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Abstract

The exploitation of remote sensing instruments with large fields of view necessarily implies the analysis of instruments
acquired over a wide variety of viewing geometries. The purpose of this study is to underline the effects of view angles
and microrelief on the directional surface temperature measurements of cultivated bare soils. A campaign of measurements
was carried out at Poznan (Poland) in April 1995. The directional temperatures were measured on a furrowed sandy soil.
The measurements were acquired at ground level with a radiothermometer in the 8-14 wm band. The radiothermometer
was fixed on a special goniometric support 2.1 m above the soil surface and was directed at the soil with view zenith
angles varying from —60° to +60° by steps of 10°. The data were collected for solar zenith angles ranging from 40.2°
to 62.3°. In the experiment, for a given sun position, the difference between oblique and nadir measurements could reach
6°C. A model aimed at explaining the variations of the surface temperature measurements of furrowed soil in relation to its
viewing conditions is presented. This model requires the precise soil microrelief geometry configuration, the illumination
and viewing conditions of the surface and the radiative temperatures of the shaded and sunlit soil facets. The results show
a good correlation between the predicted and the measured data. This type of modelling can be used to correct radiative
temperature measurements of soils from view angles and soil microrelief geometry effects. © 1998 Elsevier Science B.V.
All rights reserved.
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1. Introduction

The radiative temperature of the soil surface is
an important physical parameter to monitor, because
it partly controls the exchanges of sensible and la-
tent heat, as well as the thermal infrared radiative
fluxes between the surface and the atmosphere. In
particular, it makes it possible to use ancillary me-
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teorological data to estimate the latent heat flux and
water budgets of agricultural surfaces (Huband and
Monteith, 1966; Jackson et al., 1977; Price, 1982;
Seguin and Itier, 1983; Kustas et al., 1990).

The surface temperature depends not only on
the thermal irradiance, slope, emissivity and thermal
conductivity of the soil, but also on the microrelief
configuration and viewing geometry. These latter two
aspects are presented in this study. The corrections
of radiative temperature measurements from the view
angle effects are particulary useful in analysing data
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from satellite sensors which are capable of off-nadir
viewing, as the result of their wide field of view,
such as the AVHRR instrument of the NOAA satel-
lites. They are also necessary for data obtained from
bi-angular sensors such as the ATSR radiometer of
the European Remote Sensing Satellite (ERS1). In
the same way, it is also necessary to know the effects
of the view angle to interpret thermal data acquired
at ground or aircraft level with multiangle radiome-
ters such as the DAIS or imaging spectrometers such
as MIVIS or TIMS.

This paper analyses the thermal directional ra-
diances in relation with the microrelief defined as
the microtopography resulting of farming work on
a sandy soil. This sandy soil was chosen because
it represents 26.8% of agricultural soils in Poland
and also because its texture reduces the influence of
surface irregularities of aggregates and clods found
on other soils and which can disturb the effects of the
microrelief on the thermal directional radiances dis-
tribution. The effects of viewing geometry on the

%®
%
A

measure
plane

MR

7

<X

S

surface temperature measurements are discussed us-
ing experimental data acquired at ground level with a
radiothermometer in the 8-14 wm band. The results
are then compared to the outputs of a geometrical
model which computes the composite temperature of
the targets for each sun and view geometry.

2. The experiment

The experiment was conducted near Poznan
(52.46°N, 16.94°E) on 23 April 1995, under clear
sky conditions, on a horizontal sandy surface over
which an artificial microrelief constituted by furrows
was created. The spatial variability of the soil mi-
crorelief configuration was therefore considered as
being negligible. The microrelief was constituted by
a succession of parallel trihedrons oriented in the
north—south direction (Fig. 1). This soil surface ge-
ometry simulated the form of a furrowed soil surface,
such as we can find in agricultural areas (potatoes,
cotton etc.). The size of the total furrowed area was a
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Fig. 1. Geometrical configurations and parameters of soil roughness and view and sun angles.
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square of about 3 x 3 m?, much larger than the target
taken into account by the sensor in every view angle
situation. The height of the furrows was 0.08 m,
and the distance between two adjoining summits was
0.17 m, the slopes on both sides of the furrows were
the same. The dimensions of the trihedrons were
determined so that the sensor took into account a
base area in vertical view, representative of the whole
experimental surface, this latter being constituted by
a juxtaposition of similar base areas.

The radiothermometer was fixed on a goniometric
support 2.10 m above the soil surface and described
a 180° arc of a circle in a fixed azimuth: the west—
east vertical plane, which was perpendicular to the
furrows. The measurements were carried out tumn-
ing, with 10° increments of view zenith angles, from
—60° to +60°. The negative angles corresponded to
forward-scattering directions of observation (the ra-
diometer faces into the sun), the positive angles cor-
responded to backward-scattering directions (the ra-
diometer faces away from the sun). In the vertical
view, the base area viewed by the radiothermometer
was a 0.085 m diameter circle with an area of 227 cm?.
With a 60° view zenith angle, the target was consti-
tuted, in the solar principal plane, by two half ellipses
whose radii were 0.16 m and 0.18 m. These two half
ellipses had an area of 213.6 cm? and 244.3 cm?.

The measurements were taken, throughout the day
for solar zenith and azimuth angles varying respec-
tively from 40.2° 10 62.3° and from 178° to 253° with
regard to the geographic north. For each position
of the sun reference temperatures were measured
at nadir viewing at the beginning, middle and end
of each sequence of measurements, the latter being
defined by the set of data acquired for all the view
angles for each sun position. The duration of each
sequence was about 3 min; for each sequence, a
reference temperature was determined by the mean
value of the three nadir measurements.

The radiative temperatures of sunlit and shaded
surfaces of each slope of the furrow were measured
separately and manually, at the end of each sequence
with the same radiothermometer and field of view.
During these measurements, the radiothermometer
was directed perpendicularly to the plane of the
sunlit and shaded surfaces of the two slopes of the
furrow. The radiothermometer was oriented on the
centre of the shaded and sunlit facets of the slopes

at a distance of about 0.3 m, the target being a circle
whose radius was 0.035 m.

The thermal directional radiance was measured in
the 8~14 pwm spectral band with an EVEREST in-
frared radiothermometer model 112ALCS. The res-
olution of this radiothermometer is 0.01°C, and its
accuracy +0.5°C.

3. The modelling procedure

The angular variation of the thermal emissivity
of soil is not thoroughly known but some exper-
imental approaches have shown that the variation
of the relative angular emissivity of sand was neg-
ligible for view zenith angles between O and 50°
and about 1% lower for 60° (Becker, 1981; Stoll
et al., 1991). In a first approximation, we assumed
that the directional emissivity effects of the sandy
experimental surface were negligible. Second, we
considered that the soil surface temperatures were
stable during each sequence of measurements, the
differences of temperature between the nadir mea-
surements at the beginning and at the end of each
sequence being lower than 0.5°C. The modelling
procedure was based on the assumption that the vari-
ations in the measured surface temperatures of the
soil target could be explained mainly by the precise
geometrical configuration of the microrelief, the illu-
mination and viewing conditions of the surface, the
fraction of area of the shaded and sunlit facets and
their radiative temperatures.

3.1. Geometrical modelling of the fractional sunlit
and shaded areas

The geometrical modelling presented here is de-
rived from a previous model relative to a flat ground
covered by pebbles (Cierniewski and Verbrugghe,
1994).

The micro-slopes of the experimental furrowed
soil are shaded when 6; > arctan(d/2H). The po-
sition of the border point B (Xjy, ¥g) (Fig. 1), de-
scribing the position of the line between the sunlit
and shaded fragments of the soil slopes in the verti-
cal projection, perpendicular to the direction of the
furrows, was found as the interaction point between
the sunbeam and the section of the soil slope in this
projection as:
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for ¢, < 180°
Xg =d*/(2Xg +d) and

(1
Yg = —ZHXSh/d when Xg < d/2,
or Yp =2HX,/d —2H when Xp > d/2,
for ¢, > 180°
X = —d*/(2Xq + d) and
B /(2Xsh @

Yg =2H Xy /d when Xg > —d/2,
or Yp = —2H Xy, /d +2H when Xg < —d/2,

where: X, = H/tan(90 — 6;)|cos(¢; — ¢s)| and H
= height of the furrows (m), d = distance between
two adjoining summits (m), §; = solar zenith angle
(degrees), ¢, = solar azimuth angle (degrees), ¢, =
azimuth orientation of the furrows.

For the furrows oriented in the N-S direction
¢ = 90° when ¢ < 180°, and ¢, = 270° when ¢ >
180°. The position of the border point B (X, Yg)
inside the radiometer field of view (FOV) viewed at
a given view zenith angle (6,) is described as:

X, = XgcosB, — Ygsing,
B B v B (3)

Y, = Xpsin6, — Ygcosb,
Multiplying the Xy by the fraction h,/(h, — Yj),
where s, = distance of the radiometer to the summit
top, we obtain the proper position of the B’ point (po-
sition of B in off-nadir viewing) taking into account
the conical character of radiometer viewing.

The fraction of shaded and sunlit fragments of the
west and the east slopes were calculated as segments
of the radiometer FOV circle.

3.2. Composite soil surface temperature modelling

If we consider the radiative energy balance of the
soil surface, the composite temperature of the target
viewed by the radiometer is a function of the soil
sunlit and shaded facet temperatures and of their
respective fractional area. This can be expressed by
the equation:

€0T! = fuweoTh + fiweo T + fie€o TS
+ fe€o T2+ (1 —e)I* 4)

Wlth qu + ﬁw + fsc + _fie = 17

where € = emissivity of the soil surface, o = the
Stefan—Boltzmann constant (5.67 x 1078 W m™2
K=), T. = composite temperature of the soil surface
(K), fow and fi, = calculated fractions of shaded
and sunlit facets on the west slope, Ty, and T, =
measured temperatures of shaded and sunlit facets
on the west slope, f;. and f,. = calculated fractions
of shaded and sunlit facets on the east slope, T, and
T.. = measured temperatures of shaded and sunlit
facets on the east slope, and /* = thermal irradiance
of the surrounding received by the surface (W/m?).

If the emissivity of the sandy soil surface is as-
sumed to be between 0.95 and 0.98 (Stoll et al.,
1991) then the term of the thermal reflected irradi-
ance of Eq. 4 for the purpose of this study can be
neglected (Kustas et al., 1990).

On the other hand, if we consider only the 8-14
pm band and not the entire spectrum as in Planck’s
radiation law, the error on energy calculation is also
negligible. In fact, the ratio of the irradiance over
the whole spectrum to the irradiance over the 8—
14 pm band changes to the order of 4% when the
temperature varies from 30°C to 70°C (Singh, 1985).

The Eq. 4 can then take the simplified form:

TC4 = ﬁiw T:iv + fleli + fse Ti + fxeT,: (5)
4. Results

The results of the soil directional radiative tem-
peratures are presented for each sequence in terms of
differences between the off-nadir temperatures and
the mean value of the three nadir temperatures of
the sequence. This methodology for measuring the
relative value of the soil temperature also avoids
field calibrations which are generally necessary with
this type of sensor. In ground measurement condi-
tions, a derivation of the calibration coefficient of
the radiothermometers is generally observed in rela-
tion with the variations of the external conditions of
measurements (Verbrugghe and Guyot, 1992).

4.]. Field measurements

The view and sun angle effects on the directional
infrared temperature of the soil are illustrated in
Fig. 2. The results show a large dissymmetry be-
tween the forward-scattering and the back-scattering
view angles. The differences of temperatures are rel-
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Fig. 2. Variations of the difference between temperature measured in off-nadir viewing (7o) and temperature measured in nadir viewing
(Tn) for different solar zenith angles (SZA) and solar azimuth angles (SAA). Negative angles correspond to forward-scattering observations

and positive angles to back-scattering observations.

atively small (£1°C) for all the view and sun angles
in back-scattering viewing contrary to forward-scat-
tering viewing, where the differences can reach 5°C.
The difference between off-nadir and nadir tem-
peratures increases with the view and sun zenith
angles. The smallest differences (—2° in forward-
scattering viewing to +1.5° in backward-scattering
viewing) are measured when the sun azimuth angle
approaches the azimuth angle of the furrows (SAA
= 178.6°). The ditferences of temperatures increase
from —5°C in forward-scattering direction to 1.3°C
when the solar plane becomes perpendicular (SAA
= 253.1°) to the soil facet planes. We can note that
the small variations of sun zenith angles induce large
discrepancies between oblique and nadir radiative
temperatures. These angular variations are similar
to those observed over a ploughed bare soil surface
(Lagouarde et al., 1995).

4.2. Modelling results

The results of the modelling were compared with
the experimental data (Fig. 3). For all the azimuthal
and zenithal sun positions, the measured soil tem-
perature curves are similar to those predicted by
the modelling. The regression analysis performed
between all the measured and predicted data yields
good correlation coefficients; the coefficient of de-
termination is 0.949 and the root mean square error
0.96°C (Fig. 4).

On the basis of this modelling, in order to show
the influence of the soil microrelief, the effects of
furrow orientations and view angles on soil radia-
tive temperatures were simulated. This simulation
was performed with the same general experimental
conditions presented previously for one sun position
(SZA = 62.3° and SAA = 253°). For this situation,
the areas of the illuminated and shaded facets of the
western and eastern soil slopes were calculated for
azimuthal positions of the furrows changing from
165° to 345° by steps of 15°. A coefficient of propor-
tionality of energy was then calculated taking into
account the sunbeam incidence angle on the illumi-
nated eastern and western soil slope fragments for
the different orientations of the furrows. This coeffi-
cient was then applied to the measured temperatures
relative to position of the sun mentioned above, to
calculate the temperatures of the illuminated soil
facets in the other furrow orientation situations. In
this simulation, the temperatures of the shaded facets
were considered to be constant for each simulated
orientation of the furrows and equal to the mea-
sured temperature. In the last step, the distribution of
the soil radiative temperatures was calculated using
Eq. 5. The results of this simulation are illustrated by
Fig. 5 which shows the magnitude, at a given instant,
of the variations of the soil radiative temperatures
depending on the view angles and of azimuth of the
furrows. In this simulation, the variation of tempera-
ture between forward- and back-scattering directions
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Fig. 3. Relationship between the temperatures predicted by the
model (heavy type line) and the measured temperatures (nor-
mal type line) for different solar zenith angles (SZA) and solar
azimuth angles (SAA).
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Fig. 4. Relationship between predicted and measured radiative
soil temperatures for the different solar zenith angles (SZA) and
solar azimuth angles (SAA).

can reach 9°C when the furrows are perpendicular to
the solar plane.

In this way, in the experimental conditions de-
scribed above, the classical calculation of the sen-
sible heat flux, determined from the difference be-
tween the soil surface temperature and the air tem-
perature and the aerodynamic resistance, showed
large errors in evaluation connected with view an-
gle effects. While the relative error in the sensible
heat flux was quite small (overevaluation of 20%)
in back-scattering directions, in forward-scattering
directions we obtained an underevaluation which
could reach 140% for a view angle of —60° and a
sun zenith angle of 62.3°. These results showed that
the effects of view angles on this type of microrelief
could considerably modify the values of the sensible
heat flux and consequently the estimation of the soil
energy budget.

5. Conclusions

The results underline how the effects of bare soil
microrelief created by farming activities on horizon-
tal surface and the angular observation geometries
are significant in analysing soil radiative tempera-
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Fig. 5. Simulation of the variations of the soil radiative temperatures versus the view angles and the furrow orientations.

ture measurements. Without the corrections relative
to the microrelief and to the view angle effects, the
remote sensing thermal data acquired from ground
to satellite levels in oblique viewing can introduce
large errors in radiative temperature measurements
and consequently on the evaluation of the soil energy
budget.

Microrelief geometry appears to be a deciding
factor in radiative temperature distribution. A simple
model taking into account the precise soil microre-
lief geometry and the radiative temperatures of all
the shaded and illuminated facets composing the
targets makes it possible to correct these view and
microrelief effects. This type of correction of ther-
mal remote sensing data has to be tested on other
types of agricultural surfaces.
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