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Experimental characterization of directional anisotropy of thermal infrared measurements over a urban area in nighttime conditions

The measurements of surface temperature are prone to important directional anisotropy in relation with the structure of the canopy and the radiative and energy exchanges inside it. Directional effects must be taken into account for a number of practical applications such as correction of large swath satellite data, assimilation of thermal infrared (TIR) measurements in surface models, design of future systems… Previous experimental work on anisotropy in daytime conditions over different types of surfaces (forests, vineyards, cities) has revealed important 'hot spot' effects. In the framework of the CAPITOUL project (http://medias.cnrs.fr/capitoul/) an extensive data set of airborne TIR measurements have been collected both in daytime and nighttime conditions over the city of Toulouse (France). The protocol which is based on the use of a thermal camera equipped with wide angle lenses aboard a small aircraft is first briefly recalled. Flights were performed at different times (daytime and nighttime conditions) during several intensive operation periods (IOP) in 2004 and 2005. Only the first results of the 2005 winter IOP are presented in this paper. The results show that (i) TIR directional anisotropy during nighttime remains lower than 1°C up to 50° zenithal viewing angle, and (ii) that it is insensitive to azimuthal viewing direction. A preliminary modelling test combining a 3D model of the urban canopy with an energy transfer model confirms the experimental results. Finally the amplitudes of the variations in directional anisotropy during daytime and nighttime are compared and discussed.

INTRODUCTION

Remote sensing provides a valuable source of data for studying urban climates, particularly in the thermal infrared (TIR) [START_REF] References Arnfield | Two decades of urban climate research: a review of turbulence, exchanges of energy and water, and the urban heat island[END_REF][START_REF] Voogt | Thermal remote sensing of urban climates[END_REF]. For instance, series of satellite TIR imagery have been used to analyse the possible impact of urbanization on climate warming [START_REF] Owen | An assessment of satellite remotely-sensed land cover parameters in quantitatively describing the climatic effect of urbanization[END_REF]. TIR data have also been used to map and evaluate the intensity of urban heat islands [START_REF] Roth | Satellitederived urban heat islands from three coastal cities and the utilization of such data in urban climatology[END_REF][START_REF] Streukler | Satellite-measured growth of the urban heat island of Houston, Texas[END_REF]. The increasing attention paid over the last years to air pollution and air quality in cities has led to the development of a number of numerical models to simulate dynamics and thermodynamics of the urban atmosphere (Grimmond & Oke, 2002[START_REF] Masson | Evaluation of the Town Energy Balance (TEB) scheme with direct measurements from dry districts in two cities[END_REF][START_REF] Martilli | An urban surface exchange parameterisation for mesoscale models[END_REF][START_REF] Voogt | Modeling surface sensible heat flux using surface radiative temperatures in a simple urban area[END_REF] in which the surface temperature appears as an important key-variable. The urban canopy is characterized by a complex geometrical structure with buildings of different shapes and heights, streets of different widths and orientations, possible mixture of vegetation. Coupled radiative and energy transfers inside the canopy, which both depend on its structure, induce shadowing effects and large temperature variability of the different facets (Voogt &[START_REF] Voogt | Complete urban surface temperature[END_REF]1998;[START_REF] Wang | A global infrared image synthesis model for large-scale complex urban scene[END_REF]. It results in possible important TIR anisotropy at a larger scale [START_REF] Voogt | Thermal remote sensing of urban climates[END_REF]. This has been studied for daytime conditions [START_REF] Lagouarde | Airborne experimental measurements of the angular variations in surface temperature over urban areas : case study of Marseille (France)[END_REF] for which important hot spot effects are noticed. Less attention has been paid to the case of nighttime conditions. This paper focuses on recent results on nighttime TIR directional anisotropy obtained over the city of Toulouse (France) during the CAPITOUL experiment (http://medias.cnrs.fr/capitoul/). Results are based on airborne TIR measurements performed during different IOP (Intensive Observation Periods) during years 2004-2005. Preliminary results of winter IOP (February 2005) are presented here.

EXPERIMENTAL

Experimental setup and flight protocol

The TIR measurements were performed using 2 airborne TIR cameras placed aboard a small twinengine aircraft Piper Aztec PA23 flown by SAFIRE group (http://www.safire.fr/ Service des Avions Français Instrumentés pour la Recherche en Environnement,). The 2 cameras INFRAMETRICS M740 and FLIR SC2000 (*) were equipped with 76° wide angle and 24° lenses respectively and placed aboard the aircraft with backward inclinations of 10 and 50°, thus resulting in an overlapping area used for n.1 in-flight intercalibration (see further). The aircraft speed was 70 ms -1 ; acquisition rates of images were 1 and 4.3 Hz respectively. The flight height was about 1500ft. The spatial resolutions range between 2.5 m (nadir) and 6.2 m (50° zenith viewing) for M740 and between 1.5 and 3.0 m for SC2000 (for 48 and 62° zenith viewing angles respectively). The protocol of measurements consists of several short flight lines flown in different directions crossing at the city centre. Flying successively one line in opposite directions allows observing the surface under up to ±50° angles along track within a short time interval with the M740 instrument (Fig. 1). Combining with the SC2000 data extends the range of zenithal viewing angles up to 62°; in fact this has not been done in the present paper because the whole SC2000 dataset was not available yet.

For daytime measurements, the direction of the flight lines is imposed by the sun position (i.e. the time) with the first line flown in the principal plane and facing sun (Fig. 2). For nighttime, no particular direction is privileged, and the 4 flown axis are N↔S, W↔E, NW↔SE and NE↔SW. As every point of the obtained images corresponds to a particular configuration of azimuth and zenith viewing angles, the combination of the different flight segments allows one to retrieve the TIR directional anisotropy for all azimuthal directions and for zenith viewing angles up to 50°. For more details, the reader is referred to previous papers [START_REF] Lagouarde | Experimental study of brightness surface temperature angular variations of Maritime Pine (Pinus Pinaster) stands[END_REF][START_REF] Lagouarde | Airborne experimental measurements of the angular variations in surface temperature over urban areas : case study of Marseille (France)[END_REF]. The urban city centre of Toulouse (about 2x3 km) is densely built, with narrow 'canyon' streets in all directions and no vegetation (Fig. 3). 

Experimental site and data acquisition

n.2

Most buildings are old ones, the materials most commonly used being brick for walls and tiles for roofs. A central site equipped for continuous monitoring of the urban surface layer (measurements of surface fluxes, radiation budget…) was situated close to the Capitole square. In its vicinity, the mean height of walls is about 15m. The other characteristic ratios of the canopy referred to the total surface are 0.54 (roofs), 0.38 (roads), 0.08 (vegetation) and 1.3 (walls).

TIR airborne measurements were performed during several intensive operation periods (IOP) during years 2004 and 2005. In this paper we focus on winter conditions (2005 February IOP) for which anthropogenic effects (heating of buildings) are expected to have more impact [START_REF] Pigeon | Anthropogenic heat release in an old European city[END_REF]. 4 flights, 2 in nighttime and 2 in daytime conditions (morning and afternoon) for comparison purposes are analysed (Table I 

Processing of data

Several calibration tests of the cameras had previously been performed at the laboratory by aiming at a water surface in a thermo regulated bath: they revealed that the SC2000 calibration curve was stable with time and consistent with the technical specifications provided by the manufacturer. As the calibration of the M740 camera was less satisfactory (lack of temporal stability over long periods and sensitivity to its internal temperature), this instrument was continuously intercalibrated in flight against the SC2000 camera using the overlapping area between images (Fig. 4). As the spectral windows of the 2 cameras are slightly different, the atmospheric effects were taken into account in the in-flight intercalibration process for removing the contribution of the atmosphere.

Atmospheric effects were corrected using LOWTRAN 7 model assuming the emissivity to be 0.95 for the urban canopy. For this purpose we used data from radiosoundings performed simultaneously to the flights.

Geometric (barrel-type deformations) and radiometric distortions (non-homogeneities in the images, principally affecting the corners) related to the use of the 76° wide angle lenses were also analysed and corrected. For the computation of zenithal (θ v ) and azimuthal (ϕ v ) viewing angles, and for the characterisation of directional anisotropy, the reader will find details in the above-mentioned papers [START_REF] Lagouarde | Experimental study of brightness surface temperature angular variations of Maritime Pine (Pinus Pinaster) stands[END_REF][START_REF] Lagouarde | Airborne experimental measurements of the angular variations in surface temperature over urban areas : case study of Marseille (France)[END_REF]. We only recall here the main steps. For each flight line, an average nadir temperature is computed and a series of values of directional effect ∆T s (oblique viewing minus nadir temperatures) for every (θ v , ϕ v ) is extracted from the images over the area of interest, and stored. The series of ∆T s for every (θ v , ϕ v ) are completed by the analysis of the other flight lines, and a final matrix (with rows and columns corresponding to θ v and ϕ v binned into 1° classes respectively) containing the resulting averaged ∆T s is generated. An additional advantage of the protocol comes from the fact of mixing measurements from different locations and at different times for every (θ v , ϕ v ) viewing configuration which naturally results in a 'spatio-temporal' smoothing of ∆T s values.

RESULTS

Nighttime TIR directional anisotropy

Fig. 5 displays 2 polar plots of the directional anisotropy for 24 and 25 February nights. A color representation of the average of the 2 nights can also be found in the plate given in appendix at the end of the proceedings book. The anisotropy (difference between oblique and nadir measured surface temperatures) appears to be lower than 1°C for θ v < 50°. No effect of azimuthal direction is noticed. A mean dependence of anisotropy with θ v has therefore been derived by averaging all the ϕ v directions. The result (Fig. 6) shows that both nights behave similarly. 

n.3

(a)

The polar plots obtained throughout 24 and 25 February -two days displaying quite similar meteorological conditions-are presented in Fig. 7 (see appendix at the end of proceedings). For nighttime, one single plot has been derived by merging 0510 and 0512 flights. TIR directional anisotropy displays very different patterns : ■ daytime plots show important variability with azimuthal viewing direction, with 'hot spot' type variations (however the hot spot itself cannot be seen on the plot because of high solar zenith angle), as already observed in previous experiments over urban canopies. ■ nighttime effects are much lower (∼ 1°C) than daytime ones for which amplitudes reach 5 and 14°C in the solar principal plane around 10 UT (0509 flight) and 14 UT (0511 flight) respectively. This can easily be explained by the fact that the variability of the component temperatures of the elements of the urban canopy seen by the sensor is much larger during daytime (because of contrast between sunlit and shadowed areas) than during nighttime. n.7

Figure 1 .

 1 Figure 1. Principle of angular measurements. A given point at ground level is seen under different angles according to the displacement of the aircraft.

Figure 2 .

 2 Figure 2. Protocol of measurements: flight axes. The greyish area represents the studied urban portion. Axes 1 and 1' (principal plane) are first flown beginning with the direction facing the sun (1) indicated by a black circle. The flights along the perpendicular axes (2, 2') follow. The two axes (3, 3') and (4, 4') are then flown at a 45° angle with the principal plane, with a readjustment -see dotted line-to the sun position (white circle) at the later flight time.
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Figure 3 .

 3 Figure 3. Aerial photograph of the city centre of Toulouse: 3500x4400 m sample of IGN (Institut Géographique National) panchromatic image of June 24, 1998 (with courtesy of IGN). The nighttime flight axis are indicated (dashed lines). The white continuous line approximately corresponds to an area of the old city centre for which the structure of the urban canopy has been considered as uniform.

Figure 4 .

 4 Figure 4. Intercalibration of M740 TIR camera against SC2000 one(February 24, 2005) 

Figure 5 .

 5 Figure 5. TIR directional anisotropy for 24 (a) and 25 (b) February nights. The radius correspond to azimuthal viewing directions θ v and the concentric circles indicate the zenithal viewing angles ϕ v .

Figure 6 .

 6 Figure 6. Mean variation of TIR anisotropy with zenithal viewing angle for 24 and 25 February nights.

■

  It is worth noticing that the acquisition time of night images (around 21:00 or 22:00 UT) is likely to be too late to observe any residual effect of the strong anisotropy observed during afternoon.: images acquired just after sunset (17:32 UT) or at the beginning of the night would possibly have revealed an anisotropy in relation with larger temperatures on the latest sunlit west walls, and with the thermal inertia of the buildings.3.3 Preliminary modelling testA simulation exercise has finally been performed. It is based on the use of a 3D model of the urban canopy and consists in the following steps: Generation of scenes in [0 -350°, with 10° steps] azimuthal ϕ v and [0 -50°, with 5° steps] zenithal θ v viewing directions using the PovRay software (http://www.povray.org) ■ Each simulated scene is then used to retrieve the fractions of walls, roofs and ground in every viewing direction ■ The directional surface temperatures are estimated by weighing temperatures of the 3 elements (roofs, walls, ground) provided by the TEB (Town Energy Budget,[START_REF] Masson | A physically-based scheme for the urban energy budget in atmospheric models[END_REF] model (Fig.8). At this time the aggregation scheme for temperatures is rather simple and based on the Stefan-Boltzmann law (aggregation of the 4 th power of absolute temperatures).

Figure 7 .

 7 Figure 7. Polar plots of the evolution of TIR directional anisotropy measured over the old city centre of Toulouse throughout February 24 and 25, 2005. The radius indicate the azimuthal viewing directions and the concentric circles the zenithal viewing angles. The color scale corresponds to the difference between oblique viewing and nadir surface temperatures. (a) Feb 24, morning (09:06 -09:52 UT) (b) Feb 25, afternoon (13:52 -14:27 UT) (c) average of Feb 24 and 25 nights (21:45 -22:42 and 21:56 -22:50).

Table I .

 I ). Flights performed on February 2005 (UT time)

	Flight	Time (UT)	
	0509	09:06 -09:52	morning
	0510	21:45 -22:42	night
	0511	13:52 -14:27	afternoon
	0512	21:56 -22:50	night

As the 3D model of Toulouse was not available at the time of this work, the simulation exercise was performed using the 3D model of the centre of Marseille (which had been built in the framework of a previous experiment, ESCOMPTE, http://medias.obsmip.fr/escompte). This was realistic for a preliminary test purpose because both cities display rather similar structures; nevertheless this requires that the results be analysed with caution. The comparison between simulated and observed directional variability of surface temperature with θ v is displayed in Fig. 9. It reveals a satisfactory agreement: the simulation confirms that the anisotropy remains limited up to θ v = 50°; moreover the difference between simulated and measured values do not exceed 0.4°C. Discrepancies may come from the accuracy of measurements, from TEB model assumptions (in particular uniform temperature of each class of elements)… and from the questionable representativity of the canopy 3D model used. 

CONCLUSION

The measurements of TIR directional anisotropy performed during nighttime about 5 hours after sunset over the old city centre of Toulouse in February 2005 revealed limited variations with the zenithal viewing angle only, lower than 1°C in the 0-50° range investigated with the M740 camera, and no effect of azimuthal viewing direction. For comparison purposes, similar measurements performed in daytime conditions (mid morning and beginning of afternoon revealed well known important anisotropy with a thermal 'hot spot' effect: the overall amplitude of the variation of measured surface temperature in the solar principal plane reaches up to 5 and 14 °C respectively for morning and afternoon. It would be interesting to investigate nighttime TIR anisotropy closer to the sunset to evaluate the impact of the thermal inertia of the buildings. A better characterization of the anisotropy -up to 62° zenithal viewing angle-is also expected from the SC2000 data. It would finally be interesting to test the sensitivity of the TIR directional anisotropy to the urban canopy structure over periurban (commercial and/or industrial) areas which display very different types of land use and buildings. A very simple simulation test based on the use of a 3D model of urban canopy combined with temperatures of facets (walls, roofs, roads) computed by an energy transfer model (TEB) confirmed the order of magnitude of the anisotropy found in nighttime conditions. Despite it being very preliminary, the simulation exercise illustrates the potential of the combination of transfer models with a 3D canopy model to compute directional surface temperature, within the scope of TIR data assimilation. In this paper, the surface temperature that we derived from airborne measurements is a surface skin temperature; we assumed the emissivity of the urban canopy to be lambertian with a uniform value (no spectral dependency). We ignored the difficult problem of temperature emissivity separation, and the possible contribution of directional properties of emissivity (resulting from the surface properties of the various materials themselves, and from the 'cavity' effect of the canopy). Contrary to other authors who propose to condense all the angular dependence into emissivity with no more angular variations on the retrieved surface temperature [START_REF] Li | A conceptual model for effective directional emissivity from nonisothermal surfaces[END_REF], this comes to condense all the angular dependency into temperature. This question remains open and requires additional work.