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Abstract: Forest fires often result in varying degrees of canopy loss in forested landscapes.

The

subsequent trajectory of vegetation canopy recovery is important for ecosystem processes because the
canopy controls photosynthesis and evapotranspiration. The loss and recovery of a canopy is often measured
by leaf area index (LAD and other vegetation indices that are related to canopy photosynthetic capacity. In
this study we used time series imagery from the Moderate Resolution Imaging Spectroradiometer (MODIS)
sensor onboard the Terra satellite over the period of 2000-2009 to track the recovery of the vegetation
canopy after fire. The Black Hills National Forest, South Dakota, USA experienced an extensive wildfire
starting on August 24, 2000 that burned a total area of 33 785 ha, most of which was ponderosa pine
forest. The MODIS data show that canopy photosynthetic capacity, as measured by LAI, recovered within 3
years (2001-2003). This recovery was attributed to rapid emergence of understory grass species after the
fire event. Satellite-based Normalized Difference Vegetation Index (NDVI) and Enhanced Vegetation Index
(EVI) at the burned sites also recovered within 3 years (2001-2003). Rapid recovery of LAI, NDVI, and EVI
at the burned sites makes it difficult to use these variables for identifying and mapping burned sites several
years after the fire event. However, the Land Surface Water Index (LSWI), calculated as a normalized
ratio between near infrared and shortwave infrared bands (band 2 and band 6 (1628-1652 nm) in MODIS
sensor), was able to identify and track the burned sites over the entire period of 2000-2009. This finding
opens a window of opportunity to identify and map disturbances using imagery from those sensors with
both NIR and SWIR bands, including Landsat 5 TM (dating back to 1984); furthermore, a longer record of
disturbance and recovery helps to improve our understanding of disturbance regimes, simulations of forest

succession, and the carbon cycle.
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1 Introduction

The forest canopy controls photosynthesis and
evapotranspiration through the exchange of CO, and H,O
between plant leaves and the atmosphere. Forest canopies
also determine albedo and the surface energy balance.
Forest fires, especially forest crown fires, often result in
severe damage to or losses of forest canopy. Forest fires
occur extensively and frequently in the world, and in a
majority of cases there were no post-fire management
activities (e.g., felling dead trees). The natural post-fire
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recovery process in forested landscapes can be divided
into four stages in terms of canopy composition: (i)
understory grass and standing dead trees, (ii) shrubs and
standing dead trees, (iii) live trees and standing dead trees,
and (iv) live trees. Recovery of vegetation canopy and
photosynthetic capacity is important and often depends
upon many factors including fire severity and pre-fire
vegetation condition (Cuevas-Gonzalez et al. 2009; Diaz-
Delgado et al. 2003). Quantifying the loss, recovery rates,
and trajectory of vegetation canopy after severe fires is
an important issue in forest ecology, as the canopy is one
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of the key determinants for vegetation photosynthetic
capacity (Frolking et al. 2009).

Satellite imagery from optical sensors has been widely
used to map and delineate the spatial extent of forest fires
(Cahoon et al. 1994; Garcia-Haro ef al. 2001; George
et al. 2006; Kasischke and French 1995; Masek et al.
2008; Salvador et al. 2000), and to track the recovery
of vegetation canopy and primary production after fires
(Clemente et al. 2009; Cuevas-Gonzalez et al. 2009;
Hicke et al. 2003; 1dris et al. 2005). Most of these studies
used imagery from Landsat, NOAA Advanced Very
High Resolution Radiometer (AVHRR), SPOT HRYV,
and Moderate Resolution Imaging Spectroradiometer
(MODIS).

Vegetation canopies are often measured by leaf area
index (LAI) and vegetation indices calculated from
satellite images. The Normalized Difference Vegetation
Index (NDVI), calculated as a normalized ratio between
red and near infrared (NIR) bands (Tucker 1979), has been
widely used to estimate LAI (Myneni et al. 2002) and to
assess forest disturbance (Masek et al. 2008). A number of
studies have studied fire disturbance using the Enhanced
Vegetation Index (EVI) (Chen ef al. 2005; Coops et al.
2009; Forzieri et al. 2010; Xiao et al. 2003), which is
calculated from red, near infrared, and blue bands (Huete
et al. 2002). A number of satellite-based studies have
used other vegetation indices that incorporate both near
infrared and shortwave infrared (SWIR) bands including
band 5 (1550-1750 nm) and band 7 (2080-2350 nm) in
Landsat TM images, band 6 (1628—1652 nm) and 7 (2105
—2155 nm) in MODIS (Cuevas-Gonzalez et al. 2009), and
band 4 (1580-1750 nm) in SPOT HRYV sensor (Chen et al.
2002; Jacobson 2010). One of the SWIR-based vegetation
indices is the Normalized Burn Ratio (NBR), calculated

as the normalized ratio between NIR band and SWIR
band from Landsat imagery (band 4 and 7); it was used to
evaluate wildfire burn sites in interior Alaska (Epting et al.
2005). Another SWIR-based vegetation index is the Land
Surface Water Index (LSWI), calculated as the normalized
ratio between NIR band and SWIR band (e.g., band 5
in Landsat TM and ETM+, band 6 in MODIS, band 4 in
SPOT HRV), and it has been used to track land surface
water condition in paddy rice, deciduous forest, and
evergreen needleleaf forest (Sakamoto ez al. 2007; Xiao et
al. 2002a, 2002b; Xiao et al. 2004).

Since its launch on December 18, 1999, the MODIS
sensor onboard the Terra satellite has provided continuous
observations of the Earth over the period of February 2000
to present. NDVI, EVI, and LSWI data products from the
MODIS sensor during 2000-2009 are widely available to
the public, and they are related to leaf area index (LAI),
chlorophyll content, and water content (Xiao et al. 2005b).
The extensive and continuous data stream from MODIS
provides a unique opportunity to evaluate its potential
for tracking the recovery of a vegetation canopy over a
decadal time scale after a forest fire.

The Black Hills National Forest, South Dakota, USA
(Fig.1), where ponderosa pine (Pinus ponderosa) forest
dominates, experienced a severe and extensive wildfire
that started on August 24, 2000 and burned a total area
of 33,785 ha (83 500 acres), or 12% of the Black Hills
National Forest (Keyser et al. 2010; Lentile et al. 2006;
Mitchell and Yuan 2010). A previous remote sensing study
in the Black Hills National Forest collected ground-based
LAI measurements at fourteen sites across a gradient of
post-fire severity classes and unburned control sites from
June to August in 2002 and 2003, and estimated canopy
LAI from NDVI and EVI data derived from Landsat TM

Fig. 1 Landscape characteristics of the
Black Hills National Forest, South Dakota,
USA, as observed by Landsat 7 ETM+
images in 1999 — 2010. False color
composites (NIR, red and green) of Landsat
images are used here.
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and ETM+ imagery as well as the multi-angle MISR
imagery (Pocewicz et al. 2007). In this study we acquired
and analyzed MODIS imagery and its derived data
products over the period of 2000-2009. The objective of
this study is twofold: (i) to evaluate time series of three
vegetation indices (NDVI, EVI and LSWI) and leaf area
index from MODIS imagery for tracking the canopy
recovery process during 2000-2009, and (ii) to better
understand the recovery rate and trajectory of vegetation
canopy recovery in the Black Hills National Forests, as
characterized by vegetation indices. In this study we focus
on NDVI, EVI, and LSWI because they are widely used to
study vegetation phenology, land cover classification, and
gross and net primary production.

2 Materials and Methods
2.1 The study area

The Black Hills National Forest is located in South
Dakota, USA. Vegetation in the Black Hills is dominated
by Pinus ponderosa forests, accompanied by other
deciduous broadleaf trees, including Populus tremuloides
and Quercus macrocarpa (Bonnet et al. 2005). The
study region has a continental climate. According to
the ECMWF Atmospheric Reanalysis Data (http://www.
ecmwf.int/) over the period of 2000-2009, annual mean
temperature in the region varied from 9.2°C in 2006 to
7°C in 2009, and annual precipitation varied from 379 mm
in 2004 to 764 mm in 2008. Rainfall is abundant in the
spring but the summer season is often dry (Fig. 2).

A wildfire in the Black Hills National Forest started
on August 24, 2000 and lasted for 8 days; the fire event
is often called the Jasper fire. The fire burned a 33
785 ha area dominated by ponderosa pine forests (Fig.
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Fig. 2 Seasonal dynamic and annual interannual variation of
monthly mean temperature, precipitation and photosynthetic
active radiation (PAR) during 2000—2009 at the Black Hills
National Forest, South Dakota, USA. Here we used monthly
climate data from the ECMWF atmospheric re-analysis data at
a spatial resolution of 0.25 degree of latitude and longitude.

1). Because of complex topography in the forest area
(elevation varying from 1800 m to 2200 m) the fire
resulted in a mosaic pattern of burned and unburned
patches with different levels of forest canopy damage or
loss. A number of field studies have examined post-fire
dynamics of vegetation in the Black Hills National Forest
(Bonnet et al. 2005; Keyser et al. 2009; Lentile et al.
2005; Lentile et al. 2006; Mitchell and Yuan 2010), and
the severely burned sites are still at the stage consisting of
a mixture of grass with standing dead trees (Fig. 3).

We obtained the fire perimeter data (ArcGIS shape
file) from the USDA Black Hills National Forest GIS
Department, which was generated from field surveys with
GPS receivers. We overlaid MODIS images on this fire
perimeter data layer (see section 2.3) to delineate the study
area for statistical analysis.

2.2 Landsat images

Landsat 5 TM and Landsat 7 ETM+ sensors collect data
for six optical spectral bands at 30-m spatial resolution
and a 16-day revisit cycle. We searched the Landsat
image archive at the US Geological Survey EROS Data
Center and downloaded twelve Landsat ETM+ images
with little or low cloud cover (Fig. 1). One ETM+ image
was acquired before the Jasper fire (November 15, 1999),
and the other 11 images were acquired after the fire (one
image per year from 2000-2010). Four Landsat images
in 1999 — 2002 are from Landsat 7 ETM+, and the other
8 Landsat images in 2004—2010 are from Landsat 5 TM.
Landsat 7 was launched on April 15, 1999 but the Scan
Line Corrector (SLC) in the ETM instrument failed on
May 31, 2003, resulting in a loss of approximately one-
fourth of the image data in a Landsat 7 scene. The 12

Fig. 3 A field photo (7/24/2007) of the burned sites in the Black
Hills National Forest Park, South Dakota, USA. It shows a
mixture of grass canopy with standing dead trees, 7 years
after the fire event in August 2000.
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Landsat images we downloaded were co-registered and
overlaid with the GIS-based fire perimeter data layer for
visual interpretation of the landscape. The Landsat images
were also used to assist with the selection of burned and
un-burned sites in the MODIS data analysis (Fig. 1).

2.3 MODIS data

The MODIS sensor onboard the NASA Terra and Aqua
satellites provide daily observation of the globe. Out of
36 spectral bands in the MODIS sensor, seven bands are
primarily designed for the study of vegetation and land
surface: blue (459-479 nm), green (545-565 nm), red
(620—670 nm), near infrared (841-875 nm, 12301250
nm), and shortwave infrared (1628-1652 nm, 2105-2155
nm). The red and NIR1 (841-875 nm) bands have a spatial
resolution of 250-m, and the other five bands (blue, green,
NIR2, SWIR1, SWIR2 bands) have a spatial resolution of
500-m. The MODIS data are organized in tiles wherein
each tile covers approximately 10° by 10° latitude and
longitude at the Equator. The Black Hills National Forest is
located within the MODIS H10V04 tile. The MODIS Land
Science Team provides a suite of standard MODIS data
products including surface reflectance, active fire, snow,
leaf area index (LAI), the fraction of photosynthetically
active radiation absorbed by vegetation (FPAR), and gross
and net primary production (http://modis-land.gsfc.nasa.
gov/index.htm).

2.3.1 MODO09A1 data and three vegetation indices

The MODIS Land Science Team provides several surface
reflectance data products including the 8-day composite
MODIS Land Surface Reflectance Product (MODO09A1).
Each 8-day composite (MODO09AT1) includes estimates
of land surface reflectance for the seven spectral bands
at 500-m spatial resolution. There are forty-six 8-day
composites in a year.

In this study we downloaded MODO09AT1 data
(Collection 5) in 2000-2009 from the US Geological
Survey EROS Data Center. We calculated three vegetation
indices: NDVI (Tucker 1979), EVI (Huete ef al. 1997),
and LSWI (Xiao et al. 2002a), using blue, red, NIR1
(841-875 nm) and SWIR1 (1628—1652 nm) spectral
bands. The resultant vegetation indices are available at the
Earth Observation and Modeling Facility website (http://
www.eomf.ou.edu). NDVI, LSWI, and EVI are related to
leaf area index, canopy chlorophyll, and water contents,
remote period and “respictively” (Xiao et al. 2005b).
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Fig. 4 Seasonal dynamics of three vegetation indices (NDVI,
EVI and LSWI) at a burned site (43.86390N, 103.8912°W)
and an unburned site (43.7668°N, 103.7038°W) in 2000 at
the Black Hills National Forest, South Dakota, USA. Three
vegetation indices were derived from the 8-day MODIS
surface reflectance data at 500-m resolution (MOD09A1). We
use un-filtered data in the figure to illustrate the quality of data.
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The MODO09A1 data files (Collection 5, http://modis-
sr.ltdri.org/) provide data quality flags that indicate the
presence of clouds, cloud shadows, aerosols (climatology
and high) and pixels adjacent to clouds. We treated those
observations with the above-mentioned quality flags as
bad observations and exclude them from statistical data
analysis. Observations with snow cover are identified
using the MODIS snow algorithm, which is primarily
based on the Normalized Difference Snow Index
(NDSI) (Hall et al. 2002). In addition, we also treated
those observations with blue band value > 0.20 as bad
observations (mostly due to atmospheric aerosols) and
exclude them from statistical data analysis (Xiao et al.
2005a).

2.3.2 MOD15A2 LAI/FPAR data product
The MODIS Science Team provides the data of leaf area
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Fig. 5 Seasonal dynamics of LAI (a) and FPAR (b) at a
burned site (43.8639°N, 103.8912°W) and an unburned site
(43.7668°N, 103.7038°W) in 2000 at the Black Hills National
Forest, South Dakota, USA. The LAI/FPAR data were from
the 8-day MODIS LAI/FPAR at 1-km resolution (MOD15A2).
We use un-filtered data in the figure to illustrate the quality of
data.
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index (LAI, m*/m’) and the fraction of photosynthetically
active radiation (FPAR, 400-700 nm) absorbed by
vegetation canopy at 8-day temporal resolution and 1-km
spatial resolution, which is called as MOD15A2 (Myneni
et al. 2002). The LAI and FPAR data products are
derived from daily MODIS data through the inversion of
a radiative transfer model, with an NDVI-LAI regression
model as a back-up calculation method. Many studies have
demonstrated that LAI is closely related to NDVI (Myneni
and Williams 1994).

We downloaded the MOD15A2 dataset (Collection 5)
over the period of 2000-2009 from the US Geological
Survey EROS Data Center. We generated monthly
composites of LAl and FPAR from the 8-day composite
MODI15A2 datasets by selecting the maximum values of
LAI and FPAR in each month at individual pixels. Based
on the seasonality of vegetation at the sites we chose July
as the reference month for inter-annual comparison of LAI
and FPAR data over the period of 2000-2009. We overlaid
the GIS-based fire perimeter boundary map in 2000 to the
8-day composite (MOD15A2 dataset) and the monthly
composite LAI and FPAR datasets, and retrieved LAI and
FPAR time series data from these datasets. We calculated
the frequency distribution (a bin size 0.5 m*/m’) of LAI for
those MODIS pixels within the fire perimeter area in 2000.
In this study, the time series LAI and FPAR data over
2000-2009 were used to quantify and track the losses and
recovery rates of LAI and FPAR after the 2000 fire in the
Black Hills National Forest, South Dakota, USA.

3 Results

3.1 Loss of canopy photosynthetic capacity after the
wildfire in August 2000

Forests in the Black Hills National Forest are dominated
by ponderosa pine, an evergreen needleleaf tree. Fig. 4
shows the seasonal dynamics of three vegetation indices

(NDVI, EVI and LSWI) at a burned site and an unburned
site in 2000. In the unburned forest site (Ponderosa pine
forest) NDVI values in 2000 were in the range of 0.6-0.8
throughout a year. The burned site had similar range
of NDVI values during February to August 2000, but
its NDVI values dropped to 0.2 after the fire starting on
8/24/2000 (Fig. 4a). EVI values in the unburned site were
in the range of 0.3 throughout the year 2000 (Fig. 4a).
EVI values in the burned site were similar to the unburned
site during February to August 2000, but dropped to 0.05
after the fire. LSWI values in the unburned site remained
above 0.0 throughout the year (Fig. 4b). High LSWI
values in the winter season are attributed to snow cover
on the ground. During the plant growing season, LSWI
values in the unburned site varied between 0.1 and 0.3 (Fig.
4b). LSWI values in the burned site had similar dynamics
as NDVI and EVI, and dropped to below -0.4 after the fire
in August 2000.

Fig. 5 shows the seasonal dynamics of leaf area index
(LAI) and the fraction of photosynthetically active
radiation (FPAR) at a burned site and an unburned site
in 2000 as estimated by MODIS LAI/FPAR data product
(MOD15A2). At the burned site, LAI values were
approximately 1.5 m’/m’ in mid-June 2000, but dropped
close to 0 after the fire event (Fig. 5a), substantially
lower than LAI values (0.5 m’/m®) in spring 2000. At the
unburned site, LAI values had a strong seasonal dynamic
and varied within a range of ~1.4 m*/m” in early spring,
2.8 m’/m’ in early summer, and 1.4 m*/m” in late fall (Fig.
5a). The fraction of photosynthetically active radiation
absorbed by vegetation canopy (FPAR) at the burned
site also dropped from 0.5 in mid-June to 0.05 after the
fire event in 2000 (Fig. 5b). In comparison, FPAR at the
unburned site has only a slight temporal variation during
the plant growing season (Fig. 5b).

The impacts of fires are likely to vary over space due

Fig. 6 Spatial distribution of
surface reflectance and three
vegetation indices on April

6, 2000 (before the fire) and
September 5, 2000 (after the
fire) in the Black Hills National
Forest, South Dakota, USA.
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to meso-scale topography and landscape characteristics.
Consequently the loss of canopy photosynthesis capacity
may also vary over space. Fig. 6 compares the spatial
variations of surface reflectance and three vegetation
indices on April 6, 2000 (before the fire) and September
5, 2000 (after the fire). The fire resulted in substantial
drops of NDVI, EVI and LSWI values at the burned sites.
Spatially, the decreases of EVI at the burned sites were
much more evenly distributed than NDVI and LSWI (Fig.
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Fig. 7 Spatial distribution of leaf area index and FPAR
on April 6, 2000 (before the fire) and September 5,
2000 (after the fire) in the Black Hills National Forest,
South Dakota, USA.

6).

Fig. 7 compares the spatial variations of leaf area index
and FPAR on April 6, 2000 (before the fire) and September
5, 2000 (after the fire). The majority of MODIS pixels
had LAI values in the range of 1.0-1.5 m’/m” on April 6,
2000 but dropped to below 0.5 m*/m’ on September 5,
2000, clearly showing the losses of forest canopy due to
the fire event. FPAR values also had similar large changes
between April 6, 2000 (before the fire) and September
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5, 2000 (after the fire). The significant contrast between
the fire-impacted area and non-fire neighbors makes it
relatively easy for identifying and mapping fire scars using
time series of MODIS images (Fig. 7).

3.2 Recovery of canopy photosynthetic capacity during
20002009

Fig. 8 shows seasonal dynamics and interannual variations
of three vegetation indices over the period of 2000-2009
at a burned site and an unburned site in the Black Hills
National Forest, South Dakota. At the burned site NDVI
in mid-summer increased from ~0.4 in 2001 (1st year
after the fire in 2000) to ~0.6 in 2003 (3rd year after the
fire in 2000), and then remained at a similar level (with
slight fluctuation) during 2004-2009 (Fig. 8a). Similarly,
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EVI in mid-summer also increased from ~0.15 in 2001
to ~0.3 in 2003, and then remained at this level with
minor fluctuation through 2009. Both NDVI and EVI
at the burned site had a strong seasonal dynamic during
2001-2009, a typical feature of grass vegetation (Fig.
8a). In comparison, when excluding those snow-affected
observations in the winter season, the unburned site had
relatively high values of NDVI and EVI throughout a year,
a typical feature of evergreen forests. The time series data
of NDVI and EVI suggested that the burned site recovered
in 3 years, and it became relatively difficult to identify a
burned site after 3 years using NDVI and EVI data alone.
At the burned site, LSWI in mid-summer increased from
—0.2 in 2001 to slightly below 0.0 in 2003 and remained
below 0.0 throughout 2004-2009 (Fig. 8c). Negative
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Fig. 11 Seasonal dynamics and inter-annual variation of Land
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over the period of 2000—2009 at a burned site (43.8639°N,
103.8912°W) in the Black Hills National Forest, South Dakota,
USA. LSWI and NBR data are from the same MODIS pixel (a
burned site) as Fig. 4. We use un-filtered data in the figure to
illustrate the quality of data.

LSWI values indicate that the burned site, as observed
by satellite, is a mix of dead trees and green grasses. In
comparison, LSWI values at the unburned site remained
positive (>0.0) from 2000-2009 (Fig. 8c). The negative
LSWI values within the plant growing season during 2001
—2009 at the burned site and positive LSWI values at the
unburned site indicates that the LSWI time series data can
be used to identify the burned site 9 years after the fire.

We calculated the frequency distribution of three
vegetation indices in July 2000 (before the fire) and in
September 2000 (after the fire) within the Jasper fire
affected area (Fig. 9). The histograms of NDVI had
a clear shift from July 2000 to September 2000 (Fig.
9a-b), consistent with the time series NDVI data from an
individual pixel in 2000 (Fig. 4). Both LSWI and EVI
histograms also had substantial shifts from July 2000 to
September 2000 (Fig. 9c-f).

The histograms of NDVI, EVI, and LSWI in mid-
summer (July) during 2001-2003 clearly show the
recovery process at the Jasper fire sites. The median
values of these histograms suggest that the NDVI had
the fastest recovery rate during 2001-2003, followed by
EVI and LSWI (Fig. 9a-f). These three vegetation indices
fluctuated over the period 2004-2009, which represented
the responses of grasses to interannual weather and climate
variations (Fig. 2).

It is interesting to note that approximately half of
the MODIS pixels within the fire affected area still had
negative LSWI values in July of 2009, which indicated that
much of the land surface is still a mixture of standing dead
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Fig. 12 The quantitative relationship between Land Surface
Water Index (LSWI) and Normalized Burn Ratio (NBR)

over the period of 2000—2009 at a burned site (43.8639°N,
103.8912°W) in the Black Hills National Forest, South Dakota,
USA. LSWI and NBR data are from the same MODIS pixel (a
burned site) as Fig. 4.

trees and grass canopy (Fig. 3). Conversely, those MODIS
pixels with positive LSWI values in July of 2009 suggest
that recovery in some fire-impacted areas have reached the
stage of a vegetation canopy with small or little amounts of
standing dead trees exposed to satellite sensors. With such
a capacity to distinguish two recovery stages, specifically
(1) grass canopy mixed with standing dead trees and (ii)
vegetation canopy dominated by live trees, the LSWI time
series data appear to be useful indicator for identifying
fire-affected areas over at least 9 years.

We also calculated the frequency distribution of LAI
in July 2000 and September 2000 within the fire-affected
areas using the MOD15A2 (LAI/FPAR) data product. Fig.
10 shows a substantial decrease of LAI from ~1.5 m*/m’
in July 2000 to ~0.5 m*/m’ in September 2000 (Fig. 10a).
LAI increased from ~1.0 m*/m’” in 2001 to ~1.5 m*/m’ in
2003 and fluctuated again during 2004-2009, ranging from
low values in 2004 (1.1 m*/m?) and 2007 (1.3 m*/m’) to
high values in 2005, 2006, 2008-2009 (~1.5 m’/m’; Fig.
10b). LAI at the burned sites recovered within 3-years,
and there was no significant difference in LAI between the
forest canopy (July 2000; Fig. 10a) and the grass canopy
(2004-2009; Fig. 10Db).

4 Discussion

Since the launch of the MODIS sensor onboard the Terra
satellite in 1999, MODIS imagery have been widely
used to map active fires and fire scars (Giglio et al. 2003;
Justice et al. 2002; Roy et al. 2002; Roy et al. 2006). A
few studies have used MODIS imagery to document forest
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recovery after disturbance at individual sites (Chen et al.
2005; Lucas et al. 2002). In this study we examined the
canopy recovery process after a wildfire in 2000 in the
ponderosa pine forest dominated Black Hills National
Forest using remotely sensed data from MODIS for 2000—
20009.

Leaf area index is an important biophysical parameter
for tracking canopy recovery rates and trajectory after
disturbance. The results from this study show that leaf
area index at the burned sites in the Black Hills National
Forest, as estimated by the MODIS LAI/FPAR product,
recovered rapidly and reached pre-fire levels within 3
years. These results suggest that LAI data in mid-summer
is not a useful indicator to identify or detect fire-affected
areas after 3 years in the Black Hills National Forest
where evergreen ponderosa pine forest dominates. Rapid
recovery of leaf area index has also been observed after
other types of disturbances. For example, gaps generated
by the conventional forest logging in the eastern Amazon
were filled with secondary plant species within 0.5 to 3.5
years (Asner et al. 2004a, 2004b).

A number of remote sensing studies tracked canopy
recovery after disturbance using either surface reflectance
(Lucas et al. 2002) or vegetation indices (Diaz-Delgado et
al. 2003; Epting et al. 2005). Masek ef al. used Landsat
image archives in 1990 and 2000 to identify and map
disturbance and recovery of forests in North America, and
found that approximately 30%—60% of forest disturbance
cannot be mapped due to the long interval between image
acquisition dates (1990 versus 2000),when temporal
changes in a Tasseled-Cap “Disturbance Index” was
used (Masek ef al. 2008). This is clearly attributed to
rapid recovery of leaf area index at the disturbance sites
by early successional species (mostly grass species).
Note that early successional species often have higher
foliage nitrogen content and chlorophyll content than
late successional species, which substantially affects
reflectance in visible and near infrared bands. The results
from this study show that NDVI and EVI data values
recovered rapidly in the first three years (2001-2003)
and then fluctuated with inter-annual variation of climate
during the period of 2004-2009, a typical dynamic of
grass canopies. The results suggest that majority of the
burned sties in the Black Hills National Forest remain in
the recovery stage of grass canopy and standing dead trees
by 2009.

In addition to reflectance and vegetation indices from
visible and near infrared bands, several studies examined
the potential of shortwave infrared (SWIR) bands to track
canopy growth, for example band 7 (2080 nm-2350 nm)
in Landsat imagery and band 7 (2105 nm—2155 nm) in
MODIS imagery (Epting et al. 2005; Roy et al. 2006;
Soverel et al. 2010). The Normalized Burn Ratio (NBR),
calculated as the normalized ratio between near infrared

(NIR) and mid-infrared (MIR) from Landsat imagery
(band 4 and 7), was used to evaluate wildfire burn sites
in interior Alaska (Epting et al. 2005). The NBR was
evaluated across 14 fires in the Sierra Nevada mountain
range of California (Miller and Thode 2007) and is now
used by US federal land management agencies to map fire
severity due to wildland fire (Miller ef al. 2009). Roy et
al. also assessed the reliability of NBR as an index of fire
severity using Landsat images and MODIS images (Roy
et al. 2006). In this study we used Land Surface Water
Index (LSWI), which is calculated as a normalized ratio
between NIR and SWIR bands, for example, band 2 (841
—876 nm) and band 6 (1628-1652 nm) in MODIS, and
band 4 (760-900 nm) and band 5 (1550 nm—1750 nm) in
Landsat. Both LSWI and NBR values have a range of —1
to +1. To compare LSWI and NBR values, we calculated
NBR at the burned site (the same site shown in Fig. 4)
from MODO09AT1 data in 2000-2009 (Fig. 11). LSWI and
NBR have very similar seasonality (Fig. 11). NBR values
increased rapidly in 2001-2003 and fluctuated during
2004-2009 (Fig. 11). The majority of NBR values during
the plant growing season in 2004-2009 were positive
(>0.0). Both LSWI and NBR indices are correlated with
each other to a large degree (linear correlation coefficient
r = 0.70; Fig. 12). Note that LSWI values within the
plant growing season over the period of 2001-2009 at
the burned sites remain negative (Fig. 8, 9), and negative
LSWI values generally corresponds a mixture of grass
canopy with standing dead trees at the burned sites (Fig. 3).
In comparison to positive LSWI values before the wildfire
occurred in August 2000, negative LSWI values in 2009
provides a qualitative indicator that forest fire disturbance
at the ponderosa pine forest sites is still detectable after
9 years. Therefore, LSWI may be used as another
complementary index to track fire disturbance and post-
fire recovery, in addition to NBR.

In summary, this study and several previous studies
(Asner et al. 2004b; Frolking et al. 2009; Masek et al.
2008) have shown that forest disturbance in temperate
and tropical zones is often difficult to detect and map after
several years when using reflectance data and vegetation
indices from visible and near infrared bands. However,
the results from this study have clearly demonstrated that a
time series of LSWI data from MODIS during 2000 — 2009
is able to detect and map forest disturbance 9 years after a
major fire event at the Black Hills National Forest. Note
that Landsat 5 Thematic Mapper (TM) has much longer
records (dated back to 1984) than do MODIS sensors.
Therefore, a time series of Landsat 5 TM (and Landsat 7
ETM+) imagery can be used to calculate LSWI and further
evaluate the potential of LSWI in detecting and mapping
forest disturbance over a period of 26 years (1984-2010).
This will lead to better quantification of disturbance
regimes and recovery processes at the landscape, regional
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to global scales.
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