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ABSTRACT

The boreal forest zone, comprising about 25% of the world’s forest area, undergoes extensive periodic burning.  This paper describes an ongoing investigation of Canadian boreal forest fires conducted using coarse resolution satellite imagery.  Algorithms were developed to detect active fires (hotspots) and subsequently map burned areas, which employ single NOAA-AVHRR images and 10-day AVHRR Normalized Difference Vegetation Index (NDVI) composites.  The hotspot algorithm has been applied to six years (1994-99) of daily AVHRR satellite imagery to produce over 1,000 Canada-wide fire masks.  During the 1999 fire season, fire images were generated in near real-time then disseminated on the World Wide Web as part of the new Fire Monitoring, Mapping, and Modeling (Fire M3) System.  To provide accurate estimates of the area affected by burning, a new burned area algorithm was developed that synergistically combines the hotspot product with anniversary date NDVI composites.  Both algorithms have been validated using conventional fire survey data.  The hotspot algorithm identified almost all fire events, but cumulative hotspot area was significantly smaller (~30%) than burned area reported by fire agencies.  The hybrid, burn mapping technique provided estimates of Canada-wide burned area that were within 5 percent of official statistics. 
1. INTRODUCTION

The boreal forest zone accounts for about 25% of global forest area.  In Canada the boreal forest makes up the largest forest region, with 75% of all wooded land and 67% of exploitable closed forest being classified as boreal (Weber and Stocks, 1998).  On average, approximately 10,000 wildfires occur in Canada each year, burning over 2.5 million ha.  These fires emit significant quantities of trace gases (e.g., CO2, CO and CH4) and smoke aerosol into the atmosphere, both of which influence the earth’s radiation budget.  Due to the widespread extent and remoteness of boreal fires, satellite remote sensing is particularly well suited for identifying active fires and for measuring the extent of burning so that fire impacts may be assessed.  This paper presents a summary of fire monitoring and mapping activities conducted since 1995 by scientists from the Canada Centre for Remote Sensing (CCRS) and industry.

2. SATELLITE DATA

Data from the Advanced Very High Resolution Radiometer (AVHRR) sensor aboard NOAA-11 (1994) and NOAA-14 (post-1994) were used in the fire investigation.  AVHRR data (High Resolution Picture Transmission format) are received at the Prince Albert receiving station in Saskatchewan and then processed using the high-throughput geocoding and compositing system (GEOCOMP; Robertson et al., 1992).  GEOCOMP performs time-dependent calibration of Channels 1 and 2, and correction of Channels 3-5 using onboard calibration information from NOAA.  Single-date composites covering the Canadian landmass are registered to Lambert Conformal Conic projection using an orbit model and ground control points.  Daily images are then composited over 10-day periods using the maximum NDVI criterion.

Further processing of 10-day composites is carried out at CCRS using the ABC3 methodology (atmospheric, bidirectional, and cloud contamination corrections of CCRS; Cihlar et al., 1997).  For Channels 1 and 2, ABC3 computes top-of-atmosphere reflectance, performs atmospheric corrections, and also corrects for bidirectional reflectance effects.  Pixels contaminated by clouds are detected and replaced by linearly interpolating the seasonal trajectory of each channel for that pixel (Cihlar, 1996).  The NDVI is then calculated from corrected reflectances, and smoothed in the temporal dimension to obtain a value for each pixel every 10 days during the growing season.

3. ACTIVE FIRES DETECTION

A fire detection (hotspot) algorithm was developed that exploits multi-channel information from AVHRR imagery (Li et al., 1999a).  The algorithm is based on the framework of Kaufman et al. (1990) with modifications for the NOAA-14/AVHRR sensor.  In addition, new tests are introduced to account for the unique environmental and wildfire characteristics of the boreal biome.  The algorithm consists of two major steps: marking potential fire pixels using their strong thermal response in the mid-infrared channel (3.7 (m), then removing false fires using a series of threshold tests (Fig. 1).  All the tests have been optimized to detect most real fires, while eliminating as many false fires as possible.  Although the majority of tests were proposed previously, new threshold values were chosen following a trial-and-error approach based on a 1,200 by 1,200 km training area.  

The hotspot algorithm was applied to archived single-date GEOCOMP composites for the years 1994-1997, producing daily fire masks for all of Canada.  In 1998-1999, the algorithm was applied operationally.  Images showing active fires and smoke were generated within 24 hours of satellite reception and sent to media and fire management agencies.  In comparing the 1994 and 1995 hotspot locations to provincial fire surveys, the algorithm was found to detect the vast majority (> 90%) of fires larger than 300 ha.  Within individual burns, however, the distribution of hotspots appears patchy due to limited satellite revisit frequency and obscuring by cloud (Fig. 2).  Consequently, the cumulative area of all hotspot pixels detected during each summer was, on average, about 30% less than official survey estimates. 

4. BURNED AREA MAPPING

To account for missed burned patches that are not detected as hotspots, several existing and new satellite burn mapping techniques have been explored and applied to Canadian forest.  The first technique involved detecting burnt areas by measuring the drop in the Normalized Difference Vegetation Index (NDVI) that normally occurs after fire (Kasischke and French, 1995; Li et al. 1999b).  Pixels were considered burned if they exhibited an NDVI drop greater than 9% in both a spring and fall pair of anniversary date, 10-day NDVI composites.  The threshold was derived interactively using province fire surveys that covered several training areas.  The NDVI differencing technique was able to identify many burned patches missed by hotspot detection; however, it did have two limitations.  First, a constant differencing threshold is not optimal for application over a large area that encompasses a wide range of forest types and burning conditions.  In addition, the technique is prone to falsely detecting burned areas as a result of NDVI decreases not related to fire (e.g. drought, timber harvesting, image misregistration, and cloud contamination in the post-fire composite).

To overcome these limitations, a new burn mapping algorithm was developed that combines output from the hotspot algorithm with differencing of anniversary date NDVI composites produced from the ABC3 procedure.  The technique, dubbed HANDS (Hotspot and NDVI Differencing Synergy), combines the strengths of the two techniques while avoiding their limitations (Fraser et al., 1999).  The general strategy is to use hotspot locations to first derive regional-level (i.e. 200 km by 200 km) NDVI difference thresholds, followed by more restrictive local thresholds.  The local thresholds are computed for individual burn patches, which are isolated by spatially clumping all potentially burned pixels identified using the regional threshold.  In addition, the algorithm is able to eliminate any false burnt pixels produced by differencing using hotspot adjacency information.  Figure 3 presents a flowchart of the required processing steps. 

The mapping technique was applied to Canadian forest for the 1995 and 1996 fire seasons.  National burned area was calculated to be 6.8 million ha in 1995 and 2.0 million ha in 1996, comparing favourably to Canada Forest Service estimates of 7.1 and 1.9 million ha, respectively.  Moreover, in most cases, HANDS burns closely corresponded to individual burn polygons derived from aerial surveys (Fig. 2). 

5. FIRE M3 SYSTEM

Beginning in May 1999, satellite fire monitoring is being conducted within the framework of the Fire Monitoring, Mapping and Modelling (Fire M3) Project, a collaboration involving CCRS and the Canadian Forest Service (CFS).  The primary goal of Fire M3 is to extract daily fire products from satellite and disseminate them in near real-time over the Internet.  AVHRR images acquired from five afternoon passes of the NOAA-14 satellite cover the entire Canadian landmass.  They are downloaded and pre-processed at two satellite receiving stations, and then immediately transferred to CCRS via a high speed internet link.  Automated processing follows at CCRS with the GEOCOMP-NEXT system, requiring minimal operator supervision. A binary file containing the location of forest fire hotspots is automatically created.  Hotspots are then merged with the visible and near infrared AVHRR channels to produce a 1 km resolution TIFF image showing hotspots (red), smoke (grey), cloud (white), forest (green), and water bodies (black). The graphic image and binary file are delivered via FTP to the CFS Northern Forestry Centre in Edmonton within a few hours after the satellite data are received. 

At CFS Edmonton, the satellite products are integrated into an Internet GIS map server, which includes tools for zooming, panning, and querying the fire images.  Scale-specific vector layers are overlaid on the satellite imagery depicting geographic features such as roads, towns, and rivers.  Fire attributes (e.g. fuel consumption, fire intensity, fire type) are also modeled using the CFS Canadian Forest Fire Behaviour Prediction System and appended to each hotspot location.  Five products are currently delivered on the Fire M3 web page (http://fms.nofc.cfs.nrcan.gc.ca/FireM3/), with additional burned area products planned for 2000. 

· Regional and nation-wide fire images showing fire hotspots, smoke, cloud, and background

· Fire maps showing the distribution of hotspots detected each day

· Fire maps showing the cumulative distribution of hotspots detected during the year

· Bar graphs of daily hotspot counts across Canada

· An animation showing the daily evolution of hotspot distribution across Canada

6. SUMMARY

Fire detection and burned area mapping algorithms were developed for Canadian forest, which exploit multi-channel information and daily Canada-wide coverage provided by NOAA-AVHRR.  The hotspot algorithm is now applied operationally during the summer fire season, allowing fire images to be distributed on the World Wide Web within 10 hours of satellite reception.  At the end of the fire season, accurate burned area mapping can be performed using a new hybrid technique that combines an annual hotspot mask with anniversary date NDVI composites.
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Figure 2.  Region in Saskatchewan that was subject to several large burns in 1995.  Hotspots detected using the fire detection algorithm are shown in dark gray.  Burned areas not detected as hotspots but mapped using the HANDS burn mapping algorithm are shown in light gray.  The outer burn boundaries mapped by the province are also shown.





Figure 3.  Flowchart of processing steps required for the burn mapping algorithm





Figure 3. Flowchart of processing steps for burned area mapping algorithm.





Figure 1. Flowchart of processing steps required for the NOAA-14 fire detection algorithm








( Presented at the Second International Conference on Geospatial Information in Agriculture and Forestry, Lake Buena Vista, Florida, 10-12 January 2000.





