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Study on thermal infrared emission directionality over crop canopies with TIR camera imagery
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In order to investigate directionality of thermal infrared emission from crop canopies, a wideangle thermal video camera (INFRAMETRICS) equipped with an 80 o FOV lens was mounted on a small aircraft and used to acquire thermal imagery along several different flight traces. Accordingly, multiangle directional brightness temperatures were acquired at different view angles for individual pixel. The flight experiment was carried out from January 1997 to October 1997 over a 5 km×5 km flat agricultural area, located near Avignon, southeastern France. This paper presents results from analyses performed using these data including instrument calibration, radiometric correction, atmospheric correction, temperature temporal adjustment, geometric matching and registration of images. Results are presented for different thermal infrared emission patterns of different surface types including bare soil, wheat, maize and sunflower at different growth stages.

Land surface temperature (LST) is a dynamic thermal equilibrium parameter in land-atmosphere interaction, which strongly depends on the micrometeorological conditions and water status of the surface. Up to now, the problem of non-isothermal pixel and angular dependence of the land surface temperature have remained to be solved [1 -3] . In order to improve the knowledge of the thermal infrared emission directionality, experimental research work is accumulating, most of which is to measure directional brightness temperature of land surface targets with thermal infrared radiation (TIR) radiometer [4 -12] . However, measuring directional surface temperature with TIR radiometer in field have the following problems: 1) The size and shape of radiometer view field change while TIR radiometer aims at targets with different view angles; 2) We have to face the challenge of space scale effect as the IR radiometer and remote sensors have quite different view fields; 3) As land surface temperature is a dynamic thermal equilibrium parameter, it will be affected by atmosphere turbulence and local meteorological conditions while the directional measurement takes several minutes.

In order to investigate the directional variability in the thermal emission of agricultural canopies, a wide-angle thermal video camera INFRAMETRICS, equipped with an 80° FOV lens, was perpendicularly mounted on a small aircraft during the experiment of the European remote sensing project ReSeDA. The camera has image acquisition ability of 25 frames per second. When aircraft flies over crop canopy along different flight directions in a short interval, the directional bright-ness temperature of individual pixel at different view angles and different sun geometrical con-figurations are acquired. This paper is to describe the preprocessing of the airborne TIR imagery. In order to extract the thermal infrared directionality information from the airborne TIR imagery, we have to remove out the measurement deviation result from instrument deterioration, atmospheric attenuation, geometric deformation, and temporal drifting. Then, we extract the TIR emission directional information of several typical crop canopies. The results help to improve our knowledge of the directionality of thermal infrared emission from several typical crop canopies.

1 Experiment description

Experiment site

The Alpilles ReSeDA test site is a 5 km×5 km area, located near Avignon (southeast of France), in the Rhone Valley. The latitude is 43°46' N and longitude is 4°45' E. It is a flat area surrounded by low altitude hills on the southern (Alpilles chain) and northwestern (Frigolet hill) sides. The main crops are wheat (32%), sunflower (20%), corn (9%), and grassland (16%). Fields are large enough (200 m×200 m) to extract pure pixels from high spatial resolution TIR camera image. The instrument used is a thermal infrared camera INFRAMETRICS 760, which may operate in three wavebands equipped with three different filters (F1: 7.6-12.6 μm, F2: 9.6 -12.6 μm, F3: 9.9 -11.3 μm). In this experiment, filter F1 was selected (see fig. 1). The HgCdTe detector of the TIR camera works at 77 K with radiometric resolution of 0.2 to 0.4 degree. The camera's image acquisition rate is 25 frames per second with 230 lines by 362 columns. When it is implemented on a small airplane or a helicopter mounted with an 80° optic lens, a series of successive images with high overlap rate could be acquired. The view zenith angle of the image pixel increases from 0° at nadir up to 40° at off-nadir, while the view azimuth angle changes from 0° to 360° depending on the pixel location related to the nadir pixel (see Plate I-1). The directional brightness temperatures of one individual pixel are available since its locations in a series of successive images are different.

During the experiment period, there were about total 22 airborne flights carried out from January 30, 1997 to September 18, 1997, which covered the growth period of several typical crops in these areas. The thermal camera was most of the time coupled with POLDER, with flight altitude of 3000 m. However, additional flights were performed using only the thermal camera with flight altitude of 1500 m. The spatial resolutions are respectively 20 and 10 meters. The flight speed is about 50 m/s. All the imageries have been digitized at a sampling frequency of 1 Hz (one image per second). At each date, the camera was operated along several flight axes covering the site: 3 to 5 axes being parallel to the solar plane and one axis being perpendicular. All the flights were carried out when it was clear and wind speed was low around the noon.

Ancillary data.

From January to October 1997, permanent monitoring of energy balance processes was carried out over some selected fields, covering the main crops encountered in the experimental area and spatially distributed over it. Measurements of vegetation structure were also regularly performed on the selected fields. The ancillary measurements mainly include the following items:

• Field measurement data: Leaf emissivity and soil emissivity; leaf reflectance and ground reflectance; canopy structure and biomass; canopy gap function and leaf area index; soil surface moisture and roughness.

• Flux measurement: heat flux and water vapor flux.

• Meteorological observation: Global, diffuse, long-wave and net radiation; air temperature at 2 m height; vapor pressure at 2 m height; wind speed and direction at 2 m height; soil temperature at 0.1, 0.5, 1.0 m; atmospheric pressure.

• Atmosphere characteristics: the radio-sounding data from the Nimes-Courbesac airport which is about 40 km from the experimental site and additional radio-sounding data by Météo-France.

2 Data preprocessing

Instrument calibration

Periodic calibrations of the camera were performed during the experiment campaign [START_REF] Hall | Satellite remote sensing of surface energy balance: success, failures and unresolved issues in FIFE[END_REF] . The calibration experimental protocol is as the follows. Sensor-target system is radiometrically isolated and sensor aims at a black body (water surface) during three hours, at a distance defined in order to avoid heat perturbations from target on lens and perturbations from sensor. Water emissivity is close to unit. Three ambient temperatures (15, 25 and 35°C) and five target temperatures (15, 25, 35, 45, and 55°C) are selected while sensor internal temperatures are also recorded [START_REF] Hall | Satellite remote sensing of surface energy balance: success, failures and unresolved issues in FIFE[END_REF] .

The calibration model takes account of three variables: target temperature T bt , SCNR temperature T sc and sensor temperature T bs : here, T bt is target temperature, T bs is the sensor temperature, and T sc is the SCNR temperature, a, b, c, d, g, h, i, and j are calibration coefficients.

Atmospheric correction for the airborne TIR imagery

As the TIR camera is a mono-channel sensor, atmospheric corrections are to be done with aid of radiative transfer model MODTRAN.

The radiation reaching the sensor includes three parts as the following equation expressed. The meanings of the three parts are respectively the surface radiation, the hemisphere atmospheric downwelling radiation reflected to the sensor, and the atmospheric upwelling radiation between the ground surface and the sensor. here, θ, φ are respectively the view zenith angle and the azimuth angle; θ ′, φ ′ are respectively the atmosphere downwelling radiation zenith angle and azimuth angle, t 0-h (λ, θ ,φ) is the atmospheric transmittance from the ground to the airborne sensor at the view directions (φ, θ ); L s (λ, θ, φ) is the surface radiation at the directions (φ, θ), ρ(λ, θ, φ, θ′, φ′) is the bidirectional reflectance at the incoming directions (φ′,θ′) and the reflective directions (φ, θ), L a (λ, θ′,φ′) is the downwelling radiation of the whole layer atmosphere at the directions (φ ′,θ ′) , L a0-h (λ, θ, φ) is the atmospheric upwelling radiation between the ground and the sensor at the directions (φ, θ).

If we define the directional surface brightness temperature T B s u r (θ, φ) with the following equation, L BB is the Blackbody's radiation function according to Plank's law.

Then, we can rewrite eq. ( 2) as in the following:

As the TIR camera is a wide band sensor, we should integrate the MODTRAN output with the sensor spectral response function. Thus, we get With the radio sounding atmosphere profile data, we can calculate the atmospheric transmittance and the atmospheric upwelling radiation between the ground surface and the sensor with simulation of MODTRAN program. As the experimental area is small and the weather condition was very good when the flight experiment was carried out, it is reasonable to assume that the atmosphere is horizontally homogeneous. Therefore, we assume that atmospheric parameters only depend on the view angle and are independent of the azimuth angle. Therefore, we can get the directional surface brightness temperature after atmospheric correction. However, the view angle depends on the pixel location on the TIR camera image. If we calculate the atmospheric parameter for every pixel, the simulation calculation time is beyond what we could afford. So, we simulate for a set of view angles every day and regress the relationship between the parameters and the view angles.

Geometrical correction of the airborne TIR imagery

Analysis of the directional information from a series of images requires the registration of the images. Image registration is a process of determining the position of corresponding points in two images of the same scene. If the difference between the images is any combination of translation, rotation and scaling, then by determining the positions of a minimum of two corresponding points (known as the control points) in the images, we can register the images.

According to the characters of the multi-angular thermal infrared imagery, a multi-step automatic geometric registration methodology has been designed. The accuracy can reach one pixel, which can meet the need of directional brightness temperature extraction2 .

Directional thermal infrared information extraction

After preprocessing, the surface temperature of each pixel in every image is given. For one ground point, different surface temperatures at different view angles are gained due to several different flights, which have a successive sequence of images to cover the same ground point. We developed a program to automatically extract the directional TIR emission information. This information includes flight number, sequence number, pixel location, surface temperature, view angle, observation time, solar angle, etc. As pixel sizes and pixel shapes are different when the view angles are different, it is impossible to get the directional information of exactly the same target. In order to minimize the deviation caused by the geometric correction, we selected a small window with 5 by 5 pixels as research unit to represent each field. The small window was care-fully selected in the middle of fields with at least 50 m distance to the field edge. After all the images were geometrically corrected to merge with the standard images and once we caught the field center coordination from the standard polder image, we can read all the brightness temperatures of pixels in the surrounding window from all those corrected TIR images, which can cover the whole window. Both the average temperature and the standard deviation of the 5 by 5 window were calculated for all images. As the sensor aims the target at different view angles in different TIR images, we get the data set of directional brightness temperature of the selected field.

2.4.2 View angle. The view angle difference of pixels in the small window of one field is very small. It is reasonable to extract the angle of the window center to represent the field view angle. The view angle of each pixel has been calculated for the whole image before. The view azimuth angle is calculated with the following formula:

where, x and y are coordination of the window center in the standard image selected for geometric correction; x 0 and y 0 are coordination of the optical center of the image after geometric correction.

Solar angle.

We calculated solar zenith angle and azimuth angle for every flight sequence according to flight time, latitude and longitude of experimental site. It took about 1 to 2 minutes in one flight trace, so the variation in this short period can be neglected.

Normalization for different flight traces

Beside diurnal variation, there are also high frequency temporal variation of surface temperature resulting from influence of turbulence, solar radiation, cloud, wind speed, etc., which are more complicated than the diurnal variation.

In order to normalize the directional brightness surface temperature of different flight traces, one perpendicular flight trace is designed together with several parallel flight traces. When two flight traces intersect, view angles are the same at the crossing point. Thus, the directional surface temperatures should be kept unvaried if there was no temporal variation while the solar configuration variation during a short internal was neglected. This characteristic is employed for temperature normalization. After we get the directional temperatures of every parallel plane and one perpendicular plane, we may present them in polar coordinate system. Define the radius ρ as zenith angle and rotation angle φ as azimuth angle. The coordinate system is clockwise with 0 at north (see fig. 2). After the coordinates (θ P , φ P ) of the crossing point P are calculated, we may normalize the directional surface temperature of different flight traces as follows:

where T P⊥ and T P // are directional surface brightness temperatures of perpendicular and parallel planes at the crossing point P (θ P , φ P ), T N is the normalized directional brightness temperature and T is the directional brightness temperature before normalization. 

TIR directionality analyses

After normalization of the brightness temperatures, there are two presentation methods used to describe the directional thermal infrared emission information over the crop canopy here. One is the directional temperatures variation in the principal plane, which is helpful to showing the maximum temperature difference as the view angle changes in the solar plane. The other is the directional temperature distribution in all view zenith angles and azimuth angles while it is helpful to showing the directional brightness temperature distribution as view angle. Data sets have been set up which include directional thermal infrared information of several typical surfaces from March to July 1997, which would be helpful for theoretical research. Some dates are selected to analyze the TIR emission directionality of crop area. Plate I-3 shows temperature differences in the planes parallel or perpendicular to solar principal plane on March 12, 1997. Plate I-4 shows the directional brightness temperature distribution of several surface types vs. view zenith angle and azimuth angle. Plate I-5 expresses the directional brightness temperature distribution of winter wheat during different growth stages.

From the TIR directional distribution (Plate I-3 -5), we may draw some conclusions as follows:

TIR directionality depends on surface type, structure parameter and solar radiation, etc.

In the principal plane, the directional temperature differences can reach 3 to 4 degrees, while high temperature occurs in the backward direction.

In the perpendicular plane, the directional temperature differences are near symmetry. 'Hot spot' may exist but it is not exactly the backward direction with visual band.

Conclusion and discussion

The TIR camera has fast image acquisition ability. When aircraft is equipped with wide FOV lens over crop canopy along different flight directions in a short interval, the directional brightness temperature of individual pixel at different view angles and different sun geometrical configurations are acquired. Airborne experiment has characters of high speed, large view field, which can simulate satellite remote sensing better than field experiment. It is significantly important to study the directionality of thermal infrared emission of land surface by airborne experiment. This paper describes the preprocessing of airborne TIR imagery. In order to extract thermal infrared directionality information from airborne TIR imagery, it is necessary to remove out the measurement deviation resulting from instrument deterioration, atmospheric attenuation, geometric deformation and temporal drifting.

We extract TIR emission directional information of several typical crop canopies. Results help to improve our knowledge of the directionality of thermal infrared emission from several typical crop canopies. TIR emission directionalities from crop canopies are quite different in different growth stages. The mechanism of TIR emission directionality is complicated. The most important factors include: land surface structure, pixel component emissivity and component temperature distribution. As temperature structure in pixel closely relates to solar radiation, micro-meteorological condition and physics condition of land surfaces, the TIR emission directionalities change with season, time and other conditions.

Extensive experimental research is necessary for better understanding the TIR emission directional mechanism. Thermal infrared camera is a powerful instrument for acquisition of directional TIR imagery. We can improve the experiment protocol as follows:

Let TIR camera mounted on airplane be of oblique angle, so larger view zenith angle TIR image can be acquired.

Design a flight scheme at night, so TIR image without solar radiation can be used to compare with the day-time image, which would be helpful to understanding the solar radiation's influence.
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 2 Fig. 2. Flight trace shown in polar coordinates. ρ equals zenith angle and φ equals azimuth angle, S is solar position, OS is the solar principal plane, PA is perpendicular to solar plane and PB is parallel to the solar plane and P is crossing point of two flight traces.

  Plate I-2 shows directional brightness temperatures of parallel plane and perpendicular plane before and after being normalized. Plate I-2(a) is the view angle distribution of different flight traces. Plate I-2(b) shows the directional brightness temperature before being normalized and Plate I-2(c) the normalized directional brightness temperature. The same color represents the same flight trace in Plate I-2(a), (b), and (c). Before normalization, temperature differences among different flight traces due to the temporal effect are 1 to 2 degrees. After normalization, we can see that the directional brightness temperature distribution is more reasonable than before.
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