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DIURNAL VARIATIONS OF THE VISIBLE AND NEAR
INFRARED REFLECTANCE OF A WHEAT CROP

By
M. FUCHS, G. STANHILL AND ALIDA G. WAANDERS*

A macroscopic description of the scattering of the direct incoming solar radiation by the
vegetation canopy and by the soil, is used to predict the diurnal variation of the reflec-
tance of the vegetation stand (including vegetation and soil). The probability that direct
solar radiation will encounter plant material determines the relation between the stand
reflectance and the solar elevation. Hemispherical reflectance measurements in a wheat
crop having a cover density of 0.4 suggest that the reflectances below and above 690 nm,
considered separately, are related linearly to the probability of wheat plants intercepting
direct radiation, which is determined by hemispherical photographs of the sky through
the canopy.

The theory predicts that if the’soil reflectance is higher than a limit dependent on the
density of ground cover and the optical properties of the plant material, the reflectance
of the vegetation stand as a whole will decrease with decreasing solar elevation, The
opposite pattern of diurnal variation in the visible and infrared reflectance of the wheat
crop is used to confirm the existence of such a relationship.

INTRODUCTION

The diurnal variation of the solar reflectance of vegetation stands is widely recog-
nized. Measurements on many types of vegetation indicate that the global solar reflec-
tance is larger near sunrise and sunset than during the midday period (4, 7, 8). Diurnal
asymmetry of reflectance changes has also been reported (10) but is less well docu-
mented. The variation of reflectance could result from circadien changes of the vegeta-
tion, e.g. leaf movement (3), but is generally regarded as caused by diurnal changes of the
properties of the incident solar radiation. Solar elevation, spectral composition, diffuse-
to-direct ratio, and flux density are the main time-dependent solar radiation character-
istics which can affect reflectance.

As plant and soil surfaces have no known activation properties, it is well established
that the reflected radiation flux density is directly proportional to the incident flux
density. The characteristic spectral reflectance of most green plants shows a sharp
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increase near the 700 nm wavelength. Consequently, a shift of the spectral compositi o
of incoming solar radiation toward longer wavelengths will result in a correspondip

increase of the solar reflectance (2). However, an analysis by Stanhill et al. (10) indicateg
that the diurnal change of solar reflectance of a dense peanut crop was more closﬂy
related to the variation of the fraction of diffuse radiation than to the proportion of
infrared radiation. This suggests that it is mainly the canopy geometry and the path of the
incoming radiation which determine the diurnal variation of the solar reflectance.

The solar radiation reflected by leaves and soil presents a negligibly small specula,
component which obeys Fresnel’s reflection laws. This specular component is further
attenuated by the scattering of radiation by the foliage and the uneven soil surface,
Measurements (5) and theoretical analysis (6) suggest that the specular component of
reflected solar radiation by plant-covered surfaces is too small to account for the observed
dependence between reflectance and the angle of incidence of the solar beam. However,
the absence of specular reflection does not preclude the dependence of refléctance on the
angle of incidence, unless the solar radiation transmitted by the canopy and reaching the
soil is completely diffuse. With the exception of very dense canopies for which horizonta]
leaves are dominant, this is never the case. Measurements by Scott et al. (9) provide
evidence for the anisotropy of the scattering properties of many canopies. A theoretical
analysis by Cowan (1) predicts that in a dense canopy of randomly oriented leaves, the
angular anisotropy of the radiation absorption Jeads to an increase of the reflectance at
Jarge angles of incidence.

When the canopy cover is not closed, direct solar radiation reaches the soil.
Consequently, the reflectance of the stand will depend on both the reflectance of the soil
and the reflectance of the plants. The proportion of incoming radiation which reaches the
soil surface directly will depend on the path of the impinging beam and therefore on the
angle of incidence. For a given cover density the stand will transmit a larger fraction of
direct radiation at normal incidence than at grazing incidence because in the former case
the radiation beam encounters fewer vegetal scattering elements.

Measurements of the global solar reflectance of a wheat crop presented in this paper
have been analyzed to assess the respective contributions of the soil and the foliage to
the angular variation of the stand reflectance in the spectral ranges below and above
690 nm. The division of the solar spectrum at a wavelength where the abrupt change in
the spectral reflectance of the leaves is not matched by a corresponding change in the
spectral reflectance of the soil, provides an opportunity to verify our interpretation of the
angular dependency of the reflection of a vegetation stand.

MATERIALS AND METHODS

Diurnal measurements of the incoming and reflected solar radiation were carried out
at two-week intervals throughout the growing season, in an irrigated commercial wheat
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op (Miriam 1, a semi-dwarf local varie i

gegp;o(nal Experiment Station in the nortl::r)ngli;:;:::g(; :ozol,;es;’ff riv,ed soil at the Gilat
The ground has a 3% maximum slope descending in the NW dj ect ol B o
upward global solar radiation were monitoreq simultane;nrlestl:tl'oé1 it b
frequency of 16 measurements per hour, with two Kipp sgﬂﬁ(r);etle?ssezmtl;’i alt a
sampling frequency significant data can be obtained only when the cloud :30 i ‘rSJ low
2/8 or above 7/8. The two instruments were mounted at a height of 2.60 Vef‘;s ; fl:v
ground with the sensing surfaces oriented in the opposite direction on ;;revzirs?no‘;:and%
they were automatically interchanged every 15 minutes so that by geometrical% aver:
aging values obtained during successive periods, the reflectance is independent };f the
calibration factors of the solarimeters.

The global radiation measurements were occasionally supplemented by measure-
ments of the infrared components of the incident and reflected solar radiation using
additional Kipp solarimeters with outer glass domes replaced by RG-8 hemispheres
characterized by a sharp cutoff centered at 690 nm.

The geometrical properties of the wheat crop were determined by measurements of
the crop height and total plant area index (A.L).

The probability of direct radiation reaching the soil surface for various solar eleva-
tions was determined by estimating the relative area of free sky viewed from the soil at

P

f the sky taken from the soil surface

: : hotograph ©! 3
Plate 1. Hemispherical p P arly May 1970, Gilat.

through the canopy of a wheat €rop:
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various angles of incidence on he;mispherical photographs of the sky taken through the
canopy from the soil surface (Plate 1). The lens used was a Spiratone 180° fish eye with 3
focal length of 7 mm. The main advantage of this lens is that it can be used on a reflex
camera with the reflex mirror in normal viewing position and therefore does not require 5
sunshade for protection of the shutter.

RESULTS AND DISCUSSION

The diurnal variations of the solar reflectance from the wheat crop at various stages
of its development are shown in Fig. 1, whére the time scale has been replaced by the
solar elevation. The data indicate clearly that the increase of the plant cover expressed by
the height and the total plant area index (A.L) is associated with an increase of the solar
reflectance. A second observation is that the relative increase of reflectance at low solar
elevations, which is nonexistent on the bare soil, is more accentuated when the crop cover
is still sparse.
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Fig. 1. Variations of the solar reflectance of a wheat crop as a function of
solar elevation at various growth stages.
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In f)rc?er to explain the.se reS}xlt§ we will consider successively the possible effects of
the variations of the fractional incident diffuse component, of the fractional incident

infrared component and the angle of incidence of the solar beam, on the solar reflectance
of a vegetation stand.

Diffuse component
The total solar reflectance p of a surface is given by:

pr = (Ry + RY)/(R, +R)) [1]

where R, is the incident direct radiation, R, is the reflected radiation due to the scat-
tering by the surface of the direct incident radiation, R} is the diffuse incident flux, and

R, is the corresponding reflected flux. We can express the direct incident radiation as a
fraction of the global radiation

R; =k(R, +R}), 0<k<l1 2]

The total reflectance is then:

pr=k(p-p)t o (3]
where p =R, /R, is the reflectance of the direct incident radiation and p' = R3/R] is the
reflectance of the diffuse incident radiation. If the diurnal variation of py is caused by
the diurnal change of k only, [3] indicates that a linear relationship between py and k
exists. The set of data presented here does not include measurements of k, but data by

Stanhill et al. (10) do not confirm this conclusion and suggest that variation of p and

possibly of p’ should be considered.
A radiometer measuring reflected radiation cannot differentiate between R, and Ry

and therefore experimental data always yield pr, but rewriting [3] in the form
pr =kp + (1-K)p’ (4]

shows that the effect of the properties of p on pp is attenuated by the factor k and offset .
by (1 - k)p'. However, on clear sunny days k is large and p is the main component of p.

Incident infrared component ,
Because of the sharp increase of spectral reflectivity of leaves near 700 nm, a shift of

the incident radiation toward longer wavelengths should increase the solar reflectance of
vegetation. Considering the total reflectance pg as having different visible and infrared

components, we can write:
pr = (Ravis * R, ir)/(R1vis + Ruir) (51

Using the ratio

i=Ryir/(Ruivis * Ryir) (6]
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we obtain
Pt = j(pir - pvis) * Pvis [7]

where pyis = Ry vis/Rivis> and pir = Ra /R - If variations of j cause _the di-umal changeg
in py, the experimental data should conftrm the linear relationship claimed by (7],
However, as the diurnal variation of j is small, the relation:

(o - o)y =1G - i [8]

where £ = [1 + pyis/j (ir = Pvis)] ™ and Pp and j represent diurnal averages, was tested in
Fig. 2. The correlation coefficient is high, suggesting that the change of the spectra]
composition of incident solar radiation could affect the measu.redT sTole?r reflectance,
However, eq. [8] postulates that the plot of (o - pp)/Pr against (j - j)/j yields a straight
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Fig. 2. Variation of the wheat crop reflectance resulting from
changes in the ratio of the infrared component of solar radia-
tion. The correlation coefficient r = 0.588 obtains when all the
shown points are included and r =0.957 when the three points
corresponding to measurements taken in the half-hour periods
immediately following or preceding sunrise and sunset, and
marked by black dots, are excluded.
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line of slope equal to f. Since for ve i
: ; getation py, is la
less than unity, and ir 18 larger than py,, the value f i
osen dots in ;’i a112 enom(;ln i b.etween 1/3 and 2/3. The slope c:fl sthe line \l:/;ic}llsglt:‘l:}}:s
p g. 4 exceeds unity, thus indicating that the observed diurnal variation 0(;

the solar reflectance is much la
rger than the variation i
. s which co th
meaéured shift of the spectral composition of incident solar radiatio?xld -

Angle of incidence

Direct solar radiation impingi
ging on the surface can be scat i

' ) tered b

veﬁetitlon orf t;a soﬁ. The rate of scattering by the soil will be proportim)ilaleict:er Qe
reflectance of the soil, and (1-a)R,, a being th ili i o
I i i vemsation. g the probability for the direct solar radiation
. w’arrl(;e gortlon of direct solar radiation which is scattered by the vegetation has an
Tp - Izs mp:?nelnt peaRy, and a downward component 79aR;. The coefficients p, and
‘:hen ; fec :lve Y, t(l)le 1feﬂ;a{ctance and the transmittance of the vegetation which o%)tain

=1 and pg = 0. Let R, be the upward flux at the

) upper boundary of the vegeta-
tion, R3 the downward flux at the lower boundary, and R, the flux reflected by thegsoil
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Fig. 3. Macroscopic two-dimensional description of the
scattering of direct radiation by a vegetation stand.
R = incident beam solar radiation, R, = normal incident
beam solar radiation, R, = upward solar radiation,
R, = solar radiation transmitted by the canopy,
R, = solar radiation reflected by the ground, a = pro-
bability for a ray to encounter a leaf, i = angle of inci-
dence, x = cover density, 7@ = transmittance of the
vegetation, pg = reflectance of the vegetation.
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as illustrated in Fig. 3. These three fluxes refer exclusively to transformations of R;, the
direct solar radiation. Note that R, =R cosi, where R is the radiant flux deﬂsity
impinging on a receiver normal to the beam, and i is the angle of incidence. The fluxes
shown in Fig.3 as a two-dimensional configuration are measured" by hemisphericq|
pyranometers and therefore are reported over 2m steradians. Directional isotropy jg
implicit.

Assuming that the scattered radiation is completely diffuse, the following relatiop.
ships between Ry, R, R; and Ry obtain:

R, = peaR; + x7oRs + (1 -X)Ry [9a]
R3 = TQa R1 3 XPQRq, + (l = a)R; [9b]
Rs = ps Rs [9c]

The ground cover x is related to a by:

2
X = n,f acosidi [10]

0
The probability a, measured on four hemispherical photographs taken in the

beginning of May 1970, is shown in Fig. 4 as a function of the angle of incidence. The
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Fig. 4. Relation between the angle of incidence
and the probability that direct radiation is in-
tercepted by the vegetation.

data were used to integrate numerically [10]. The resulting value for x is 0.40, indicating
that the crop cover was quite open. If a varies as sin i, then the integral in [10] yields
x =0.5. The full cover given by x = 1 corresponds to a = 1. The probability a is a function
of both the angle of incidence and the density of the plant stand. When a = 2i/w, which is
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the 1:1 line in Fig. 4, x = 0.364. Conse,
quent] ion i
B i teteen i e cuwz’, when the vegetation is sparse (x < 0.364),

The reflectance of direct radiation resulting from [

9] is:
— l-x(l..
p=R, /R, = - __‘LQ) = =)
2/R1 = a|p, oy ps(l—TQ)},uﬂ_Tﬂ)p 1]
PsPg 1 -~ Xpspg s

Eq. [11] indica'tes that the reflectance of a vegetation stand is an intricate functi

optical properties of the canopy, the reflectance of P ate function of the
and the probability that the direct radiant beam will be scz;tte delfree -
than the soil. For monochromatic direct radiation, and at a ‘V;:l p y Lthe canopy rather
the crop X, Pg; Ty and pg are assumed constants. A(':cordingif1 the I:;Z&ﬁzﬂ;?lt::ge of
is a linear function of a. However, as most field measureme;nts of the solar refl tcroP
include both direct and diffuse radiation, and cover the entire solar spectrum ec ancs
ps may present diurnal variations as shown in [4] and [8] Whic}x: distort, ;:ﬁ;rﬁ ::
relationship predicted by [11]. As shown in Fig. 2, the divisio,n of the solar spectrum :;
690 nm should remove the effect of the spectral modification of the iﬂcoming radiation
on the variations of pg, py and 7,. The measured values of the visible and the infrared
reflectance measured from sunrise to midday on May 6, 1970 indeed relate linearly to a
(Fig. 5). The dispersion of the points becomes large as a approaches 1, and results from
the increased diffuse fraction of the incoming radiation at low solar elevation. Linear
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regressions fitted to the data yield the
independent term in [11].

numerical values of the coefficient of a and tp,

Considering the relationship between a and i as given in Fig. 4, Eq. [11] can be ugeq

to predict the variation of pyis and pjr

as a function of the solar elevation. In Fig. 6 the

results of such a prediction are compare
May 5 and 6, 1970. Both the theoretical
infrared reflectance of the wheat

d with the values of pyjs and p;; measured op
line and the experimental data indicate that the

crop increases at low solar elevation, but also that the

visible reflectance follows an opposite trend. The theoretical line for the true value of a js
in better numerical agreement with the morning data. This is obviously a computationga]
[11] are based on measurements taken in the morning,

I | | I l i

artefact as the coefficients of
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Fig. 6. Variations of visible and infrared reflections of a wheat crop with a
cover of density of 0.4, as a function of the solar elevation.
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However, it points out that the wheat ¢ )
could be caused by an azimuthal effect ornofhzesf}llea;t:t?ﬂl::sr ;a?(x);n;l tasymmetry \.Vhich
curve calculated for a=sin i, which yields a ground cover approximat:l e ‘; f mihL o
truly observed,‘ S}fows that the prediction of reflectance by [11] is vey e;;eua. t'o te cglle
shape of the relat-mn between a and i. Unfortunately, the hemi:;phericalryhotn . wehso .
not referenced with respect to the row direction of the wheat cro anf ograp b\;vere
substantiate with data our interpretation of the observed diurrf)al » we are unable to
reflectance. ymmetry of the
When the relation between a and i has a concave curvature which is typical of a

sparse vegetation, the diurnal variation of the stand refl
- ectance should b
The data in Fig. 1 support this conclusion. © aceentuater.

The decrease of the reflectance of a vegetation stand at low solar elevation shown in
Fig. 6 does not appear to have been reported previously in the literature. Moreover
previous theoretical treatments (1, 6, 11) have predicted that reflectance will eithe;
remain constant or increase at low solar elevation. The condition for réﬂectance :to
decrease with increasing angle of incidence is: |

dp/di = (0p/0a) (0a/di) <O [12]

It is difficult to imagine a crop geometry for which 9a/di <0and therefore condition
[12] is realized when dp/da < 0, or according to [11] when:

1 = X(l = TQ)
1 - xpspy
We introduce the assumption suggested by de Wit (11) that

pe - ps (1-79) <0 [13]

Pg = Tg = 0.50 [14]
where o is the scattering coefficient of the plant material. Eq. [13] yields
o, > 0.50/[(1 - x) - 0.50 (1 = 20)] [15]

Accordingly, the reflectance of the wheat field which has a plant cover x =0.40 should
decrease at low solar elevation when ps >0.50/(0.6 - 0.10) and increase for the reverse
condition. Assuming a scattering coefficient for visible radiation of 0.15 for the wheat,
the visible reflectance of the soil should be larger than 0.12 to account for the trend
shown by the data in Fig. 6. On the other hand, a value of 0.6 is 2 conservatively low
estimate of the infrared scattering coefficient of the wheat. The trend of the data in

Fig. 6 requires that the infrared reflectance of the soil be lower than 0.56. A spot
0.30 for the visible and infrared reflec-

measurement on a similar soil yielded 0.12 and
imits set by [15] to obtain the results of

tance, respectively. These values ar within the

Fig. 6.
When x = 0.5, the condition for decreasing values of the vegetation stand reflectance

at low solar elevation is that ps > 0-5- The larger the value of X, the density of the plant
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cover, the larger becomes the soil reflectance for which condition [15] is realizeqd, As
most reflectance measurements of vegetation stands have been made on dense cover, the
likelihood of fulfilling condition [15] is small, and consequently the increase of reflec.
tance at low solar elevation which obtains (4, 7, 8), is in agreement with the conclusigy
deduced from [15]. Considering for example a canopy with a scattering coefficient for
visible radiation of 0.15 growing on a perfect mirror (ps = 1), condition [15] indicateg
that if the cover is above 0.96 the crop reflectance for visible radiation will increase when
the angle of incidence increases.

CONCLUSIONS

When direct solar radiation is dominant, the diurnal variation of the reflectance of 2
vegetative stand (including canopy and soil) is caused mainly by the increased probability
for the direct beam to be scattered by the canopy rather than the soil. Measurements in
an open wheat crop suggest that when the solar spectrum is divided at 690 nm, where
plant spectral reflectance presents an abrupt increase, there is a linear relationship
between the wheat crop reflectance and this probability, indicating that the optical
properties of the wheat canopy alone do not vary significantly with solar elevation.

The theory predicts that the vegetation stand reflectance can either increase or
decrease with a decrease in solar elevation; the sign of the variation depends upon the
density of the ground cover, the soil reflectance and the optical properties of the plant
material. Experimental confirmation of these predictions is provided by the opposite
diurnal variation patterns for the visible and infrared reflectance measured on the wheat
crop.

The magnitude of the diurnal variation is set by the shape of the relation between the
angle of incidence.and the probability for the radiation beam to impinge on the plant
material, and is directly related to the density of the plant cover.
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