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ABSTRACT

Satellite-based remote sensing provides land managers with an excellent tool to assess and monitor post-fire
vegetation conditions. Information gleaned from multi-temporal analyses facilitates an understanding of the overall
vegetation recovery within burned areas and the ability to identify localized areas that may require mitigation.

The vast majority of wildland fires that occur annually in the United States are distributed widely throughout the
western states. Consequently, the utilization of relatively high-resolution sensors for comprehensive, long-term
vegetation recovery monitoring of numerous wildland fire areas over such a large geographic area can be
prohibitive. This is particularly true when high frequency observations are desirable to assess intra- and inter-annual
changes in post-fire vegetation conditions.

This paper demonstrates the use of synoptic, moderate resolution image data acquired by MODIS (Moderate
Resolution Imaging Spectroradiometer) as a cost effective means for comprehensive, long-term vegetation recovery
monitoring of recent wildland fires in the western United States. MODIS’ high temporal resolution and extensive
data record can be leveraged with established remote sensing-based techniques to monitor and quantify vegetation
recovery in burned areas.

INTRODUCTION

In the past several years, wildland fire has become an increasingly dominant agent of change across Forest
Service and other public lands in the western United States. Since the year 2000, over 3.2 million hectares have
burned on National Forest System lands (National Interagency Coordination Center 2005a; National Interagency
Coordination Center 2005b). The majority of this fire activity has occurred on Forest Service land holdings in 15
western states including Arizona, California, Colorado, Idaho, Kansas, Montana, Nebraska, Nevada, New Mexico,
North Dakota, Oregon, South Dakota, Utah, Washington and Wyoming (Figure 1). These fire areas are widely
distributed geographically and characterized by several large catastrophic wildfire events.

The regeneration of vegetation cover after fire is a key component to restoring fire impacted watersheds and
ecosystems, particularly, following high severity fire events.  Remote sensing technologies can be used to assess
and map the effects of fire on vegetation conditions and subsequent vegetation recovery trends over time (White et
al. 1996). Since the 2000 fire season, the Forest Service has conducted operational satellite-based post-fire
vegetation assessments for most large and/or significant wildland fires on Forest Service lands using relatively high-
resolution sensor data acquired primarily by Landsat 5 TM and Landsat 7 ETM+ (Gmelin and Brewer, 2002;
Orelmann 2002). These rapid, post-fire assessments are conducted for designated fires immediately after fire
containment and suppression to support the efforts of Burned Area Emergency Response (BAER) teams. Geospatial
data gleaned from these emergency assessments provide remote sensing-based estimates of burn severity -
empirically categorized as unburned, low, moderate and high - used by BAER teams to target locations for land
stabilization measures and mitigate potential hazards.
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Figure 1. Areas of wildland fire activity (red) in the western United States from 2000 through August 2005. Forest
Service lands are highlighted in green. (Fire polygon data courtesy of USGS GeoMAC; Note: Data may be
incomplete in some areas).

In the years following a fire, local Forest Service land managers are directed to monitor the effectiveness of
emergency stabilization measures implemented by BAER teams as well as the general vegetation recovery
throughout the fire area (Forest Service Handbook 2509.13-95-13). Consequently, continued long-term, multi-
temporal remote sensing-based assessments could improve the ability of Forest Service land managers to monitor
the dynamics of post-fire vegetation regeneration at a landscape level. These assessments could be conducted at
user-defined intervals and provide synoptic coverage of large areas. Information gleaned from operational remote
sensing-based post-fire vegetation assessments could also be used in the context of other available information and
environmental indicators to assess the recovery state of impacted watersheds and ecosystems.

Currently, however, such a program for post-fire vegetation monitoring of large fire areas on Forest Service
lands is not provided. To maximize the utility of such a program, multiple image acquisitions on an annual basis
would be desirable to provide land managers with an assessment of vegetation conditions at various phenological
stages. The implementation of a comprehensive, long-term monitoring program for the numerous fires throughout
the western United States using Landsat or similar resolution commercial sensors would be logistically and
economically prohibitive.

Objective

The objective of this study is to investigate the utility of the Moderate Resolution Imaging Spectroradiometer
(MODIS) to monitor trends of vegetation recovery at a landscape scale for selected fire areas in the western United
States. The Forest Service Remote Sensing Applications Center (RSAC) has experience using MODIS imagery for
active fire detection and assessment (Quayle and Lannom, 2004), and higher resolution imagery (e.g., Landsat) for
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BAER assessments. The use of MODIS for ongoing, post-fire vegetation assessments could complement
observations by higher resolution sensors and assist Forest Service land managers in meeting monitoring objectives.

MODIS, the Normalized Difference Vegetation Index and the Regeneration Index

Post-fire vegetation conditions can be assessed and monitored using Normalized Difference Vegetation Index
(NDVI) information derived from relatively high-resolution remote sensing data (Riano et al., 2002; Sun et al.,
2002; Diaz-Delgado et al., 1998; Viedma et al., 1997; White et al., 1996). Based on the fact that wildland fire
areas in the western United States can frequently range from several tens of thousands to hundreds of thousands of
acres in size, 250-meter MODIS NDVI information can effectively be used to monitor the spatial and temporal
variations in post-fire vegetation conditions and trends at a landscape level. Additionally, MODIS provides daily
observations of the mid to high latitudes maximizing the opportunity for cloud-free observations. The MODIS data
record (year 2000 to present) also coincides with overall trend of increased fire activity in the western United States
over the past six years. Furthermore, MODIS image data is available free of charge providing a cost-effective
alternative for long-term vegetation monitoring of burned areas.

To be useful for monitoring, vegetation index data needs to be comparable over time and space (Huete et al.,
1999). As a result, using NDVI data derived from multi-temporal imagery for post-fire vegetation monitoring
requires image normalization to remove the effects of environmental and instrument-related “noise factors that
reduce the detection of regeneration patterns” (Riano et al., 2002). These factors may include sensor calibration
issues, imperfect atmospheric correction, terrain effects, and differences in phenology (Riano et al., 2002).  To
remove these “noise factors” from the process of assessing vegetation regeneration using NDVI, Diaz-Delgado and
others (1998) implemented an approach that utilizes a nearby unburned control area with spectral and environmental
characteristics similar to the pre-burn state of the fire area. For each image observation, the mean NDVI value of
the fire area is calculated and divided by the calculated mean NDV1 value of the control area. This ratio, referred to
as the Regeneration Index (RI), removes the various effects that can impact radiometric consistency for multi-
temporal images and thus standardizes multi-temporal measures of NDVI (Riano et al., 2002). Rl is calculated as
follows:

N DVlfire
N DV|c0ntroI

Rlinpovi =

RI values range between 0 and 1. As the RI approaches a value of 1, the fire area is nearing its pre-fire
greenness condition based on comparison to the control area vegetation conditions (Riano et al. 2002; Diaz-Delgado
etal., 1998). This evaluation of post-fire vegetation monitoring with MODIS will also utilize RI to normalize NDVI
results from multi-temporal MODIS image acquisitions.

Study Area

To maximize the temporal extent of the MODIS data record, three large fires in the western United States from
the 2000 fire season were selected for this evaluation. The selected fires included the Clear Creek fire, the Diamond
Complex and the R1 Wilderness Complex. All three fires occurred in an approximately 100x80 kilometer area
within the Salmon River Canyon area of central Idaho (Figure 2). The Salmon River Canyon area is a rugged area,
dominated by evergreen forest. Open, relatively dry ponderosa pine and Douglas Fir forests are prevalent on
southerly aspects with dense lodgepole pine, grand fir and subalpine fir forests on northerly slopes (Finco et al.,
1999). The area is largely under Forest Service management with the Frank Church-River of No Return Wilderness
encompassing the majority of the general area.

The Diamond Complex and R1 Wilderness Complex consisted of multiple fires that merged during the course
of the summer. For analysis purposes, individual fire areas within each complex were treated as one fire area for
this study. Fire area calculated from incident GIS perimeter data and best available detection and control dates from
interagency fire records for each fire are listed in Table 1. Although official fire control dates are listed for late in
the year, visual analysis of September 26, 2000 MODIS image in Figure 2 shows that fire activity had essentially
concluded for all three fires.
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Figure 2. September 26, 2000 post-fire MODIS false color composite (MODIS bands 2, 1, & 1) of the general area
surrounding the Clear Creek, Diamond Complex and R1 Wilderness Complex fire areas.

Table 1. Fire acreages and associated fire detection and control dates.
Fire Area (ha) Detection Date Control Date
Clear Creek 80,543 July 8, 2000 December 11, 2000
Diamond Complex 73,733 July 31, 2000 November 22, 2000
R1 Wilderness Complex 44,874 July 31, 2000 November 22, 2000
METHODS

Fire Perimeters

Fire perimeter data for the year 2000 fires were acquired from the USGS GeoMAC (http://geomac.usgs.gov) in
vector format. These data are typically delineated at individual incidents using airborne Global Positioning Systems
(GPS). The geographic location and extent of each fire area was determined from fire perimeter data. Fire
perimeter data for each of the fire areas were projected to a localized Lambert Azimuthal Equal Area projection
centered on the general location of the three fires and rasterized at a spatial resolution of 250 meters.

MODIS Image Data Acquisition and Processing

A cursory review of daily MODIS Land Global Browse images (http://landweb.nascom.nasa.gov/browse/) and
MODIS Rapid Response Near Real Time Level 2 Browse images (http://rapidfire.sci.gsfc.nasa.gov/) was conducted
for the years 2000 through 2005 to identify suitable image acquisitions for vegetation recovery monitoring. Best
available, temporally distributed Terra MODIS data acquisitions between the dates of June 1 to October 15 for the
years 2000, 2001, 2002, 2003, 2004 and 2005 were considered. Additionally, to eliminate effects of extreme off-
nadir views, the only image acquisitions considered were those with sensor view angles of 45 degrees or less for the
majority of the general area containing the three fires. Images were selected based upon the overall quality for the
entire general fire area, not individual fires.

A total of twenty-seven cloud-free, or nearly cloud-free dates were identified (Table 2). Due to the truncated
MODIS data record for the first half of 2000, only one suitable pre-burn image was identified — June 25, 2000.
Perennially cloudy conditions during the June timeframe limited the number of quality, early summer observations
for the general fire area.
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Table 2 - Terra MODIS acquisition dates selected for NDVI assessment.

2000 2001 2002 2003 2004 2005
June 25 July 3 June 20 July 22 June 16 June 23
September 26 July 27 July 10 August 9 July 12 July 4
August 6 August 13 August 19 August 9 July 27

August 29 September 12 | September 1 September 6
September 23 | September 23 | September 22 October 14
October 14 October 3

Level 2 daily 250-meter gridded MODIS surface reflectance data were used for the monitoring evaluation. The
Level 2 250-meter gridded MODIS surface reflectance product contains MODIS bands 1 and 2 at their native
resolution. Band 1 is the red band at 620 — 670 nm and band 2 is the near infrared band at 841 — 876 nm. Surface
reflectance data for MODIS tiles HO9V04 and H10V04 were acquired for each of the selected dates from the
MODIS Land Processes-Distributed Active Archive Center (LP-DAAC)
(http://edcimswww.cr.usgs.gov/pub/imswelcome/).  Acquired image data were mosaicked and subset to the extent
of the general fire area. MODIS image subsets were then reprojected into the localized Lambert Azimuthal Equal
Area projection.

Control Area Selection

Separate control areas were located for each fire area using the June 25, 2000 pre-burn image (Figure 3).
Criteria established by Riano et al. (2002) and Diaz-Delgado et al. (1998) were used in selecting control areas.
Control area polygon locations were delineated and compared to the pre-burn condition of the fire area. Suitability
of control areas included analysis and comparison of spectral signatures in MODIS bands 1 and 2. In addition to
similar pre-fire spectral similarity, additional evaluation was conducted using digital elevation models and
precipitation data to ensure that control areas had similar terrain and climate conditions as fire areas (Riano et al.,
2002).

Due to the large size of the fire areas, multiple control area polygons were required in order to fully capture the
variability exhibited in the pre-fire conditions. Adjustments were also made for minor cloud contamination over
each of the three fire areas on the June 25, 2000 pre-fire image by removing cloud and cloud-shadow areas from the
spectral signature evaluation.

MODIS NDVI Vegetation Recovery Trend Analysis
NDVI was calculated for each MODIS subset for all twenty-seven observations over the five-year period.
MODIS NDVI was calculated using the appropriate red and near infrared bands in MODIS surface reflectance data.

Band2 - Band1l

NDVImopbls = ————
Band2- Bandl

For each observation, the mean NDVI for each fire and its associated control area was calculated. These values
were used to calculate the RI value for every observation date for each fire. These data were summarized for
analysis of vegetation conditions and recovery trends for each fire area over the five-year period. The 250-meter
resolution NDVI maps for the subset area were also compiled in a time series for visual observation of vegetation
trends throughout the each of the fire areas.
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Figure 3. June 25, 2000 pre-fire MODIS false color composite (MODIS bands 2, 1, & 1) displaying the Clear
Creek, Diamond Complex and R1 Wilderness fire areas and their associated control areas.

RESULTS

Multi-temporal NDVI and RI results for each fire area were compiled in tables (Tables 3 and 4) and charts
(Figures 4 and 5) for analysis. A review of the NDVI values for the fire areas and their associated control areas
indicate a significant peak with the first observation of the growing season for each year (typically late June to early
July) and steady decline through the end of the growing season. The seasonal NDVI decline in the control areas,
however, was much less pronounced and in some years showed increasing trends towards the mid to latter portion of
the growing season. This evaluation took measures to minimize the use of data with high view angles that can affect
the measured spectral response of vegetation. Consequently, the steadily declining NDVI in fire areas each year can
be assumed to be indicative of herbaceous vegetation now exposed as a result of the removal of canopy cover by the
fires. As the herbaceous vegetation senesces through the summer, NDVI values decline while the forest canopy in
the control areas results in a relatively higher and stable NDVI trend for the season. This generalized estimation
from NDVI signatures is important to land managers due to the fact that fire areas are prone to invasive weed and
plant species that are typically annuals. Also, a review of NDVIs in a spatial context (Figure 6) may reveal
persistently low greenness patterns indicative of areas devoid of vegetation that may be at risk to erosion.

Recurring observations on anniversary dates provides the ability to compare seasonal NDVI assessments
between different years. Although not utilized in this study, leveraging Aqua MODIS observations with Terra
MODIS observations increases the opportunity for daily near nadir observations, improving the ability to obtain
quality imagery on desired dates. In addition, the ability to assess and visualize a longer trend of pre-fire vegetation
conditions could provide insight into post-fire recovery trends. This evaluation studied three fires that occurred in
the year 2000 - the first year of the MODIS data record. Fires in latter years would have a longer pre-fire data
record to analyze in the context of post-fire trends.

Pre-fire MODIS RI values (Table 4) for all three fires had a value of nearly 1 indicating that control areas have
characteristics similar to the pre-fire condition of fire areas. Over the five-year period, Rls indicate a slight trend
toward green biomass recovery. Although stable RI values approaching a value of 1 would indicate recovery, forest
stands that have been removed by catastrophic crown fires may take decades to regenerate to their pre-fire state
(Graham et al., 2004). As a result, frequently updated structure and composition data could be used to characterize
the increasing and stabilizing NDVI and RI values within fire areas over time. In addition, analysis of NDVI and RI
stratified by pre-fire vegetation conditions and post-fire burn severity estimates could also be beneficial.
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Table 3. Mean NDVI values for fire areas and associated control areas for the
\June 25, 2000 to July 27, 2005 time period.

Date Clear Creek Fire Clear Creek Control Diamond Fire Diamond Control R1 Wilderness Fire R1 Control
25-Jun-00 0.61 0.62 0.57 0.55 0.65 0.67
26-Sep-00 0.38 0.64 0.31 0.54 0.47 0.66

3-Jul-01 0.44 0.70 0.38 0.62 0.50 0.70
27-Jul-01 0.42 0.64 0.37 0.56 0.49 0.68
6-Aug-01 0.41 0.64 0.38 0.57 0.51 0.69
29-Aug-01 0.41 0.67 0.37 0.58 0.50 0.69
23-Sep-01 0.42 0.66 0.36 0.57 0.49 0.68
20-Jun-02 0.52 0.69 0.49 0.61 0.55 0.66
10-Jul-02 0.48 0.64 0.44 0.56 0.56 0.70
13-Aug-02 0.42 0.62 0.37 0.54 0.52 0.67
12-Sep-02 0.39 0.61 0.35 0.53 0.49 0.68
23-Sep-02 0.39 0.63 0.35 0.55 0.48 0.67
14-Oct-02 0.37 0.62 0.32 0.52 0.46 0.67
22-Jul-03 0.41 0.59 0.38 0.53 0.52 0.68
9-Aug-03 0.41 0.60 0.38 0.55 0.52 0.68
19-Aug-03 0.40 0.65 0.35 0.57 0.50 0.71
1-Sep-03 0.37 0.60 0.34 0.53 0.47 0.67
22-Sep-03 0.39 0.61 0.35 0.53 0.49 0.69
3-Oct-03 0.36 0.60 0.31 0.52 0.44 0.66
16-Jun-04 0.51 0.64 0.49 0.62 0.55 0.68
12-Jul-04 0.48 0.65 0.45 0.58 0.55 0.68
9-Aug-04 0.45 0.59 0.41 0.54 0.55 0.68
6-Sep-04 0.45 0.65 0.41 0.59 0.54 0.70
14-Oct-04 0.39 0.60 0.34 0.53 0.46 0.67
23-Jun-05 0.50 0.61 0.48 0.56 0.56 0.65
4-Jul-05 0.48 0.60 0.47 0.55 0.54 0.66
27-Jul-05 0.47 0.60 0.43 0.55 0.57 0.68

Table 4. Regeneration index values for fire areas for the June 25, 2000 to July 27, 2005 time period.

Date Clear Creek Fire Diamond Fire R1 Wilderness Fire
25-Jun-00 0.97 1.04 0.97
26-Sep-00 0.60 0.57 0.70

3-Jul-01 0.63 0.62 0.71
27-Jul-01 0.65 0.66 0.73
6-Aug-01 0.65 0.66 0.73
29-Aug-01 0.62 0.64 0.72
23-Sep-01 0.63 0.64 0.72
20-Jun-02 0.76 0.80 0.83
10-Jul-02 0.75 0.79 0.80
13-Aug-02 0.68 0.69 0.78
12-Sep-02 0.65 0.66 0.73
23-Sep-02 0.62 0.63 0.72
14-Oct-02 0.60 0.61 0.68
22-Jul-03 0.69 0.72 0.77
9-Aug-03 0.68 0.69 0.76
19-Aug-03 0.61 0.62 0.70
1-Sep-03 0.62 0.65 0.71
22-Sep-03 0.64 0.65 0.71
3-Oct-03 0.60 0.60 0.66
16-Jun-04 0.79 0.79 0.81
12-Jul-04 0.73 0.77 0.81
9-Aug-04 0.77 0.76 0.80
6-Sep-04 0.70 0.68 0.77
14-Oct-04 0.64 0.64 0.70
23-Jun-05 0.82 0.86 0.86

4-Jul-05 0.81 0.84 0.82
27-Jul-05 0.79 0.78 0.83
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Figure 4. Mean NDVI for fire areas and their associated control areas by observation date

from June 25, 2000 to July 27, 2005.
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CONCLUSIONS

Results from this evaluation demonstrate the utility of synoptic, high temporal image data collected by MODIS
for long-term post-fire vegetation monitoring. The Regeneration Index normalizes the common “noise factors”
associated with multi-temporal remote sensing-based vegetation assessments using NDVI as well as the unique
factors associated with wide view sensors such as MODIS. Evaluation results demonstrate that normalized 250-
meter spatial resolution NDVI data can be used to provide Forest Service land managers with the ability quantify
and visualize vegetation dynamics for large fire areas across the western United States. Moderate resolution,
landscape assessments provided by MODIS can also augment periodic assessments by relatively high-resolution
sensors such as Landsat. Continued testing this approach for post-fire vegetation monitoring is required in the
various vegetation cover types that occur on Forest Service lands throughout the western United States.

A significant degree of wildland fire activity has occurred on Forest Service lands coinciding with the time
period of the MODIS data record (2000 to present). RSAC plans to continue to apply this methodology on
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additional fires that occurred during this time period. It is anticipated that this approach will provide an effective
long-term post-fire vegetation monitoring tool for wildland fire areas throughout the western United States.
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ABSTRACT


Satellite-based remote sensing provides land managers with an excellent tool to assess and monitor post-fire vegetation conditions.  Information gleaned from multi-temporal analyses facilitates an understanding of the overall vegetation recovery within burned areas and the ability to identify localized areas that may require mitigation.  


The vast majority of wildland fires that occur annually in the United States are distributed widely throughout the western states.  Consequently, the utilization of relatively high-resolution sensors for comprehensive, long-term vegetation recovery monitoring of numerous wildland fire areas over such a large geographic area can be prohibitive.  This is particularly true when high frequency observations are desirable to assess intra- and inter-annual changes in post-fire vegetation conditions.


This paper demonstrates the use of synoptic, moderate resolution image data acquired by MODIS (Moderate Resolution Imaging Spectroradiometer) as a cost effective means for comprehensive, long-term vegetation recovery monitoring of recent wildland fires in the western United States.  MODIS’ high temporal resolution and extensive data record can be leveraged with established remote sensing-based techniques to monitor and quantify vegetation recovery in burned areas.  


INTRODUCTION


In the past several years, wildland fire has become an increasingly dominant agent of change across Forest Service and other public lands in the western United States.  Since the year 2000, over 3.2 million hectares have burned on National Forest System lands (National Interagency Coordination Center 2005a; National Interagency Coordination Center 2005b).  The majority of this fire activity has occurred on Forest Service land holdings in 15 western states including Arizona, California, Colorado, Idaho, Kansas, Montana, Nebraska, Nevada, New Mexico, North Dakota, Oregon, South Dakota, Utah, Washington and Wyoming (Figure 1).  These fire areas are widely distributed geographically and characterized by several large catastrophic wildfire events.  


The regeneration of vegetation cover after fire is a key component to restoring fire impacted watersheds and ecosystems, particularly, following high severity fire events.    Remote sensing technologies can be used to assess and map the effects of fire on vegetation conditions and subsequent vegetation recovery trends over time (White et al. 1996).  Since the 2000 fire season, the Forest Service has conducted operational satellite-based post-fire vegetation assessments for most large and/or significant wildland fires on Forest Service lands using relatively high-resolution sensor data acquired primarily by Landsat 5 TM and Landsat 7 ETM+ (Gmelin and Brewer, 2002; Orelmann 2002).  These rapid, post-fire assessments are conducted for designated fires immediately after fire containment and suppression to support the efforts of Burned Area Emergency Response (BAER) teams.  Geospatial data gleaned from these emergency assessments provide remote sensing-based estimates of burn severity  - empirically categorized as unburned, low, moderate and high - used by BAER teams to target locations for land stabilization measures and mitigate potential hazards.  
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Figure 1. Areas of wildland fire activity (red) in the western United States from 2000 through August 2005.  Forest Service lands are highlighted in green.  (Fire polygon data courtesy of USGS GeoMAC;  Note: Data may be incomplete in some areas).

In the years following a fire, local Forest Service land managers are directed to monitor the effectiveness of emergency stabilization measures implemented by BAER teams as well as the general vegetation recovery throughout the fire area (Forest Service Handbook 2509.13-95-13).  Consequently, continued long-term, multi-temporal remote sensing-based assessments could improve the ability of Forest Service land managers to monitor the dynamics of post-fire vegetation regeneration at a landscape level.  These assessments could be conducted at user-defined intervals and provide synoptic coverage of large areas.  Information gleaned from operational remote sensing-based post-fire vegetation assessments could also be used in the context of other available information and environmental indicators to assess the recovery state of impacted watersheds and ecosystems.  


Currently, however, such a program for post-fire vegetation monitoring of large fire areas on Forest Service lands is not provided.  To maximize the utility of such a program, multiple image acquisitions on an annual basis would be desirable to provide land managers with an assessment of vegetation conditions at various phenological stages.  The implementation of a comprehensive, long-term monitoring program for the numerous fires throughout the western United States using Landsat or similar resolution commercial sensors would be logistically and economically prohibitive.


Objective

The objective of this study is to investigate the utility of the Moderate Resolution Imaging Spectroradiometer (MODIS) to monitor trends of vegetation recovery at a landscape scale for selected fire areas in the western United States.  The Forest Service Remote Sensing Applications Center (RSAC) has experience using MODIS imagery for active fire detection and assessment (Quayle and Lannom, 2004), and higher resolution imagery (e.g., Landsat) for BAER assessments.  The use of MODIS for ongoing, post-fire vegetation assessments could complement observations by higher resolution sensors and assist Forest Service land managers in meeting monitoring objectives.  


MODIS, the Normalized Difference Vegetation Index and the Regeneration Index


Post-fire vegetation conditions can be assessed and monitored using Normalized Difference Vegetation Index (NDVI) information derived from relatively high-resolution remote sensing data (Riano et al., 2002; Sun et al., 2002; Diaz-Delgado et al., 1998; Viedma et al., 1997; White et al., 1996).    Based on the fact that wildland fire areas in the western United States can frequently range from several tens of thousands to hundreds of thousands of acres in size, 250-meter MODIS NDVI information can effectively be used to monitor the spatial and temporal variations in post-fire vegetation conditions and trends at a landscape level.   Additionally, MODIS provides daily observations of the mid to high latitudes maximizing the opportunity for cloud-free observations.  The MODIS data record (year 2000 to present) also coincides with overall trend of increased fire activity in the western United States over the past six years.  Furthermore, MODIS image data is available free of charge providing a cost-effective alternative for long-term vegetation monitoring of burned areas.


To be useful for monitoring, vegetation index data needs to be comparable over time and space (Huete et al., 1999).  As a result, using NDVI data derived from multi-temporal imagery for post-fire vegetation monitoring requires image normalization to remove the effects of environmental and instrument-related “noise factors that reduce the detection of regeneration patterns” (Riano et al., 2002).  These factors may include sensor calibration issues, imperfect atmospheric correction, terrain effects, and differences in phenology (Riano et al., 2002).     To remove these “noise factors” from the process of assessing vegetation regeneration using NDVI, Diaz-Delgado and others (1998) implemented an approach that utilizes a nearby unburned control area with spectral and environmental characteristics similar to the pre-burn state of the fire area.  For each image observation, the mean NDVI value of the fire area is calculated and divided by the calculated mean NDVI value of the control area.  This ratio, referred to as the Regeneration Index (RI), removes the various effects that can impact radiometric consistency for multi-temporal images and thus standardizes multi-temporal measures of NDVI (Riano et al., 2002).  RI is calculated as follows:
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RI values range between 0 and 1.  As the RI approaches a value of 1, the fire area is nearing its pre-fire greenness condition based on comparison to the control area vegetation conditions (Riano et al. 2002; Diaz-Delgado et al., 1998).  This evaluation of post-fire vegetation monitoring with MODIS will also utilize RI to normalize NDVI results from multi-temporal MODIS image acquisitions. 


Study Area


To maximize the temporal extent of the MODIS data record, three large fires in the western United States from the 2000 fire season were selected for this evaluation.  The selected fires included the Clear Creek fire, the Diamond Complex and the R1 Wilderness Complex.  All three fires occurred in an approximately 100x80 kilometer area within the Salmon River Canyon area of central Idaho (Figure 2).  The Salmon River Canyon area is a rugged area, dominated by evergreen forest.  Open, relatively dry ponderosa pine and Douglas Fir forests are prevalent on southerly aspects with dense lodgepole pine, grand fir and subalpine fir forests on northerly slopes (Finco et al., 1999).  The area is largely under Forest Service management with the Frank Church-River of No Return Wilderness encompassing the majority of the general area.


The Diamond Complex and R1 Wilderness Complex consisted of multiple fires that merged during the course of the summer.  For analysis purposes, individual fire areas within each complex were treated as one fire area for this study.  Fire area calculated from incident GIS perimeter data and best available detection and control dates from interagency fire records for each fire are listed in Table 1.  Although official fire control dates are listed for late in the year, visual analysis of September 26, 2000 MODIS image in Figure 2 shows that fire activity had essentially concluded for all three fires.
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Figure 2. September 26, 2000 post-fire MODIS false color composite (MODIS bands 2, 1, & 1) of the general area surrounding the Clear Creek, Diamond Complex and R1 Wilderness Complex fire areas.

Table 1.  Fire acreages and associated fire detection and control dates.

		Fire

		Area (ha)

		Detection Date

		Control Date



		Clear Creek

		80,543

		July 8, 2000

		December 11, 2000



		Diamond Complex

		73,733

		July 31, 2000

		November 22, 2000



		R1 Wilderness Complex

		44,874

		July 31, 2000

		November 22, 2000





METHODS


Fire Perimeters


Fire perimeter data for the year 2000 fires were acquired from the USGS GeoMAC (http://geomac.usgs.gov) in vector format. These data are typically delineated at individual incidents using airborne Global Positioning Systems (GPS).  The geographic location and extent of each fire area was determined from fire perimeter data.  Fire perimeter data for each of the fire areas were projected to a localized Lambert Azimuthal Equal Area projection centered on the general location of the three fires and rasterized at a spatial resolution of 250 meters.


MODIS Image Data Acquisition and Processing


 A cursory review of daily MODIS Land Global Browse images (http://landweb.nascom.nasa.gov/browse/) and MODIS Rapid Response Near Real Time Level 2 Browse images (http://rapidfire.sci.gsfc.nasa.gov/) was conducted for the years 2000 through 2005 to identify suitable image acquisitions for vegetation recovery monitoring.  Best available, temporally distributed Terra MODIS data acquisitions between the dates of June 1 to October 15 for the years 2000, 2001, 2002, 2003, 2004 and 2005 were considered.  Additionally, to eliminate effects of extreme off-nadir views, the only image acquisitions considered were those with sensor view angles of 45 degrees or less for the majority of the general area containing the three fires.  Images were selected based upon the overall quality for the entire general fire area, not individual fires.


A total of twenty-seven cloud-free, or nearly cloud-free dates were identified (Table 2).  Due to the truncated MODIS data record for the first half of 2000, only one suitable pre-burn image was identified – June 25, 2000.  Perennially cloudy conditions during the June timeframe limited the number of quality, early summer observations for the general fire area.


Table 2 - Terra MODIS acquisition dates selected for NDVI assessment.


		2000

		2001

		2002

		2003

		2004

		2005



		June 25

		July 3

		June 20

		July 22

		June 16

		June 23



		September 26

		July 27

		July 10

		August 9

		July 12

		July 4



		

		August 6

		August 13

		August 19

		August 9

		July 27



		

		August 29

		September 12

		September 1

		September 6

		



		

		September 23

		September 23

		September 22

		October 14

		



		

		

		October 14

		October 3

		

		





Level 2 daily 250-meter gridded MODIS surface reflectance data were used for the monitoring evaluation.  The Level 2 250-meter gridded MODIS surface reflectance product contains MODIS bands 1 and 2 at their native resolution.  Band 1 is the red band at 620 – 670 nm and band 2 is the near infrared band at 841 – 876 nm.   Surface reflectance data for MODIS tiles H09V04 and H10V04 were acquired for each of the selected dates from the MODIS Land Processes-Distributed Active Archive Center (LP-DAAC) (http://edcimswww.cr.usgs.gov/pub/imswelcome/).    Acquired image data were mosaicked and subset to the extent of the general fire area.  MODIS image subsets were then reprojected into the localized Lambert Azimuthal Equal Area projection.


Control Area Selection


Separate control areas were located for each fire area using the June 25, 2000 pre-burn image (Figure 3).   Criteria established by Riano et al. (2002) and Diaz-Delgado et al. (1998) were used in selecting control areas.  Control area polygon locations were delineated and compared to the pre-burn condition of the fire area.  Suitability of control areas included analysis and comparison of spectral signatures in MODIS bands 1 and 2.  In addition to similar pre-fire spectral similarity, additional evaluation was conducted using digital elevation models and precipitation data to ensure that control areas had similar terrain and climate conditions as fire areas (Riano et al., 2002).  


Due to the large size of the fire areas, multiple control area polygons were required in order to fully capture the variability exhibited in the pre-fire conditions.  Adjustments were also made for minor cloud contamination over each of the three fire areas on the June 25, 2000 pre-fire image by removing cloud and cloud-shadow areas from the spectral signature evaluation.  

MODIS NDVI Vegetation Recovery Trend Analysis


NDVI was calculated for each MODIS subset for all twenty-seven observations over the five-year period.  MODIS NDVI was calculated using the appropriate red and near infrared bands in MODIS surface reflectance data.  
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For each observation, the mean NDVI for each fire and its associated control area was calculated.  These values were used to calculate the RI value for every observation date for each fire.  These data were summarized for analysis of vegetation conditions and recovery trends for each fire area over the five-year period.  The 250-meter resolution NDVI maps for the subset area were also compiled in a time series for visual observation of vegetation trends throughout the each of the fire areas.
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Figure 3.  June 25, 2000 pre-fire MODIS false color composite (MODIS bands 2, 1, & 1) displaying the Clear Creek, Diamond Complex and R1 Wilderness fire areas and their associated control areas.

RESULTS


Multi-temporal NDVI and RI results for each fire area were compiled in tables (Tables 3 and 4) and charts (Figures 4 and 5) for analysis.  A review of the NDVI values for the fire areas and their associated control areas indicate a significant peak with the first observation of the growing season for each year (typically late June to early July) and steady decline through the end of the growing season.  The seasonal NDVI decline in the control areas, however, was much less pronounced and in some years showed increasing trends towards the mid to latter portion of the growing season.  This evaluation took measures to minimize the use of data with high view angles that can affect the measured spectral response of vegetation.  Consequently, the steadily declining NDVI in fire areas each year can be assumed to be indicative of herbaceous vegetation now exposed as a result of the removal of canopy cover by the fires.  As the herbaceous vegetation senesces through the summer, NDVI values decline while the forest canopy in the control areas results in a relatively higher and stable NDVI trend for the season.  This generalized estimation from NDVI signatures is important to land managers due to the fact that fire areas are prone to invasive weed and plant species that are typically annuals.  Also, a review of NDVIs in a spatial context (Figure 6) may reveal persistently low greenness patterns indicative of areas devoid of vegetation that may be at risk to erosion.  


Recurring observations on anniversary dates provides the ability to compare seasonal NDVI assessments between different years.  Although not utilized in this study, leveraging Aqua MODIS observations with Terra MODIS observations increases the opportunity for daily near nadir observations, improving the ability to obtain quality imagery on desired dates.  In addition, the ability to assess and visualize a longer trend of pre-fire vegetation conditions could provide insight into post-fire recovery trends.  This evaluation studied three fires that occurred in the year 2000 – the first year of the MODIS data record.  Fires in latter years would have a longer pre-fire data record to analyze in the context of post-fire trends.  


Pre-fire MODIS RI values (Table 4) for all three fires had a value of nearly 1 indicating that control areas have characteristics similar to the pre-fire condition of fire areas.  Over the five-year period, RIs indicate a slight trend toward green biomass recovery.  Although stable RI values approaching a value of 1 would indicate recovery, forest stands that have been removed by catastrophic crown fires may take decades to regenerate to their pre-fire state (Graham et al., 2004).  As a result, frequently updated structure and composition data could be used to characterize the increasing and stabilizing NDVI and RI values within fire areas over time.  In addition, analysis of NDVI and RI stratified by pre-fire vegetation conditions and post-fire burn severity estimates could also be beneficial.    


Table 3.  Mean NDVI values for fire areas and associated control areas for the 

\June 25, 2000 to July 27, 2005 time period.

[image: image4.emf]Date Clear Creek Fire Clear Creek Control Diamond Fire Diamond Control R1 Wilderness Fire R1 Control


25-Jun-00 0.61 0.62 0.57 0.55 0.65 0.67


26-Sep-00 0.38 0.64 0.31 0.54 0.47 0.66


3-Jul-01 0.44 0.70 0.38 0.62 0.50 0.70


27-Jul-01 0.42 0.64 0.37 0.56 0.49 0.68


6-Aug-01 0.41 0.64 0.38 0.57 0.51 0.69


29-Aug-01 0.41 0.67 0.37 0.58 0.50 0.69


23-Sep-01 0.42 0.66 0.36 0.57 0.49 0.68


20-Jun-02 0.52 0.69 0.49 0.61 0.55 0.66


10-Jul-02 0.48 0.64 0.44 0.56 0.56 0.70


13-Aug-02 0.42 0.62 0.37 0.54 0.52 0.67


12-Sep-02 0.39 0.61 0.35 0.53 0.49 0.68


23-Sep-02 0.39 0.63 0.35 0.55 0.48 0.67


14-Oct-02 0.37 0.62 0.32 0.52 0.46 0.67


22-Jul-03 0.41 0.59 0.38 0.53 0.52 0.68


9-Aug-03 0.41 0.60 0.38 0.55 0.52 0.68


19-Aug-03 0.40 0.65 0.35 0.57 0.50 0.71


1-Sep-03 0.37 0.60 0.34 0.53 0.47 0.67


22-Sep-03 0.39 0.61 0.35 0.53 0.49 0.69


3-Oct-03 0.36 0.60 0.31 0.52 0.44 0.66


16-Jun-04 0.51 0.64 0.49 0.62 0.55 0.68


12-Jul-04 0.48 0.65 0.45 0.58 0.55 0.68


9-Aug-04 0.45 0.59 0.41 0.54 0.55 0.68


6-Sep-04 0.45 0.65 0.41 0.59 0.54 0.70


14-Oct-04 0.39 0.60 0.34 0.53 0.46 0.67


23-Jun-05 0.50 0.61 0.48 0.56 0.56 0.65


4-Jul-05 0.48 0.60 0.47 0.55 0.54 0.66


27-Jul-05 0.47 0.60 0.43 0.55 0.57 0.68




Table 4.  Regeneration index values for fire areas for the June 25, 2000 to July 27, 2005 time period.
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25-Jun-00 0.97 1.04 0.97


26-Sep-00 0.60 0.57 0.70


3-Jul-01 0.63 0.62 0.71


27-Jul-01 0.65 0.66 0.73


6-Aug-01 0.65 0.66 0.73


29-Aug-01 0.62 0.64 0.72


23-Sep-01 0.63 0.64 0.72


20-Jun-02 0.76 0.80 0.83


10-Jul-02 0.75 0.79 0.80


13-Aug-02 0.68 0.69 0.78


12-Sep-02 0.65 0.66 0.73


23-Sep-02 0.62 0.63 0.72


14-Oct-02 0.60 0.61 0.68


22-Jul-03 0.69 0.72 0.77


9-Aug-03 0.68 0.69 0.76


19-Aug-03 0.61 0.62 0.70


1-Sep-03 0.62 0.65 0.71


22-Sep-03 0.64 0.65 0.71


3-Oct-03 0.60 0.60 0.66


16-Jun-04 0.79 0.79 0.81


12-Jul-04 0.73 0.77 0.81


9-Aug-04 0.77 0.76 0.80


6-Sep-04 0.70 0.68 0.77


14-Oct-04 0.64 0.64 0.70


23-Jun-05 0.82 0.86 0.86


4-Jul-05 0.81 0.84 0.82


27-Jul-05 0.79 0.78 0.83
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Figure 4. Mean NDVI for fire areas and their associated control areas by observation date 
from June 25, 2000 to July 27, 2005.
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Figure 5. Regeneration Index for each fire area by observation date from June 25, 2000 to July 27, 2005.
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Figure 6. July 12, 2004 and October 14, 2004 NDVI maps for the Clear Creek, Diamond Complex 
and R1 Wilderness Complex fires.


CONCLUSIONS


Results from this evaluation demonstrate the utility of synoptic, high temporal image data collected by MODIS for long-term post-fire vegetation monitoring.  The Regeneration Index normalizes the common “noise factors” associated with multi-temporal remote sensing-based vegetation assessments using NDVI as well as the unique factors associated with wide view sensors such as MODIS.  Evaluation results demonstrate that normalized 250-meter spatial resolution NDVI data can be used to provide Forest Service land managers with the ability quantify and visualize vegetation dynamics for large fire areas across the western United States.  Moderate resolution, landscape assessments provided by MODIS can also augment periodic assessments by relatively high-resolution sensors such as Landsat.  Continued testing this approach for post-fire vegetation monitoring is required in the various vegetation cover types that occur on Forest Service lands throughout the western United States.  


  A significant degree of wildland fire activity has occurred on Forest Service lands coinciding with the time period of the MODIS data record (2000 to present).  RSAC plans to continue to apply this methodology on additional fires that occurred during this time period.  It is anticipated that this approach will provide an effective long-term post-fire vegetation monitoring tool for wildland fire areas throughout the western United States.  
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