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Influence of Wind on Crop Canopy Reflectance Measurements
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Remote sensing techniques of measuring red and far-red crop canopy reflectance are frequently used to estimate crop
canopy characteristics. The variability introduced in reflectance data from nonvegetative factors such as wind decreases
the usefulness of the techniques. The objective of this study was to quantify and minimize the variability from wind on
spectral reflectances. Red and far-red reflectances were acquired above wheat, barley, and alfalfa canopies throughout
days of changing wind conditions. Periods of 312 s with little changes in irradiance values were used for the analysis.
Wind had negligible effect on reflectances of a short canopy such as cut alfalfa, while it had a significant effect on
reflectances from canopies with a higher vertical structure, particularly during gusty conditions. Within the windy and
calm periods, extreme values of spectral reflectance differed by 60% and 12%, respectively, in the red, and by 40% and
8% in the far-red for the barley canopy. For the compact and dense canopy structure of alfalfa, these differences
reached a maximum of 10% under windy conditions in both spectral regions. The plant canopy architecture, the wind
conditions, and the spectral regions all affected the magnitude of the influence of wind on crop canopy spectral
reflectances. The mean reflectance of a canopy overestimated the true reflectance by 2~4% while the use of the median
reduced this overestimation. Sampling requirements for this sensor are evaluated, and the possibility of decreasing
either the sampling rate or the sampling period is discussed.

Introduction

Spectral reflectances collected using re-
mote sensing instruments from ground
platforms such as tripod, boom and mov-
able rack are often used to develop em-
pirical relationships to estimate plant
canopy parameters related to crop growth,
development and yield (Jackson et al.,
1980). In general, the accuracy of these
estimates is reduced by the errors in the
measurements of field canopy reflec-
tances used to develop the model (Goel et
al., 1984), particularly if the environmen-
tal measuring conditions differ from one
reflectance measurement to another
(Richardson, 1981; Crist, 1984). Develop-
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ment of algorithms to perform adequately
over broad regions or successive growing
seasons must then take into account all
the external factors causing deviation in
plant canopy spectral patterns (Crist,
1984).

The effects of wind on the canopy
geometry, that is, on the orientation of
plant parts and on the amount of soils
and stems reflecting through the canopy,
vary with its speed, the architecture of
the vegetation, and the wavelength of
interest (Rao et al., 1979; Lord et al,
1983). When wind is strong enough to
introduce either leaf fluttering or stem
bending, the nonvegetative variability in-
troduced in the plant canopy spectral re-
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flectance measurements can mask the
variability arising from the vegetative fac-
tors. This in turn reduces the usefulness
of these measurements for estimating
plant canopy parameters (Jackson et al.,
1980; Tucker et al., 1980). Errors intro-
duced by the wind will not be eliminated
through the use of linear combinations
such as the near-infrared-tored reflec-
tance ratio, because its effects on canopy
reflectances can differ between spectral
regions (Rao et al., 1979). The objectives
of this paper are to demonstrate the in-
fluence of wind on plant canopy spectral
reflectance measurements and to suggest
ways of eliminating most of its influence.
Sampling requirements are also discussed.

Materials and Methods

Three days of data collected on wheat
(6 July), barley (7 July), and alfalfa (9
July) crops at the Central Experimental
Farm in Ottawa, Ontario, Canada, during
the summer of 1982 were used to analyze
the effect of wind on crop canopy spec-
tral reflectance measurements. Crops were
planted in 10 m long by 8 m wide plots
on a fertilized Rubicond sand soil. Wheat
(Triticum aestivum L. var. Pitic 62) and
barley (Hordeum vulgare L. var. Massey-
Breeder no. 2) were planted in NNW-SSE
rows 0.18 m apart, while alfalfa ( Medicago
sativa L. var. Saranac) was planted in
very narrow rows in order to obtain a
canopy without rows. Wheat was at the
beginning of flowering with a height of
0.8 m and LAI of 1.1, whereas barley was
at the milky-mealy ripe stage of growth
with a height of 1.0 m and LAI of 1.5.
The west half of the alfalfa plot was at the
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10% flower stage of growth with a height
of about 1.0 m and LAI of 2.5, while the
east half was cut the day before the re-
flectance measurements were collected.

The radiometric data was collected
from a nadir view angle using a spectrora-
diometer, at a height of 3 m, with four
different filters of fixed central wave-
length peaks of transmission with band-
width of 10 nm (Brach et al., 1983). The
central peaks of the filters were in the
far-red (790 nm and 739 nm) and the red
(675 nm and 647 nm) regions. The en-
ergy at these wavelengths is known to be
scattered and absorbed within the leaf
cellular structures of green plants
(Knipling, 1970) and important for plant
morphogenesis (Cathey and Campbell,
1980). For each filter, a timing mecha-
nism within the spectroradiometer allows
2 s for the measurement of the reflected
radiation within an 8° field of view, fol-
lowed by another 2 s for the measure-
ment of the hemispherical incident radia-
tion. The ratio of the reflected to the
incident radiation for each wavelength
band gives the hemispherical-conical re-
flectance specific to the optical geometry
of this instrument (Nicodemus et al.,
1977). The time constant of the sensor,
which is approximately 100 ms, allows the
measurements of all fluctuations in reflec-
tance as long as enough data points are
recorded.

Simultaneous to these spectral mea-
surements, meteorological conditions were
monitored at a meteorological station
500 m away. On each of the three days
studied, a mean hourly minimum wind-
speed of 1-1.5 ms ™! was reached early
in the morning, followed by a progressive
increase of the mean hourly windspeed
which occurred around midday with a
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maximum of 3.0, 5.0, and 4.5 ms ™! for 6,
7, and 9 July, respectively. In addition to
this information, the presence or the ab-
sence of gusts and the relative magnitude
of wind fluctuations were continuously
noted. No direct coupling of windspeed
and reflectance measurements were at-
tempted because the information ob-
tained would not have justified the high
frequency the data would have needed to
be recorded (Desjardins et al., 1973).

The method used to collect the reflec-
tance data reduces most of the variability
which could be introduced by factors
other than wind in the spectral reflec-
tance measurements. To eliminate the soil
and crop canopy variability, the spectro-
radiometer remained stationary above the
same section of the experimental plots for
all the measuring period. The variability
introduced by the continuous changes in
solar elevation and azimuth angles was
minimized by grouping the data into short
time periods of 312 s. To minimize the
variability caused by changing irradiation
conditions, only sunny periods with con-
stant irradiance were retained. These
periods were identified by compiling the
deviation from the mean irradiance for
each irradiance value collected within a
given period. The sunny periods with all
the deviations from the mean irradiance
near zero percent were the only ones kept
for the analysis.

The division between calm and windy
periods followed a method similar to that
used to separate out sunny from cloudy
periods but with reflectance data instead
of irradiance data. Small deviations from
the mean reflectance for the majority of
the reflectance data indicate calm condi-
tions while high deviations signify windy
conditions. Verification of this assumption
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was made with the wind data and field
notes.

Results and Discussion

Influence of wind on
plant canopy spectral reflectances

The maximum deviation from the mean
reflectance found in red and far-red spec-
tral reflectances collected above wheat
within a period of 312 s under calm con-
ditions is less than 4% [Fig. 1(A)]. The
dotted lines drawn on the same figure
confirm that the sky conditions for this
specific period were uniform since the
highest deviation from the mean irradi-
ance does not exceed 1%. When large
fluctuations in deviations from the mean
irradiance are found for another period of
calm conditions, extreme values of spec-
tral reflectances collected in this period
differ by as much as 40% in both spectral
regions (Fig. 1(B)].

Wind can also decrease the usefulness
of plant canopy spectral reflectance mea-
surements for estimating some crop can-
opy parameters (Tucker et al., 1980). By
setting individual plants in motion and by
introducing variations in the leaf inclina-
tion-azimuth angle distribution, wind
continuously changes the geometry and
the electromagnetic response of the
canopies (Kimes and Kirchner, 1983). Two
spectral reflectances measured closely in
time may show different values. The
magnitude of the fluctuations varies with
canopy architecture. Over short vegeta-
tion such as freshly cut alfalfa, the pres-
ence of wind causes negligible variations
in reflectance measurements. All the devi-
ations from the mean reflectance calcu-
lated for one specific sunny period of
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FIGURE 1.

Deviation of the irradiance (----) and reflectance (—) from their

means for a wheat canopy during calm clear conditions at solar elevation angle of
55° (A) and during calm but variable irradiance conditions at solar elevation angle
of 63° (B). Bars denote the standard deviations.

312 s remained near zero [Fig. 2(A)].
When the reflectance measurements were
collected at approximately the same time
over 1.0 m high alfalfa, differences up to
10% occurred between extreme values of
spectral reflectances [Fig. 2(B)]. The
larger variability caused by wind in both
red and far-red spectral regions is also
indicated by the higher standard devia-
tions found for the reflectance data col-
lected over the alfalfa [Figs. 2(A),(B)].
For crops planted in rows and having a
canopy architecture less dense and com-
pact than alfalfa, the differences between
extreme values of spectral reflectances
reach 60% and 35% for the red and the
far-red regions, respectively [Fig. 2(C)].
The higher standard deviations found in

both spectral regions for the reflectance
data collected over barley confirm the
greater influence of wind on this crop
compared to alfalfa. The possibility for
wind to more easily set each individual
plant in motion when the canopy pos-
sesses both a well-developed vertical
structure and plants spaced apart to allow
stem bending and leaf fluttering can
account for these higher amounts of non-
vegetative variability.

For barley, differences between ex-
treme values of red reflectance during a
sunny 312 s period drop from a maximum
of 60% during windy conditions [Fig.
2(C)] to a maximum of 12% during rela-
tively calm conditions (Fig. 3). In the
latter, leaf fluttering was still present but
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FIGURE 2. Same as Fig. 1 but for cut alfalfa (A), alfalfa (B) and barley (C)
during gusty conditions at solar elevation angle of 56°, 58°, and 62°,

respectively.

stem bending was almost absent; under
windy conditions, motions by individual
plants were detected. This result demon-
strates two points. First, the stem bend-
ing movement introduces larger fluctua-
tions in spectral reflectances than leaf
fluttering. Secondly, the strength of the
wind and the importance of its fluctua-

tions influence the amount of nonvegeta-
tive variability introduced by this factor
in a plant canopy having a flexible archi-
tecture such as barley.

Differences between extreme values of
far-red reflectances collected over barley
also occur; however their magnitudes are
smaller than those found for the red re-
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FIGURE 3. Same as Fig. 1 but for
elevation angle of 35°

gion [Figs. 2(C) and 3]. This spectral
dissimilarity was expected since the red
canopy reflectances are known to be more
sensitive to wind than the farred ones
(Rao et al., 1979). This higher sensitivity
of the red region is probably caused by
the strong energy absorption by green
plants in this spectral region.

Estimation of the representative
plant canopy spectral reflectance

The deviations from the mean reflec-
tance presented in Figs. 2(B),(C) demon-
strate that, under windy conditions, the
possibility of measuring a spectral reflec-
tance value which greatly differs from the
real reflectance of a crop canopy at its
normal position exists for some canopies.
Visual analysis of these fluctuations shows
that the greatest deviations from the mean
reflectance for one given windy period
are usually found in the positive direc-
tion. Examples of the frequency distri-
bution of the deviations from the mean
reflectance are shown in Fig. 4. For flexi-
ble species such as barley, the highest
frequency always appear either in the
interval of deviations of —5-— 3% or
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barley during calm conditions at solar

— 3— — 1%, whatever the sun angle [Figs.
4(A),(B)]. As expected from the previous
analysis, the farred reflectances usually
show smaller deviations from the mean.

If it is assumed that the more frequent
spectral reflectances should correspond to
the value which would have been mea-
sured under calm conditions, it can be
concluded that wind increases the mean
reflectance when data is collected every
eight seconds during a 312 s period. To a
first approximation, an error of about 5%
seems small. However, Goel et al. (1984)
estimated that measuring reflectances
with an accuracy of less than 3% means
that little can be said about the estimated
value of a canopy parameter such as
LAL Moreover, if these data are used to
develop an algorithm for subsequent
estimations of LAI, the model could be
inaccurate because of these errors in the
reflectance measurements (Crist, 1984).

For less flexible species such as alfal-
fa, the highest frequency occurs in the
— 1-1% deviation interval, but there are
still more negative deviations than posi-
tive ones (Fig. 4E). For nonflexible
canopies such as cut alfalfa or for the
periods of calm conditions over any plant
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FIGURE 4. Frequency distributions of the deviation from the mean red and farred (:::) reflectance for different
species during sunny periods characterized by different wind conditions and solar elevation angles.

canopies, the highest frequency is always
retrieved in the interval centered on 0%
deviation [Figs. 4(C),(D),(F),(H)]. As ex-
pected from the results previously shown
in Figs. 2(A), (B), and 3, the use of the
mean reflectance does not introduce sig-
nificant overestimation of the real spec-
tral reflectance of a canopy location for
these types of canopies under windy con-
ditions and for all canopies under calm
conditions.

The frequency distributions of the de-

‘viations from the mean reflectance follow

more a binomial distribution than a nor-
mal one for flexible canopies. The appli-
cation of the test of Kolomogorov and
Smirnov (SAS, 1979) on these data gives
probabilities under 0.01 of finding a nor-
mal distribution. The wind skews the dis-
tribution of the deviations, and either the
median or the mode appears a better
estimator of the reflectance population
than the arithmetic mean itself. For bar-
ley the medians of the reflectances col-
lected over the windy periods are 2—-4%

smaller than their respective means.
However, there are almost no differences
between the medians and the means for
less flexibles canopies or for calm periods
(Table 1). The overestimation of the plant
canopy spectral reflectances seems mini-
mized by using the median instead of the
arithmetic mean. The fact that the devia-
tions from the mean reflectance for the
medians usually falls within the interval
showing the highest frequency of reflec-
tance data supports this affirmation (Ta-
ble 1 and Fig. 4). It may also be noted
that the use of the median when wind
conditions are calm or when canopies are
less flexible does not introduce important
deviations from the mean reflectance (Ta-

ble 1).
Analysis of sampling

It is important to evaluate the number
of measurements needed to accurately
measure the true spectral reflectances of a
flexible canopy under windy conditions.
Approximately 40 windspeed measure-
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TABLE 1 Deviations of the Median from the Reflectance Mean (DMRM) for Different
Species and Wind Conditions at Different Solar Elevation Angles

DMRM (%) For Rep (Far-Rep) SpEcTRAL REGION

Unper WINDY CONDITIONS SoLar ELEvATION UNDER

SPECIES wiTH GUsTs ANGLE () CaLm CONDITIONS
Cut alfalfa 0.12 (0.11) > 47 < 67 0.17 (0.09)
Alfalfa ~0.27 (—0.48) <58 > 51 - 0.05 (0.03)
~0.69 (—043) > 63 < 67 - 0.21 (- 0.10)
Barley ~ 417 (—1.20) > 32 <28 -0.35 {—1.34)
~ 375 (—0.82) > 42 <31 - 0.50 (—077)
- 3.22 (—-1.19) > 56 <37 ~ (.30 (—0.13)

- 1.99 (—1.20) 64

—4.11 (—2.12) 67
Wheat 47 -0.09 (©.02)
38 -0.18 (0.45)

ments per second are required to detect
all fluctuations contributing to the hori-
zontal wind (Kaimal et al., 1972;
Desjardins et al., 1978). However, these
high frequency fluctuations lead to leaf
fluttering and stem bending which do not
occur at a frequency as high as the
windspeed (Desjardins et al., 1973). In
our experiments, one reflectance mea-
surement was made for each spectral re-
gion every 8 s. The sampling method
used in this study must be evaluated with
respect to the needs of measuring as many
as 40 consecutive spectral reflectances for
determining under windy conditions the
real reflectance value of a specific loca-
tion within a flexible canopy. To exa-
mine the length of the sampling period
required, 46 sunny periods of 312 s ob-
tained within a complete day of reflec-
tance measurements above the same loca-
tion of a barley field are selected in order
to regroup different types of windy con-
ditions, some of them including the pres-
ence of strong gusts while others are en-
tirely characterized by calm conditions.
The 46 reference medians obtained from
these periods are compared to those
calculated using two methods of sam-
pling.

One method consists of reducing the
number of reflectance measurements per

minute during an entire 312 s sampling
period. If one spectral reflectance mea-
surement every 8 s during 312 s gives 40
spectral reflectance measurements and a
sampling rate of 7.5 data per minute, one
spectral reflectance measurement at every
16, 32, 40, 48, 56, 64, 72, 104, 152, and
312 s during a period of 312 s will respec-
tively give 20, 10,9, 8,7, 6, 5, 4, 3, and 2
spectral reflectance measurements and
corresponding sampling rates of 3.75,
1.83, 1.50, 1.25, 1.07, 0.94, 0.84, 0.58,
0.39, and 0.19. A median is calculated for
each one of these sampling rates applied
to each one of the 46 periods, each result
being compared to their respective refer-
ence median in order to compile the devi-
ations between them. The 46 deviations
for each one of those 11 sampling rates
are reported in Fig. 5 for both spectral
regions. The results confirm the increas-
ing probability of obtaining relatively
large deviations from the reference
medians under lower sampling rates.
However, our maximum sampling rate of
7.5 samples per minute may be easily
reduced by 2 without loss of accuracy.
This supports the hypothesis that a higher
sampling rate within the actual length of
the sampling period would not change
the value of the reference median reflec-
tance. Less than four samples per minute
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FIGURE 5. Deviation of the reflectance from its median for various sampling rates applied to sunny period of 312 s.

over a 312 s sampling period increases the
probability of obtaining large deviations
from the real reflectance value. To com-
pensate for this low sampling rate, the
sampling period would have to be
lengthened.

Since 20 reflectance measurements col-
lected at every 16 s during 312 s under
windy conditions over barley seems ade-
quate to determine the true reflectance of
a specific location, a second method of
sampling consists of evaluating whether
these 20 measurements must be collected
in a consecutive way without loss of accu-
racy due to the shortening of the sam-
pling period from 312 s to 152 s. The
medians for different sequences of con-
secutive spectral reflectance measure-
ments (2,4,5,8,...,38) are calculated for
each one of the previous 46 sampling
periods. The deviations from their respec-
tive reference median are then compiled
and plotted (Fig. 6). These results demon-
strate two points: 1) for the same number
of samples, fluctuations caused by a
smaller sampling period are greater in the

red spectral region, and 2) at least 30
consecutive reflectance measurements
must be made every eight seconds to
keep low deviations from median reflec-
tance. This represents a sampling period
of 240 s as compared to the original one
of 312 s.

This study confirms the large influence
of wind on crop canopy spectral reflec-
tances collected using remote sensing
techniques from ground platforms. The
sensitivity of a canopy to wind is, how-
ever, dependent on its geometrical con-
figuration. There is also a spectral dif-
ference, red reflectances showing larger
variability than far-red ones. The median
was found to be a better estimator of the
population of spectral reflectances col-
lected under windy conditions above crop
canopies sensitive to this factor.

The support of the Engineering and
Statistical Research Service and the Crop
Information Program of the Research
Branch of Agriculture Canada is much
appreciated.
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