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Introduction A number of countries are collecting ground-based information and compiling different statistics on the extent and characteristics of fires. Nevertheless, some countries have no capacity in place for collecting such data. Additionally, global change researchers, natural resource managers, and policy-makers currently need more accurate measurements of the spatial and temporal distribution of burning. Satellite observation is a precious tool, because of its capacity to cover large areas and its ability to take frequent measurements. As reviewed by Fuller (2000), the Advanced Very High Resolution Radiometer (AVHRR) sensor onboard NOAA polar orbiting platforms, the Defense Meteorological Satellite Program – Optical LineScan (DMPS-OLS), the Geostationary Operational Environmental Satellites-8 (GOES-8), the Along track Scanning Radiometer (ATSR), and the Moderate Resolution Imaging Spectroradiometer Instrument (MODIS) have been extensively used, sometimes along with higher resolution sensors. Additionally, Global daily fire products such as the International Geosphere-Biosphere Program (IGBP) produced by the European Space Agency and many web-based applications, such as the Web Fire Mapper (GOFC-GOLD partners’ cooperation) are now available. The aim of this paper is to demonstrate the physical basis and principles behind the response of the AVHRR sensor to the presence of active fires. The paper focuses on Portugal, where several key-fire affected ecosystems are present. It focuses on the fire outbreak of the summer of 2003, which destroyed more than 453,097 hectares of bushes and trees (Calado and DaCamara date unknown). The first section addresses the physical foundations behind the AVHRR sensor. The second part shows the method and data used to implement a fire detection technique from single date imagery and fire growth mapping. The third part presents the results obtained. Finally, the paper discusses the advantages and drawbacks of the technique. 1. Background 1.1. Physical foundations Middle Infrared (MIR) has been considered the most likely approach for operational fire monitoring (Wooster et al. 1998). The foundation of this statement is the Planck function (Equation 1 and Figure 1), which shows: (i) the MIR radiation becomes stronger as the temperature of the black body increases; (ii) the difference between radiance in the MIR and in the Thermal Infrared (TIR) is even more marked, as long as the temperature of the black body increases. Hence, active fires can be detected by the TIR or MIR signatures, but in the context of fire temperatures, the response in the MIR is much stronger. (1)



C1 L (λ , T ) = C2 λ5 * (exp( ) − 1) λT



L spectral radiance (W.m-2 .sr-1 .m-1) λ wavelength (m) T temperature (°K) C1 =2πkc2 (W.m-2) C2 = hc/kB (m.°K) h = 6.6.10-34 W. s2 (Planck constant) k = 1.3806503 × 10-23 J/K (Stephan-bolzmann constant) c = 3.108m.s-1 (speed of light) B
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Figure 1. The Planck function (plotted using Equation 1) For a fire burning around 800°K (grass fires), the maximum emission is observed around 3.5μm according to Wien’s displacement (Equation 2). (2)



λ max = Cw / T



λ max in m (wavelength at maximum emission) Cw = 2.898.10-3 Km (Wien’s constant) T temperature (°K)



1.2. AVHRR capacity to detect active fires AVHRR has been employed to detect wild fires for more than two decades according to Zhukov et al. (2006) and showed by older publications such as Malingreau et al. (1985) (cited De Fries and Belward 2000). Since the maximum emission of grass fires is situated around 3.5μm, the MIR window of AVHRR channel 3B is particularly appropriate for detecting fires (Table 1). NOAA-AVHRR channels 4 and 5 could also be used. However, fire detection would suffer of thermal radiation from the Earth and reflected solar radiation by day. Channel 1 Channel 2 Channel 3A (night) Channel 3B (day) Channel 4 Channel 5



0.58 to 0.68 μm 0.725 to 1.00 μm 1.58 to 1.64 μm 3.55 to 3.93 μm 10.3 to 11.3 μm 11.5 to 12.5 μm



Table 1. NOAA-AVHRR channels specifications (From NOAA-AVHRR user’s guide: http://www2.ncdc.noaa.gov/docs/klm/html/c3/sec3-1.htm)
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2. Data and method 2.1. Data The 2003 fire season in Portugal was by far the worst in respect to both the number of forest fires and the amount of burnt area (National Forest Service 2003 cited ESA 2003). Fires occurred everywhere, thus images covering the whole country were collected. They were ordered from the web-based Comprehensive Large Array-data Stewardship System (CLASS) data warehouse. NOAA-16 High Resolution Picture Transmission (HRPT) 1km Level 1B images were acquired for June 23rd, August 14th, and September 12th 2003, while NOAA-16 Local Area Coverage (LAC) 1km Level 1B images were acquired for July 31st 2003. All images were acquired at early afternoon (around 14:15pm). They were chosen in order to minimize presence of clouds. Ancillary data such as the Global Land Cover 2000 (GLC2000) map of the different types of vegetation and land cover was acquired from the European Commission, Joint Research Centre web-based warehouse. 2.1.Method All image processing steps were done using ENVI, which has interactive tools for calibrating, geocoding, thresholding, radiometric enhancement, and band maths. The pixels values of AVHRR Level 1B images are an expression of spectral radiance, thus temperature brightness units were obtained by inverting the Planck function for channels 3, 4, and 5, while visible and NIR (channels 1 and 2) were processed to obtain calibrated reflectance values. Geometric correction of the images was performed only by using the orbital model. First, cooler clouds were rejected by applying a TIR threshold (LTIR > 290-291°K depending on the image), and a cloud mask was generated. Then, the mask obtained and the clouds as appearing in the visible channel of each images, were compared to evaluate the relevance of the thresholds to refine them if necessary. Then, a MIR threshold was applied in order to identify and extract the pixels corresponding to active fires (LMIR > 330-334°K depending on the image). It had to be set to a rather high value in order to avoid high reflective background.
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3. Results and analysis Figure 2a and 2b shows that a simple display of AVHRR visible and NIR channels can show a smoke plume emanating from an active burning. However, smoke backscatter is more visible in the visible channel due to important Mie scattering caused by the particles of smoke. The Normalized Difference Vegetation Index (NDVI) combining AVHRR visible and NIR channels (Figure 3a,b,c) reveals burning scars which appear darker than the vegetation. A simple RGB colour composite image enables a similar result (Figure 4d,e). Recent burn scars (dark brown) contrast strongly with unburnt vegetated surrounding surfaces (dark green).



Figure 2a. Smoke plume identified with AVHRR channel 1; b. same with AVHRR channel 2 (September 12th 2003).



Figure 3a. NDVI image acquired on September 12th 2003, overlaid with fires detected at the same date; b. Zoom-in black frame view, overlaid with previous fires which occurred on July 31st 2003; c. Zoom-in red frame view, overlaid with previous fires which occurred on July 14th 2003. Page 5 of 9



RGB-colour composite images combining MIR and TIR should normally highlight better fire pixels which would appear in red since the signal is normally higher in the MIR than in the TIR. However, the MIR and TIR radiometric signals are too close in our case and fires appear as very pale pink (Figure 5). This is due to the very high reflectance of the background in the TIR channel, which increases the overall radiance. The same applies to Figure 4c. On the other hand, the burning areas are easily detected in grey-level channel 3 only (Figures 4a), because the fire’s radiation contrasts much more with the background in the MIR than in the TIR. A comparison of Figures 3a and 3b demonstrates this.



Figure 4a. Grey-level brightness temperature image using (AVHRR MIR channel 3); b. Grey-level brightness temperature image (AVHRR TIR channel 4); c. Colour-composite image (R = 3, G = 4, B = 5); d. Colour composite image (R = 1, G = 2; B = 1); e. Localisation of the studied area on a larger scale, same colour composition as d. All images are dated 14th of August 2003.



Figure 5. Colour composite images of September 12th 2003 (R = channel 1, G = channel 2; B = channel 1). A small time series map of the progression of the fire during the 2003 summer outbreaks was made (Figure 6) over the whole of Portugal. No latitudinal pattern of distribution can be identified. Fires took place in different patches within needleleaved forests, scrublands, and mixed forests (Figure 7).
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Figure 6. Distribution of the detected fires



Figure 7. Localisation of the detected active fires by land cover types (GLC2000)
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3. Discussion and conclusion This study has demonstrated the potential of AVHRR to identify active burning using the MIR channel, even if the sensor was not designed for fire detection. Furthermore, spatial and temporal large-scale mapping is possible due to the AVHRR high temporal frequency. In the present case study, the bi-spectral method was not suitable since the AVHRR TIR windows were not adequately placed to reduce the interference of the ambiguous thermal signal produced by the background. The same demonstrated by Pozo et al. (1997). However, problems mostly related to the underestimation or overestimation of fires can be raised: (i) Even using the MIR channel, atmospheric constraints (clouds and smoke) would lower the signal intensity of fires. (ii) AVHRR coarse resolution causes attenuation and does not allow the detection of small, starting fires. (iii) The AVHRR MIR channel saturation issue (around 330°K, especially for images acquired in early afternoon) does not allow to accurately measuring fire intensity, which is useful for fire characterization (Zhukov et al. 2006). (iv) Since 2003, AVHRR-16 channel 3 was switched to 3a at night, and thus fire detection was no longer possible with this channel at night. Daytime fire detection is more crucial since in many environments, the fire diurnal cycle is strong and generally attains peaks in the early-to-late afternoon (Eva and Lambin 1998), but night-time data are important to avoid underestimating fires (Zhukov et al. 2006). (v) AVHRR day-time images can overestimate fires whereas night-time images are useful to prevent false fire alarms triggered by the presence of highly reflective surfaces. An experimental mission was specifically designed for fire detection and characterization, and took into account some of the enounced limitations above. The Bi-spectral Infrared Detection (BIRD) was experimented from 2001-2004 and reviewed by Zhukov et al (2006). Sensors on board have higher spatial resolution (370m). Additionally, BIRD is optimal for characterization of fires: saturation around 600°K, radiometric resolution of 0.1-0.2°K. Furthermore, the MIR channel was slightly moved to lower wavelengths (3.4-4.3 μm). Finally, the TIR channels were placed at lower wavelengths to avoid ambiguous background, starting from 8.5-9.4 μm. The mission was successful since it delivered a unique dataset with fires not detected by MODIS and AVHRR, which gives much confidence for designing the future operational fire detection-oriented sensor.
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