sam-
pling date. The fiber optic input was held facing nadir to the
plant canopy at a height of 1.5 m above the canopy, with a
15° half angle field of view. A white polytetrafluoroethylene
(PTFE) reflectance standard was used as a reference, and spec-
tral reflectance by wavelength at each location was calculated
as the ratio of plot scene reflectance to the reflectance of the
standard, with dark noise subtracted from both the reference
and plot measurements. References were collected at 10 to
15 min intervals and after cloud events. Reflectance measure-
ments were collected only when direct sunlight was available,
and data collection occurred on average twice a week.

Camera and Spectrometer Vegetation Indices
Camera NDVI values were calculated from the visible and NIR
images using camera brightness values and the relationship between
camera brightness, camera exposure, and scene reflectance of the
two cameras (Ritchie et al., 2008). The process consisted of cali-
brating a visible and a NIR camera at multiple exposure levels to
a standard reflectance grid under the same lighting conditions to
develop a relationship between camera exposure and sensitivity to
visible and NIR radiation. The field images were collected simul-
taneously and corrected for differences in camera exposure, and
the corrected images were used for NDVI calculations.

The NDVI for each plot was calculated from the mean image
brightness for each plot measured in the visible and NIR chan-
nels. The green/red ratio was calculated from the mean green and
mean red brightness values from the visible camera for each plot
(Adamsen et al., 1999). The purpose of these measurements was
to determine whether an index based solely on visible brightness
characteristics might be practical for estimation of crop growth.

The red reflectance value used for the spectrometer NDVI
(NDVI_ ) was the average reflectance between 670 and 690 nm,
and the NIR reflectance value was the average reflectance
between 800 and 840 nm. The red edge reflectance at 710 nm and
the NIR average reflectance between 800 and 840 nm were used
to calculate the spectrometer red edge NDVI (NDVI,, ). Spec-
trometer measurements from all treatments were compared with
ground cover, with the exception of the most water-stressed treat-
ment on Day 76 after planting in 2004, when significant addi-
tional crop wilting was observed between the late morning aerial
imagery and the early afternoon spectrometer measurements.

Analysis

Ground cover measurements using the visible and NIR cam-
eras were evaluated to determine the sensitivity of each sys-
tem to varying ground cover levels, as well as to determine
the relationship between ground cover estimates made using
the visible and NIR cameras. The relationship between vegeta-
tion indices and ground cover was evaluated using regression
analysis (a0 = 0.05), and the error was calculated as the standard
error of the estimate. The linear equations were expressed in

1.0
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Fig. 2. Comparison of visible and near-infrared ground cover
estimates during 2004.

the form y =y + ax, and higher order equations used b for the
constant of x? and ¢ for the constant of x°. Summary statistics of
these parameters are included in each graph. Measurements of
the GCF via the camera system were compared to (i) camera-
derived estimates of vegetation indices, and (ii) spectrometer
estimates of vegetation indices measured at ground level. Sta-
tistical analysis included both linear and nonlinear regression
analysis, determination of the coefficient of variation (r%), and
calculation of the standard error of the estimate (SEE).

The camera green/red ratio and NDVI were subsequently
compared with GCF measurements over all dates throughout the
3-yr period to determine the ability of the indices to provide
estimates of GCF independent of year. The process first tests the
significance of the difference of slope between the 3 yr, and then
tests the significance of the intercept if the slopes are not signifi-
cantly different (Clewer and Scarisbrick, 2001). The comparison
of the slope by year was performed by producing two regres-
sion models. The first model calculated sums of squares based on
separate lines that were fit to individual yearly data. The second
model calculated sums of squares based on parallel regression
lines through the data for each year. The significance of the dif-
ferences in slope were calculated by the equation:

(ResidSS,,,-ResidSS,;)/(df,,,-df},,)
ResidSS,,, /df,,,

on (df,,, —df,

ML
df,,, were the residual sum of squares and degrees of freedom of

df,,,) degrees of freedom, where ResidSS, , and

model 2, and ResidSS,;, and df,,, were the sum of squares and
degrees of freedom of model 1. The relationship between years
was also tested using ANCOVA (Younger, 1998; Clewer and
Scarisbrick, 2001) in SAS 9.1 (The SAS Institute, Cary, NC).
In addition, the sensitivity of each index to within-date growth
variability was tested by an ANOVA comparison of treatment
mean separation (o = 0.05) at three crop growth stages: squar-
ing, after first flower, and near peak bloom.

RESULTS AND DISCUSSION
Ground Cover Fraction

Ground cover estimates based on visible images were
highly correlated with estimates based on NIR images,
as shown in Fig. 2 (> = 0.93; SEE = 0.04). Close relation-
ships were consistently observed between independent
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estimates of ground cover, provided the images were
taken within 60 m of the crop. As expected, GCF was
highly correlated with growth stage: a GCF of 0.20 coin-
cided with growth about 1 wk before first square, and cot-
ton reached a maximum GCF between 0.80 and 1.0 near
peak bloom. The highest GCF measurements came from
the plots with the highest irrigation levels.

Experimental error related to ground cover estimates
appeared to be small, based on comparisons of concurrent
GCEF estimates from the visible and NIR images (Fig. 2).
Much of the experimental error appeared to be due to
minor alignment issues, limitations of spatial resolution,
and differences in pixel selection based on the tolerance
of the Photoshop selection tool. Another potential source
of error was the difference in the image characteristics of
the visible and NIR cameras. The visible camera has three
color channels with which to separate green vegetation
from soil. The combination of red, green, and blue chan-
nel brightness values is used to separate plants from soil.
Only the blue channel of the NIR camera was used, but the
high contrast between green vegetation and soil in the NIR
simplified plant selection. The relationship between visible
and NIR camera ground cover measurements had a similar
correlation coefficient to a comparison of independent vis-
ible images from the same study. Difterences between the
visible and NIR camera in measuring GCF were small.

Under favorable conditions, GCF measurements have
been shown to be closely related to crop growth and radiation
capture (Klassen et al., 2003). Ground cover measurements
are most accurate when the image has a high spatial resolu-
tion, the plants and soil are spectrally distinct, and shadows
do not obscure areas of the image that may be either plant
or soil pixels (Booth et al., 2006, 2008; Klassen et al., 2003).
The ratio of pixel width to row width (assuming 0.96 m wide
rows) was 1.26 X 107 of the height of the camera above the
canopy. An image collected 50 m from the ground would
have 16 pixels across the width of a row of cotton, while an
image collected 100 m from the ground would have about
eight pixels. In this study, independent images collected at
heights <60 m correlated well with each other, while images
at heights >60 m above the canopy resulted in increased noise
and variability. The difficulties associated with image align-
ment and image height are more problematic in field plot
research with limited space than in a production setting that
might cover several rows. The exact relationship between
height and spatial resolution depends on both camera optical
characteristics and pixel resolution (Dean et al., 2000). The
optical system controls the camera focal length, and it can also
affect the signal-to-noise ratio at the sensor. Pixel number and
spatial resolution are related, since additional pixels sensing a
glven target area increase the resolution of the image.

The GCF measurements were used as the standard for
both camera and spectrometer vegetation indices because
of their sensitivity to a broad dynamic range of growth.

However, GCF measurements require imagery with a high
spatial resolution, and differentiation between plants and soil
can be complicated by shadows, soil texture and brightness,
and the difficulty in analyzing pixels that include both soil
and plant. The GCF is also time consuming to calculate if
done by hand, and computer-based measurements require
careful oversight to avoid the effects of changes in lighting,
soil background, shadows, and changes in plant reflectance
(Hayes and Han, 1993). Nonetheless, this method is appro-
priate for plot-level measurements of crop growth, since it
can measure entire plots at altitudes that allow high spa-
tial resolution. Another advantage is the ability to conduct
ground cover measurements on cloudy days, when lighting

conditions between one part of a field and another might
be different.

Camera Vegetation Indices
Ground cover estimates were well correlated with veg-
etation indices throughout the growing season during
each year (Table 2). In 2004 and 2006, the spectrometer
NDVI_ . and NDVL , had higher Pearson coefficients
than the green/red ratio with GCF, but the green/red ratio
had a higher Pearson coefhicient in 2005. The nonlinear-
ity between the spectrometer green/red ratio and the other
spectrometer indices was more pronounced than the non-
linearity between the camera green/red and NDVI indices.
There was a high correlation between the camera green/red
ratio and the other indices. The camera green/red ratio was
linearly correlated (* = 0.90) with camera NDVI (Fig. 3)
throughout all of the growing seasons. Both of the indi-
ces showed similar trends in ground cover across the field
throughout each growing season (Fig. 4), and both indi-
ces correlated closely with each other when compared on
a pixel-by-pixel basis on individual sampling dates (Fig. 5).
Although linear regression between camera NDVI and
green/red ratio yielded a high #* value in a comparison of
spectral values throughout a single image, a quadratic equa-
tion fit the data better and yielded a higher r* (0.94) (Fig. 5).
The nonlinearity was observed at low levels of both indices,
which corresponded with soil pixels. As shown in Table
2, the green/red ratio correlated more closely with ground
cover and spectrometer-based indices than the camera
NDVI, although differences in correlation were small.
Part of the errors observed with the camera NDVI
may be due to exposure differences and small alignment
errors between visible and NIR images. Exposure cor-
rection adds a small error to estimates of NDVI, but is
unavoidable due to the dramatic difference in plant reflec-
tance between the visible and NIR. Exposure differences
between the visible and NIR cameras used for this study
ranged from 1/3 to more than 1 1/2 exposure values
(f/stops), depending on crop growth (Ritchie et al., 2008).
The study year had an effect on the relationship between
both of the camera-based vegetation indices tested and
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Table 2. Season-wide Pearson correlation (r) matrices for 2004-2006. All correlations were significant (P < 0.05).

GCFt NDVIspec* NDVI,, $ Green/red . ..." NDVI_, ..." Green/red_ Tt

2004GCF 1.00

NDVI., 0.65 1.00

NDVL, 0.81 0.84 1.00

Greenred,, . 0.88 0.85 0.88 1.00

NDVI_, . 0.85 0.83 0.86 091 1.00

Green/red,, " 0.58 0.91 0.54 0.58 0.51 1.00
2005GCF 1.00

NDVI,., 0.64 1.00

NDVL, 0.66 0.85 1.00

Greenred,, 094 072 0.80 1.00

NDVI_,,.... 0.89 070 079 0.94 1.00

Green/red,,, 0.80 0.80 053 0.65 0.67 1.00
2006GCF 1.00

NDVI,., 0.87 1.00

NDVL, 0.89 0.97 1.00

Greenred,, 092 0.91 093 1.00

NDVI_, . 091 092 092 096 1.00

Green/red,, . 0.59 0.87 0.87 0.81 0.79 1.00

fGCF, ground cover fraction
*Spectrometer normalized difference vegetation index.
SSpectrometer Red Edge normalized difference vegetation index calculated from R

710 nm
fiCamera green/red ratio calculated from visible (VIS) camera green and red channels.

and R800—84O nm*

#Camera normalized difference vegetation index calculated from near infrared camera blue channel and VIS camera red channel.

t*Spectrometer green/red ratio calculated from R and R

550 nm 800-840 nm*

ground cover. The slopes and intercepts of the relationships
between camera vegetation indices and GCF varied across
the three growing seasons (2004—2006). The regressions
by year between the green/red Ratio and GCF are shown
in Fig. 6. The camera green/red ratio and NDVI had very
similar relationships to GCF, so the green/red ratio is shown
tor simplicity. Although the green/red ratio was highly cor-
related with GCF across the 3-yr period, relationships dur-
ing these 3 yr had significantly different slopes, based on
a comparison of multiple regression lines and ANCOVA
(Younger, 1998; Clewer and Scarisbrick, 2001).

1.5 .
o 2006
= 14|
h'd
E 1.3+
= 12
]
& 1.1
g 10t
E Coefficient Std. Error  t P
c 09 i 075 00081 122 <0.0001 |
O a 0.94 0.0149 63 <0.0001
0.8 : : :
0.2 0.4 0.6 0.8
Camera NDVI

Fig. 3. Comparison of normalized difference vegetation index with
camera (NDVI_, . ...) green/red ratio for all dates during the 2006
growing season.

Generally, significant differences in slope suggest against
pooling data between years or locations. However, as shown
in Fig. 6, much of this difference can be attributed to the dif-
ferences in cotton growth during collection times across the
3 yr. In 2004, vegetative growth was slow, and much of the
data was collected at lower GCF than in the 2005 or 2006.

Data collection in 2005 began later in the season due to a
tropical weather system that passed through the study site in

Green/Red
Ratio

T T
obbO®

Fig. 4. Green/red ratio and normalized difference vegetation index
with camera (NDVI on 21 July 2006.

camera)
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| July 21, 2006

_Quadratic 2 F=20.94

Coefficient Std. Error ¢ P
Yo 1.04 00046 225 <0.0001
a -0.37 00179 -21 <0.0001
[ b 1.19 0.017 70 <0.0001

e N Y
N Wk OO

Camera Green/Red Ratio

1.1 "’*?3 :
s RRET inear - 2 = 0,91
1 0 n _.":--',:_-_if .f'ﬂf-'}ff.b:}": re I Coefficient Std. Error t P 7
- Yo 0.73 0.0021 345 <0.0001
0 9 ; a 0.87 0.0035 247 <0.0001
0.2 0.4 06 0.8
Camera NDVI

Fig. 5. Relationship of camera green/red ratio with normalized
difference vegetation index with camera (NDVI_,...) on 21 July
2006, calculated from pixel values over the entire field.

late June and early July. The delayed collection, as well as the
increased growth due to heavy rainfall throughout the season
in 2005, resulted in substantial vegetative growth, and several
locations of the field had near maximum ground cover.

In 2006, heavy rainfall periods again resulted in substan-
tial vegetative growth for the irrigation treatments with the
highest water application, but GCF measurements were made
throughout the season, resulting in a wide range of GCF val-
ues. Therefore, the slope of the 2004 relationship was influ-
enced by the comparatively low GCF, and the 2005 slope
was influenced by the high GCF. The 2006 regression rela-
tionship included both low and high GCF. Spectral indices
are limited in dynamic range, an issue that has been reported

1.5
2004-2006 BE
14 ¢ AL
o = 0.86 .
w 13+
o
g 12 2004 |
Q:E 11+ 2005 |
g 2008
2 1.0 ;
O Coeff. Std. Error t P
0.9 yo, 0.64 0.0070 91 <0.0001
a 079  0.012 68 <0.0001
0.8 ; % 1 '
14 | 2004 -
5 ? =072 e
E 13+ ///
- 12} e
& :- 0 2.0
= 117t
o 1.0 |
o Coeff. Std. Error
0.9t Yo 075 0012
- * a 0.52 0.024
0.8 :

0.2 0.4 0.6 0.8 1.0

Ground Cover Fraction

by several authors (Carter and Spiering, 2002; Gitelson and
Merzlyak, 1997; Horler et al., 1983a). The slopes of the 2005
and 2006 regression lines were not statistically difterent when
measured using the method described by Clewer and Scaris-
brick (2001), but the intercept values were significantly dif-
ferent. Combining the 3 yr suggests that the indices are less
sensitive to low and high levels of ground cover, but have a
strong linear relationship with GCF from 0.20 to 0.80.

The camera green/red ratio was linearly related with
camera NDVI throughout the growing season (Fig. 3), even
though a ratio index does not have any upper bounding limit,
and the NDVI is a normalized ratio with bounding levels
of =1 to 1. The linear relationship was due to green and red
brightness values being similar in the aerial images. Green/
red values ranged from 0.85 to 1.5 between bare soil and com-
plete plant cover. Within such a narrow range of ratios, the
relationship between a ratio index and NDVI is mathemati-
cally almost completely linear (> > 0.99). Therefore, the cor-
relation values obtained using a green/red ratio and a green/
red NDVI were virtually identical in this study. The green/
red ratio was chosen for emphasis because of its simplicity, as
well as the production of negative NDVI values when red
brightness values were higher than green brightness values.

Spectrometer Vegetation Indices

Spectrometer-based spectral indices were closely related with
each other. However, NDVL, showed a greater dynamic
range than NDVI (Fig. 7). Both of these indices were more
sensitive to GCF than spectrometer green/red ratio, a char-

1.5 ; : ‘ .
14}
i)
2 13¢t
o
- 127t
4
= 11}
3 1.0
o s Coeff. Std. Error
09l - Yo 067 0019 |
- a 0.76 0.024
0.8 ‘ t t t
14 | 2006 . Yo
o #=0.83
= 137
o
- 127t
&
= 11}
3 1.0
S Coeff. Std. Error
0.9 | Yo 062 0010 |
a 0.67 0.017
0.8 ‘ .

0.2 0.4 0.6 0.8 1.0
Ground Cover Fraction

Fig. 6. Relationship between green/red camera ratio and fractional ground cover (2004-2006).

CROP SCIENCE, VOL. 50, MAY—JUNE 2010

WWW.CROPS.ORG

1007



2004-2006
0.6 r*=0.89
g
o 05 r
=
>
O 04+
= %
Coefficient Std. Error  t P
03! yo  -3.311 03721 -8.9 <0.0001 |
' a 15.0712 1.5868 9.5 <0.0001
b -20.5777 2.2271 -9.2 <0.0001
O 2 J N c - 96798 1.0288 9.4 <0.0001
04 05 06 07 08 09 10
NDVI
Fig. 7. Comparison of spectrometer normalized difference
vegetationindex calculatedfromR,,, .. (NDVL, ) with spectrometer

NDVI (2004-2006).

acteristic that agrees with other studies on ground-based
reflectance indices in cotton (Ritchie and Bednarz, 2005).

The NDVIL,,  index reached a maximum at a GCF of
<0.80 (Fig. 8). This index also reached a maximum at camera
green/red ratio values >1.3 (Fig. 9). These findings suggest
that spectrometer NDVIL, s less sensitive to high levels of
ground cover than is the camera green/red ratio. However,
Fig. 9 also indicates that NDVL,, is more sensitive to low
levels of ground cover than the camera green/red ratio.

None of the spectral indices were sensitive to a full range
of GCFE. The NDVL, |
vegetation than the camera indices (Fig. 9), but was less sen-
sitive to high GFC. Some of the decreased sensitivity of the
spectrometer indices to high GCF may be due to the influ-
ence of plant height on the sensor field of view. Klassen et
al. (2003) emphasized that in close-proximity measurements,
the increased influence of the plant material causes an overes-
timation of plant size, since the plants are nearer than the soil
to the sensor. This overestimated green cover, in turn, would
result in saturation of the vegetation index at a lower level
than if the spectrometer was further from the plants.

The spectrometer NDVI, had better dynamic range
than spectrometer NDVI, as well as a higher correlation
with ground cover and camera vegetation indexes. This
agrees with other studies (Carter and Spiering, 2002;
Horler et al., 1983a, 1983b; Ritchie and Bednarz, 2005)
that suggest that red edge measurements can improve the
dynamic range of indices used to estimate chlorophyll
density at both the leaf and plant canopy levels.

An observed source of error in the relationship between
camera and spectrometer estimates of NDVI was the dif-
ference in coverage area between the two systems. Spec-
trometer and camera NDVT values of individual plots were
highly correlated, particularly in the well-watered treat-
ments (data not shown), with 1* values ranging from 0.66
to 0.96 in the strip tillage plots, and from 0.78 to 0.95 in
the conventional tillage plots. However, the slopes of the

was more sensitive to low levels of

0.70
0.65
0.60 ¢
£ 055
g 0.50
2 045
040 I o Coefficient Std. Error t P
035 - "' bses nosan 117 <0000
b -0.451 0.0644 -7.0 <0.0001
0.30 : : ‘
0.2 0.4 0.6 0.8 1.0

Ground Cover Fraction
Fig. 8. Comparison of spectrometer normalized difference
vegetation index calculated from R (NDVL,,)  with GCF
(2004-2006).

710 nm

regression lines for individual plots differed significantly,
due to variability in the growth between the sampling
location for the spectrometer and the entire plot sampled
by the camera images. The plots with the lowest coeffi-
cients of determination were the treatments with the most
water stress, where growth within a plot varied more.

Treatment Comparisons

A comparison of indices during 2006 at squaring, early
bloom, and near peak bloom is shown in Table 3. All of
the indices showed significant differences at the P = 0.05
level between irrigation treatments at all three dates, with
the exception of the camera NDVI index (P = 0.075).
In addition, mean comparisons using camera NDVI had
higher treatment variances and lower significance levels
at all dates than the other comparisons. At least part of
this variance can be attributed to differences in exposure

0.8 ; .
£ 2004-2006

2 97 [ Linear® = 0.66

2 06|

P

& 05}

2 CHal i

S 04 _<El

g ','- : Coefficient Std. Error t P

o 03 B . Yo -1.15 0.13 -8.6 <0.0001 7

w b a 2.60 0.24 10.8 <0.0001
0.2 ‘ ; b -0.96 0.11 -9.0 <0.0001

0.8 1.0 1:2 1.4

Camera Green/Red Ratio

Fig. 9. Relationship of normalized difference vegetation index
calculated from R, . (NDVL, ) collected with the spectrometer with
the green/red ratio collected with the visible camera (2004-2006).
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Table 3. Vegetation index and ground cover fraction (GCF) treatment means by irrigation at three crop growth stages (2006).

Crop stage 20-cbar 40-cbar Aerial Aerial-3 d Nonirrigated LSD (0.05)

Early square  GCF 0.528 + 0.007 at 0.479 £ 0.017 b 0.445 +0.022 b 0.459 + 0.020 b 0.468 £ 0.012 b 0.045
Green/red 1.080 £ 0.039ab  1.029 + 0.022 ab 1.044 £ 0.025 a 0.977 £0.010 b 0.985 +0.009 b 0.059
NDVImi 0.488 £ 0.011 a 0.503 £ 0.005 a 0.486 + 0.017 ab 0.510 £ 0.010 a 0.467 + 0.022 b 0.027
NDVISQQC§ 0.339 £ 0.030 a 0.354 +£0.024 a 0.341 £0.021 a 0.298 + 0.004 a 0.293 £ 0.006 b 0.041
NDVIcameraﬂ 0.780 + 0.014 ab 0.775+£0.013 a 0.777 £ 0.011 ab 0.785 +£ 0.006 b 0.718 £ 0.023 b 0.054

Early bloom  GCF 0.532 £ 0.012 a 0.505 + 0.036 ab 0.531 £ 0.022 a 0.496 + 0.021 ab 0.459 £ 0.015 b 0.067
Green/red 1.071 £ 0.038 a 1.047 + 0.029 ab 1.058 £ 0.043 a 1.013+£0.012 b 1.004 £ 0.013 b 0.079
NDVL,, 0.520 £ 0.016 a 0.524 +0.011 a 0.524 £ 0.013 a 0.534 +£0.005 a 0.489 +£0.014 b 0.020
NDVISpec 0.391 £ 0.046 a 0.350 +£ 0.034 a 0.369 £ 0.063 a 0.327 £ 0.027 a 0.299 + 0.047 b 0.026
NDVI_,, ... 0.718 £ 0.012 0.745 + 0.009 0.724 = 0.016 0.705 + 0.013 0.647 + 0.039 ns#

Peak bloom  GCF 0.736 + 0.061 a 0.745 £ 0.049 a 0.780 + 0.052 a 0.695+£0.026 ab  0.602 + 0.052 b 0.110
Green/red 1.275 +£0.044 a 1.308 £ 0.044 a 1.305 £ 0.049 a 1.245 + 0.025 ab 1182 £0.041 b 0.079
NDVL,,, 0.616 £ 0.010 a 0.621 +£ 0.009 a 0.626 + 0.010 a 0.624 + 0.004 ab 0.587 £ 0.008 b 0.022
NDVISpec 0.564 +£0.042 a 0.570 +£ 0.045 a 0.563 £0.048a  0.530 + 0.027 ab 0.469 + 0.060 b 0.026
NDVI 0.880 + 0.009 a 0.888 + 0.004 a 0.879 + 0.011 a 0.882 £ 0.002ab  0.846 +0.009 b 0.074

camera

THorizontal means with the same letter are not significantly different (o = 0.05).
*Spectrometer Red Edge normalized difference vegetation index calculated from R
SSpectrometer normalized difference vegetation index.

and R

710 nm

800-840 nm*

fiCamera normalized difference vegetation index calculated from near infrared camera blue channel and VIS camera red channel.

*Not significant.

settings and minor alignment issues between the cameras
that have been previously discussed.

CONCLUSIONS

The results from this study suggest that the camera NDVI,
camera green/red ratio, and spectrometer NDVL, =
indices all have useful attributes for specific remote sensing
needs and can estimate GCF between 0.20 and 0.80. The
higher sensitivity of the spectrometer NDVIL, = com-
pared to the spectrometer NDVI suggests that NDVL
.., would be more appropriate for ground-based measure-
ment systems. However, aerial systems based on this index
would require more extensive consumer camera modifi-
cation than indices based on visible channels. The consis-
tency of the aerial NDVI measurements over the growing
season, despite the wide range of camera exposure differ-
ences between the visible and NIR cameras, suggests that
this index can provide a robust NDVT estimate.

The green/red ratio, which has already been shown to
be effective for estimating leaf senescence (Adamsen et al.,
1999), also provides a very simple method for ground cover
estimates, although it may be less sensitive to low levels of
ground cover than the NDVI. Another advantage of the
green/red ratio is the ability to use a single digital camera to
collect both channels, so it is not necessary to align images
from different cameras in software. These characteristics
make the green/red ratio useful as a simple, low-cost, single
camera system for remote sensing of crop growth. The high
linear correlation between the green/red ratio and GCF
measurements over a 3-yr period suggests that this index
can provide a robust estimate of crop growth, despite its
simplicity. The value of the green/red ratio is that those
with limited experience, technical capabilities, or resources

have access to technology that is quick, accurate, and easy
to apply in a crop production setting.
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