Spectral Characterization of Agricultural Burned Areas

for Satellite Mapping

A Thesis
Presented in Partial Fulfillment of the Requirements for the

Degree of Master of Science

with a
Major in Natural Resources

in the
College of Graduate Studies

University of Idaho
by
Erik J. Boren

Major Professor: Luigi Boschetti, Ph.D.
Committee Members: Alistair Smith, Ph.D.; Jessica McCarty, Ph.D.; Pietro Ceccato, Ph.D.

Department Administrator: Anthony Davis, Ph.D.

May 2015



Authorization to Submit Thesis

This thesis of Erik J. Boren, submitted for the degree of Master of Science with a
Major in Natural Resources and titled “Spectral Characterization of Agricultural Burned
Areas for Satellite Mapping,” has been reviewed in final form. Permission, as indicated by the
signatures and dates below, is now granted to submit final copies to the College of Graduate

Studies for approval.

Major Professor: Date:
Luigi Boschetti, Ph.D.

Committee Members: Date:
Alistair Smith, Ph.D.

Date:
Jessica McCarty, Ph.D.
Date:
Pietro Ceccato, Ph.D.
Department Administrator: Date:

Anthony Davis, Ph.D.



Abstract

Burned area detection with remotely sensed satellite data in agricultural landscapes is
not only necessary for the estimation of global biomass burning emissions, but also has gained
attention from managers interested in improved methods for the quantification of local scale
emissions which affect air quality and human health. Mapping agricultural burned areas
accurately, precisely and reliably, with methods that can be applied globally, is difficult
because of the spectral and temporal characteristics of agricultural regions and prescribed
cropland fires. These challenges have not been fully addressed by the scientific literature.
Chapter 1 of this thesis presents an extensive literature review on the methods currently used
for agricultural burned area mapping. Chapter 2 presents original research on the spectral
characterization of agricultural burned areas, using field data and mixture models to analyze
the response of spectral indices to the changes induced by fire and agricultural practices. The
conclusions summarize the significance of the presented research for understanding the
potential and limits of satellite data for agricultural burned area monitoring, and outline the

directions for future work.
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Chapter 1: Mapping Burned Cropland Area from an Integration of

MODIS Products: a Literature Review

Abstract

Burning of agricultural residue is a widespread practice, resulting in the emission of
gases and particulate matter in the atmosphere: interest in accurately and reliably quantifying
agricultural burned area is rising, due to implications for atmospheric chemistry and air
quality. Satellite data is a potential solution for detecting the occurrence of cropland fires. In
particular, data from the Moderate Resolution Imaging Spectrometer (MODIS) have been
widely used for cropland fire monitoring. The present chapter reviews the current state of
research and literature and summarizes the methodologies that have been adopted. Presently,
two primary methods are used to estimate crop fire occurrence with MODIS data: the use of
active fire detections from the MOD14/MYD14 global active fire product integrated over
time, and the direct detection of burned areas using changes in the Normalized Burn Ratio
(NBR) spectral indices in conjunction with active fire detections. As it not realistic to quantify
agricultural burning with ground survey methods, satellite data monitoring is the only
practical solution, especially at continental and global scale. In light of the inherent
uncertainties in the available methodologies, the accuracy of the satellite-based agricultural

burned area detections is not fully quantified.

Introduction
Agricultural burning has significant impact on carbon emissions, air quality, and
human health (Korontzi et al. 2006; McCarty et al. 2008; McCarty 2011; Melvin 2012).

Timely and accurate quantification of the temporal and spatial variability of the fires is



needed, not only to improve emission inventories, but also for decision support for the
development of informed legislative measures to mitigate air pollution from agricultural
residue burning (Aneja et al. 2006). National statistics of agricultural burning are derived
from surveys and self-reporting by producers, and are often incomplete and inhomogeneous
(Dennis et al. 2002), making remote sensing the only realistic approach for systematic
monitoring at the national, continental or global scale (Feng and Christopher 2013).

This review presents the current state of the art coarse resolution (500-m to 1-km)
mapping of cropland fires with the Moderate Resolution Imaging Spectroradiometer
(MODIS) instrument. We found a total of nine published studies, presenting a variety of
methods and results for detecting agricultural fires. Several factors that contribute to
variations and uncertainties in results are identified.

For the purpose of this review, the terms agricultural and cropland fires are used
interchangeably, and are defined as the management practice of using prescribed fires to
remove crop residues, senescent vegetation, and undesirable natural vegetation (e.g. weeds or
shrubby encroachment). Understanding landscape management techniques and the
implications for our environment as well as a remote sensing techniques being used to analyze

agricultural burning is essential.

Agricultural Fire Emissions

Many producers use burning as a tool for managing croplands (Dennis et al.
2002;Korontzi et al. 2006; McCarty et al. 2007). Depending on the crop type and
management technique, prescribed agricultural field burning can occur during the harvesting,
post-harvesting or pre-planting periods (Huang et al. 2012). The practice is used as an

inexpensive means for increasing fertilization effectiveness, eliminating pests and weeds, and



thinning excess crop residue for enhancing seeding productivity (Canode and Law 1979;
Lamb and Murray 1999).The most cultivated crops globally are the cereal crops of wheat,
maize, rice, barley, millet and sorghum which occupy more than two thirds of agricultural
land area (Leff et al. 2004). The cereal crop residues along with the residues of sugar cane,
soy, and cotton provide most of the agricultural biomass burned (Yevich and Logan 2003).
Compared to fires of forest and grassland fires, the low fuel load in agricultural burning
results in typically shorter duration and lower emitted energy (Sharma et al. 2009).

Emissions from these fires contribute to atmospheric trace gases and particulate matter
that alter atmospheric chemistry and may contribute to global climate change (Crutzen and
Andreae 1990; Dennis et al. 2002), including short-lived climate forcers like black carbon
(McCarty et al. 2012; Bond et al. 2013). Greenhouse gases released from crop residue
burning include carbon dioxide, carbon monoxide, methane, non-methane-hydrocarbons,
nitric oxide, nitrous oxide, and atmospheric particulate matter (Crutzen and Andreae 1990).
According to the analysis by Korontzi et al. (2006), agricultural areas account for
approximately 8-11% of all global active fire detections, and are the fourth most common
land cover class for fire activity. Because croplands are often in proximity of densely
populated areas, despite the relatively low amount of burned biomass, agricultural fires have a
significant impact on air quality and human health (McCarty 2011).

Agricultural land constitutes more than 10% of the global land surface and is likely to
expand as a result of growing demands for food and agricultural products caused by
increasing human populations (Smith et al. 2010). Having the ability to characterize crop
residue burning with accuracy and reliability is an existing challenge for scientists and

managers interested in monitoring air quality emissions. In addition, spatially explicit, near



real time detection of agricultural fires is essential to monitor compliance, and for enforcing

local regulations on prescribed fires.

Overview of the MODIS instruments

The MODIS instrument, aboard the polar orbiting EOS-AM1 (Terra) and EOS-PM1
(Aqua) satellites of the National Aeronautics and Space Administration (NASA) Earth
Observing System (EOS), was the first sensor designed with spectral bands specifically
designed for fire detection (Kaufman et al. 1998). The two satellites are placed on a low
altitude, sun-synchronous polar orbit, which they cover in descending (Terra) and ascending
nodes (Aqua). The wide swath of MODIS ensures that at least one instrument overpasses
during the day and one at night for the whole globe and more than two at latitudes greater
than 40° (Wolfe et al. 1998). The high temporal resolution, along with instrument’s spectral
detection capabilities, makes MODIS a preferred instrument for scientists interested in fire
detection. Besides the fire products, an extensive suite of systematic thematic products for
environmental monitoring has been systematically produced for the entire duration of the
MODIS mission (2000 onwards), including spectral albedo, vegetation indices, land cover,
snow and ice cover, and a number of biophysical variables for the computation of
hydrological balances, biogeochemistry, and global carbon cycles (Justice et al. 1998;
Running et al. 1994). Table 1 lists all MODIS bands with associated spatial scale and primary

scientific purpose.



Table 1. Channel specifications for the MODIS sensor (modified from McCarty et al. 2008)

Band Bandwidth (pm) Spatial Resolution (m) Primary Scientific Purpose
Vegetation chlorophyll absorption Land
1 0.620 - 0.670 250 cover transformations Cloud / edge
detection / masks
) 0.841 - 0.876 250 Cloud / vegetation / water /_edge detection
Land-cover transformations / masks
3 0.459 - 0.479 500 Soil and vegetation differences
4 0.545 - 0.565 500 Green vegetation
5 1.230-1.250 500 Leaf and canopy properties
6 1.628 - 1.652 500 Snow and cloud differences / masks
7 2.105 - 2.155 500 Land and cloud properties
Water color (chlorophyll / pigments /
8 0.405 - 0.420 1000 sediments) Atmospheric scattering / cloud
masks
9 0.438 - 0.448 1000 Water color
10 0.483 - 0.493 1000 Water color
11 0.526 - 0.536 1000 Water color
12 0.546 - 0.556 1000 Sediments
13 0.662 - 0.672 1000 Sediments, atmosphere
14 0.673 - 0.683 1000 Chlorophyll fluorescence
15 0.743 - 0.753 1000 Aerosol properties
16 0.862 - 0.877 1000 Aerosol and atmospheric properties
17 0.890 - 0.920 1000 Water vapor / atmospheric properties
18 0.931-0.941 1000 Water vapor / atmospheric properties
19 0.915 - 0.965 1000 Water vapor / atmospheric properties
20 3.660 - 3.840 1000 Sea surface temperature
21 3.929 - 3.989 1000 Forest fires / volcanoes
22 3.929 - 3.989 1000 Cloud
23 4.020 - 4.080 1000 Cloud / surface temperature / cloud mask
24 4.433 - 4.498 1000 Cloud / surface temperature / cloud mask
25 4.482 - 4.549 1000 Tropical temperature / cloud fraction
26 1.360 - 1.390 1000 Cirrus cloud / cloud mask
27 6.535 - 6.895 1000 Tropical temperature / cloud fraction
28 7.175- 7.475 1000 Mid-tropical humidity
29 8.400 - 8.700 1000 Upper-tropical humidity
30 9.580 - 9.880 1000 Total ozone
31 10.780 - 11.280 1000 Cloud / surface temperature
32 11.770 - 12.270 1000 Cloud / surface temperature
33 13.185 - 13.485 1000 Cloud height and fraction
34 13.485 - 13.785 1000 Cloud height and fraction
35 13.785 - 14.085 1000 Cloud height and fraction
36 14.085 - 14.385 1000 Cloud height and fraction




Only two bands (red and near infrared [NIR]) have a spatial resolution of 250-m and
allow for the computation of the normalized difference vegetation index (Huete et al, 1999).
The 500-m bands cover most of the wavelengths commonly used for terrestrial monitoring
with optical remote sensing data, with the exception of the thermal bands, which are available
at 1000-m.

The MODIS products are subject to systematic quality assessment and to periodic
reprocessing of the whole data record. Reprocessing improves the quality of the MODIS
products, by using the latest calibration information, and by using improved algorithms. Once
reprocessed, the updated inventory of MODIS data is referred to as a collection (Giglio 2010).
The collections advance from collection 1, Terra’s first set of data, to the current set,

collection 5.

MODIS Fire Products

Two fire products are part of the MODIS land suite: an active fire product and a
burned area product (Justice et al. 2002). The global active fire product (MOD14/MYD14)
maps fires that are actively burning at the time of the satellite overpass, detected as thermal
anomalies at 1-km pixel resolution (Giglio et al. 2003). The second product is the MODIS
global burned area product (MCD45A1) which detects the changes induced by fire on the
vegetation, using a bi-directional reflectance model at 500-m? resolution (Roy et al. 2002;
Roy et al. 2005). The MODIS fire products are distributed from the Earth Resources
Observation Systems Data Center (EDC) Distributed Active Archive Center (DAAC) (Justice
et al. 2002). Currently, active fire data sets are available through the Fire Information for

Resource Management System (FIRMS) which is publically accessible on-line (Davies et al.



2009). Additionally, GIS- ready (geotiff, shapefile) versions of the MODIS burned area
products are distributed by the University of Maryland (http://modis-fire.umd.edu/).

The MODIS active fire detection algorithm (Giglio et al. 2003) was developed based
on heritage algorithms developed for the Tropical Rainfall Measuring Mission (TRMM)
Visible and Infrared Scanner (VIRS) and Advanced Very High Resolution Radiometer
(AVHRR) systems (Kaufman et al. 1990; Giglio et al. 1999). The algorithm uses a contextual
approach, flagging a pixel as a thermal anomaly if its temperature is either (1) higher than a
very strict set of absolute thresholds or (2) higher than a less strict set of thresholds, but also
significantly higher than the surrounding pixels. The algorithm uses brightness temperatures
derived from MODIS bands 21 and 22, (3.6-4.0 um) and 31 (10.8-11.2 um).

The active fire detection takes advantage of the high saturation temperature of the
MODIS bands: Band 21 saturates at nearly 500 K (while band 22 saturates at 331 K and is
used instead of band 21 at low temperature) and Band 31 saturates at approximately 400 K.
Other channels are used in the detection algorithm for correction purposes, like masking, false
alarm rejection, sun glint, etc., are presented in table 2.

Table 2. MODIS channels used in detection algorithm (modified from Giglio et al. 2003)

Band  Central wavelength (um) Purpose
1 0.65 Sun glint and coastal false alarm rejection; cloud masking
2 0.86 Bright surface, sun glint, and coastal falst alarm rejection; cloud masking
7 2.1 Sun glint and coastal false alarm rejection
21 4 High-range channel for active fire detection
22 4 Low-range channel for active fire detection
31 11 Active fire detection, cloud masking
32 12 Cloud masking

The active fire detection product has undergone successive modification in response to
persistent problems including false alarms in sparsely vegetated areas and an inability to

detect small fires (Justice et al. 2002; Giglio et al. 2003). Nevertheless, weaknesses of the



algorithm have been demonstrated. Detection rates have been shown to decrease for fires
underneath heavy cloud cover or smoke (Csiszar et al. 2006; Hawbaker et al. 2008). Overpass
timing is also an inherent limitation, as the instrument only detects fires that are actively
burning at the time of overpass. The diurnal cycle of fire activity makes it more likely to
detect burns in the afternoon, when weather conditions are most favorable, so combining
products from both satellites is important as Terra and Aqua daytime overpasses are at 10:30
am and 01:30 pm respectively, and the nighttime overpasses at 10.30 pm and 1.30 am
(Hawbaker et al. 2008; Korontzi et al. 2008; Giglio 2010). Because of the fundamental laws
of radiation, emitted power is a function of the fourth power of the temperature of a surface.
As a consequence, the thermal emission detected from a pixel containing an active fire is
orders of magnitude greater than a pixel with no fire, allowing for the reliable detection of
subpixel fires, much smaller than 1-km? (Giglio et al. 2006; Huang et al. 2012). However, the
detection rate still has a direct relationship with fire size, showing that detection rate decreases
as the fire size decreases (Hawbaker et al. 2008).

The MODIS burned area product provides temporal and spatial information on burned
areas that the active fire detection algorithm, because of its binary nature, is unable to do on
its own (Roy et al. 2005). The burned area product is derived from a bi-directional reflectance
model-based change detection algorithm which is applied independently to geolocated pixels
over a time series (weeks to months) of reflectance data (Roy et al. 2002). Due to the small
size and quick transition of burned agricultural fields to plowed fields and because the burned
area product was developed for detecting burned area in grassland and wildland landscapes,
the algorithm underestimates systematically the extent of agricultural fires, and is not a

suitable source of data for agricultural fire monitoring (J.L. McCarty, Michigan Tech



Research Institute, personal communication). The MCD45A1 burned area product has been
applied in past literature as a means to quantify burned cropland area due to the lack of
existing regional products (Chang and Song 2010; Song et al. 2010), but has severe
limitations. Most of the current literature, instead, relies on two main methods for mapping
cropland fire; a combination of MOD14/MY D14 active fire products with land cover data sets
to derive spatial and temporal information about fire occurrence, and a hybrid remote sensing
methodology which combines 8-day difference normalized burn ratio (INBR) composite area

with MOD14/MY D14 active fire detections.

Mapping Agricultural Fires with MODIS data: State of the Art

A review of the literature revealed that all nine studies used the active fire products
either produced from MODIS Terra or both MODIS Terra and Aqua instruments, MOD14
and MYD14 respectively (Table 3). All the studies used a land cover product (most often a
MODIS derived land cover product) to determine the spatial and temporal distribution of fires
in different land cover classes.

The earliest works combined active fire products with land cover data sets to isolate
agricultural fires, to then study spatial and temporal patterns of cropland fire distribution.
Korontzi et al. (2006) acquire and combined MODIS Terra active fire detections (MOD14)
globally, for the 2001-2003 period. Only MODIS-Terra detections were considered, due to the
unavailability of Aqua MODIS data until the launch in April 2002. The MODIS MOD12 land
cover product (Friedl et al. 2002) was used to stratify the active fire detections by landcover,
and extract the agricultural fires. The MOD12 land cover data set was created using a
database of global exemplary land cover points as inputs to a supervised classifier algorithm

(Loveland and Belward 1997). The cropland fire activity was analyzed in terms of inter-
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annual variability of fire occurrence and spatial distribution of fire event at the global and
regional scale.

This was the first comprehensive study of agricultural fire activity: it outlined for the
first time the global spatial and temporal patterns of cropland occurrence. The study raises
important questions about what significant factors are controlling spatial and temporal
variables of cropland fire events, and it calls for the need of research for examining the spatial
and temporal relationships as well as the ability for assessing cropland burned area. The
methods used in this study are used in the majority of subsequent studies examining cropland
fire occurrences on regional scales (Table 3).

As noted, none of the selected studies made use of the MCD45A1 burned area product
due to the unsuitable characteristics of the algorithm for mapping agricultural field burning or
were conducted before the MCD45A1 product was made widely available to the scientific
community. Instead, attempts have been made to develop a dedicated methodology for
mapping burned cropland areas. Of the nine studies, three used the MODIS reflectance
product (MODO09A1) to compute the dNBR spectral index, to then proceed to map burned
areas. The dNBR index is derived from the differencing of pre-fire and post-fire MODIS
surface reflectance NBR products (NBR= Band,-Band;/Band,+Band;). McCarty et al. (2008)
were the first to present and demonstrate the use of this hybrid methodology.

The hybrid approach is summarized in a conceptual model (Fig. 1). The total burned
cropland area is the sum of calibrated active fire counts and dNBR burned area detections.
The MODIS active fire product is calibrated to assign detections the average corresponding
burned area. Mc Carty et al (2008) proposes a value of 0.16-km? which is 16 ha or ~40 acres

for this calibration. The dNBR was calculated as the difference between the pre-burn NBR
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values and NBR values of an image taken 8 days later. A region specific threshold was
calculated in order to exclude unrelated spectral changes, for example derived from tillage.
The threshold was created by identifying burned fields on the ground in two field campaigns,
and by observing the changes in NBR over these known prescribed agricultural burned areas.
The results from validating the hybrid burned area product with field data and high-resolution

imagery are summarized in Table 3.

Image pre-processing (MODIS QA
bits mask out bad qualty pixels)
NBR calculation for 8-day composites
2004 and 2006 GPS points
of plowed fields i
Pre-bum compositing
l Pre-bum(n) = (NBR(n) > fill) * NBR(n)
+(NBR(n<8) > fill) * (NBR(n) = il
Digitized plowed field
boundaries from 2004 Landsat ;
and 2006 ASTER scenes dNBR = pre-bum - postd
where pre-bum = Pre-bum(n),
post-bum = NBR (n+8)
1 MODIS active fire points (Aqua and
Overlay field boundary Terra) with confidence level > 60% are
polygons on MODIS dNBR to > dNBR thresholding (>=0.375) buffered to 1km diameter
derive threshold
' ]
R",}'&,f}"{m m@m ;I:s:‘:om Results clipped to cropland class
l from the MODIS 1 km Land Cover
e eon?:a‘#m ot (| Active fire butters overlapping with
burning period) »|  burned area polygons are eliminated

.

CBA (remaining fire detections are
calibrated into buned are estimates by
Crop residue bumed area = DBA + CBA multiplication factor of 0.16)

Validation of DBA and CBA
results using GPS points of
burned fields and 2003 and

2004 ASTER burn scarimages

Fig.1. Description of data processing and burned area algorithm for croplands DBA = dNBR
burned area product, CBA = Calibrated active fire burned area product (Taken from McCarty

et al. 2008).



12

The combination of calibrated active fire points with dNBR area product proved to be
important as the two products provided complementary information. The active fire points
calibrated into burned area only contributed <4% of the total burned area detected using the
hybrid approach but, despite a small overall contribution to the areal estimates, they identified
spatial patterns that the dNBR burned area product omitted. Approximately 70% of the active
fire detects were in areas not overlapping the dNBR burned area, demonstrating that even
with small contribution to area, the active fire product was able to detect those smaller fires
that the MODIS dNBR product, with 500-m? resolution, was unable to detect. The MODIS
dNBR, likewise, is able to provide information on burned area that the calibrated active fire
product omitted. Since active fire algorithm is only able to detect an actively burning fire
during the time of overpass, and because of cloud cover potentially obscuring the view at the
overpass time, there is potential for missed detections. The MODIS dNBR product has the
ability to detect fires that occur in between overpasses due to the persistence on the ground of
the spectral changes due to the fire (e.g. removal of the agricultural residue, soil exposure and
deposition of charcoal).

Due to the fact that the McCarty (2008) approach was not systematically applied
outside the United States, and was not available for other regions (Huang et al. 2012),
subsequent studies did not use any burned area product, and relied uniquely on MODIS Terra

and Aqua active fire detection (Korontzi et al. 2008; Vadrevu et al. 2011)..

Uncertainties and Conclusion
While the MODIS active fire product is effective at displaying spatial and temporal
patterns of cropland fire events (Giglio et al. 2003; Giglio et al. 2006; Korontzi et al. 2006),

the simple accumulation of active fire counts can lead to a significant bias in the areal
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estimates, and in turn under- or over-estimate cropland residue fire emissions (Giglio et al.
2006; McCarty et al. 2008).

The MODIS system is able to detect only a subset of active fires due to the limited
temporal sampling (typically four overpasses a day): agricultural fires are usually short lived,
and might not be actively burning at the 10:30 am and 1:30 pm overpass time of Terra and
Aqua respectively. Cloud and smoke obstructions decrease even further the detection rate.
Secondly, the number of active fire counts is not immediately translated to agricultural burned
area estimates. Strong correlation was shown for specific events, or specific regions (McCarty
et al. 2008; McCarty et al. 2009; McCarty 2011), but do not immediately translate to valid
correlation coefficients at the continental and global scale (Kasischke et al. 2003;
Romanenkov et al. 2014).

The integration of dNBR and active fire products provide a more comprehensive
estimate for burned area in cropland landscapes. However, the published methods were
developed for regional applications, and caution must be taken when applying them outside
those regions. The thresholds proposed by McCarty et al. (2008) would not be appropriate
outside the study area, due to the variability of pre-fire and post-fire spectra. Soils properties,
soil moisture, agricultural practices like irrigation or tillage, and fragmentation need to be
accounted for each specific study area before the methodology can be applied. Field
observations are therefore essential to apply this method to new areas.

Cropland residue fires are common in agricultural intensive regions and will become
more common as the need for agricultural land use increases. As a large inter-annual
variability exists for agricultural fires, the importance of developing a method for direct

monitoring is stressed (McCarty et al. 2008). MODIS provides data with high temporal
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resolution making it very ideal for monitoring agricultural landscapes for fire occurrence. The
indirect approaches for monitoring fire, as presented and outlined from the reviewed literature
in this paper, can easily over- or under-estimate burned area and therefore cropland residue
fire emissions. A direct method for observing cropland fire would allow for development of
spatially explicit and temporally dynamic models of emissions and air quality estimates for a
growing number of users in the management and agricultural community (McCarty et al.

2008).



Table 3. Summary of studies that evaluated the use of MODIS for mapping agricultural fire

Acronyms used are as follows: MODIS, Moderate Resolution Imaging Spectroradiometer; ASTER, Advanced Spacebone Thermal Emission
and Reflection Radiometer; AOD, aerosol optical depth; dNBR, differenced Normalized Burn Ratio; AWIFS, Advanced Wide Field Sensor

Study

Region

MODIS fire data approach

Validation

Results

Korontizi et al. (2006)

McCarty et al. (2006)

Venkataraman et al. (2006)

MccCarty et al. (2008)

Korontizi et al. (2008)

Global assessment

Southeastern, USA

Forests, Shrublands, and
croplands,
India

Southern Great Plains,
southeastern USA

Mississippi River Valley region,
southeastern USA

CONUSs

1-km MODIS (from Terra only) active fire product
(MOD 14) used to estimate agricultural fire
characteristics

1-km MODIS (from Terra only) active fire product
(MOD 14) used to estimate agricultural fire
characteristics

1-km MODIS (from Terra only) active fire product
(MOD 14) used to estimate agricultural fire
characteristics

500-m MODIS 8-day surface relfectance product
(MODO09A1) combined with 1-km MODIS active fire
product (MOD14/MYD14)

MODO09AL1 used to derive dNBR for burned area.

1-km MODIS active fire product (MOD 14/MYD14)
used to estimate agricultural fire characteristics

Seasonal and interannual trends of
agricultural fire activity is compared with
known national and regional practices and

crop production estimates

n/a

Field observations/experience

Total number of global agricultural fires are detected for years
2001-2003

Seasonal peaks are detected during April to May and August
Russian Federation is identified as largest contirubutor to
agricultural burning

Active fire products are found consistent with known national and
regional practices

Agricultural fire found as significant contributor to fire activity in
southeastern US (16% of burning)

Southeastern US contriubutes 33% of all cropland fire in the US
Crop type, preperation and harvest practice affect the spatial and
temporal variability of fire detections

Active fire products may be useful for capturing the seasonal
variability of cropland fire

May not be relaiable for burned area

Open biomass burning emissions are estimated for 1995-2000

Detected burned area was compared with in- ASTER from 2003-2004 images show dNBR derived product

situ and
15-m ASTER burnscar data

Accuracy assessment performed using

slightly overestimates burned area (slope = 1.03 R2=0.92, n=58)
for 2003 and (slope=1.06, R?=0.93, n=43) for 2004 Field data
shows agreement (n=21, Kappa = 0.79) for 2004 and (n=48,
Kappa = 0.89) for 2006

Smallest flaming (800-1000K) fire size detectable at 50%

coincident 30-m active fire observations from probability with MODIS is 100n? Strong diurnal signal was

ASTER data.

detected during fall months No diurnal varaition in spring months.

MccCarty et al. (2009) 500-m MODIS 8-day surface relfectance product Total of 296 GPS points including in-situ In general, regions displayed agreement between 500-m dNBR
(MODO09A1) combined with 1-km MODIS active fire data about field sample were collected. product
product (MOD14/MYD14) In-situ data digitized using 15-m ASTER, 30- and in-situ field boundary data (78%-90%)

MODO09A1 used to derive dNBR for burned area. m Landsat TM, and 56-m AWIiFS provides mean annual burned agricultural area (2003-2007)

Vadrewu et al. (2011)

McCarty (2011)

Indo-Ganges region, India

CONUS

1-km MODIS active fire product (MOD 14/MYD14)
used to estimate agricultural fire characteristics

500-m MODIS 8-day surface relfectance product
(MODO09A1) combined with 1-km MODIS active fire

n/a

Provides mean AOD for 2003-2008
Increased AOD coincided well with winter argicultral fires but
weak relationship with summer agircultural fires

Detected burns were compared to in-situ, 15- Provides average annual (2003-2007) emissions from crop residue

m ASTER, 30-m Landsat TM, and 56-m

burning for CONUS

product (MOD14/MYD14) AWIFS data CO and CH4 emissions from crop residue burning by EPA were
MODO09A1 used to derive dNBR for burned area 73 and 78% higher than the emission estimates from anaylsis
Accuracy of burned area mapping of 84%.
Huang et al. (2012) Rural agricultral and 1-km MODIS active fire product (MOD14/MYD14) n/a Provides average annual (2003-2010) emissions from crop residue

peri-urban areas, China

used to estimate agriculturalfire characteristics

burning for China

North China Plain, Northeast China, and South China are main
contributors to emissions from agircultural open burning Emissions
are significantly associated with local sowing and harvest seasons.

qT
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Chapter 2: Characterization of the Spectral Signature of Agricultural

Burned Areas!

Abstract

Timely and accurate assessments of the extent and location of agricultural fires are
needed to correctly quantify their contribution to global fire emissions and also to assist
decision makers involved in human health and air quality regulations at the local level.
Previous works have shown that spectral signatures of cropland burned areas and bare soil are
relatively indistinguishable resulting in significant detection uncertainty from corresponding
remote sensing products. The present evaluates burned area mapping spectral indices applied
toLandsat 8 OLI data for various cropland pixel mixtures by monitoring the spectral signal
throughout the harvest, burning and tilling periods. The field data collection was conducted in
the east-central Palouse region of northwestern Idaho and southeastern Washington. Surface
reflectance was measured on experimental plots of spring wheat and barley fields with an
Analytical Spectral Device (ASD) FieldSpec Pro radiometer following the VALERI protocol
for upscaling the field measurements to 30 meter pixels (Baret et al. 2005). All the dates for
field data collections are coincident with Landsat 8 OLI overpasses. Mixture models were
used to simulate Landsat pixel signatures for various mixtures of post-harvest agricultural
residue with exposed wet/dry soil or burned agricultural residue. Results show minimal
separation exists between model outputs for mixtures containing post-harvest residue with
burned residue and post-harvest residue with exposed wet/dry soils. The results of this

research indicate that reliable detection of burned area in agricultural regions cannot be

! Article submitted to the International Journal of Wildland Fire (2015)
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performed with the conventional spectral index approaches, unless full combustion occurs for

the entire area of the target pixel.

Introduction

Quantifying the temporal and spatial variability of cropland burning is needed to
improve our understanding for creating precise emission inventories and develop informed
legislative measures to mitigate the contribution to air pollution (Aneja et al. 2006). Past
studies have demonstrated the potential application of satellite remote sensing data to produce
temporal and spatial statistics of biomass burned from prescribed agricultural fires (McCarty
et al. 2007; McCarty 2011; Huang et al. 2012). Large uncertainties caused by ambiguous
spectral features and temporal patterns of cropland fires, however, still hinder the
development of global products that can be used for local policy and management
applications (Roy et al. 2008; Randerson et al. 2012).

The Moderate Resolution Imaging Spectroradiometer (MODIS) system, aboard the
polar orbiting EOS-AML1 (Terra) and EOS-PM1 (Aqua) satellites of the National Aeronautics
and Space Administration (NASA) Earth Observing System (EOS), was the first sensor
specifically designed with dedicated bands for fire detection (Kaufman et al. 1998). These
sensors provide at a global scale two observations during the day and two at night. Two fire
products are part of the suite of thematic land products, available systematically for the
duration of the mission (year 2000 onward): the MOD/MYD14 1-km global active fire
product (Justice et al. 2002; Giglio et al. 2003) and the MCD45A1 500-m global burned area
product (Roy et al, 2005; Roy et al. 2008). A more detailed description of the MODIS fire

products used for agricultural burned area detection is presented in chapter 1.
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As discussed in the previous chapter, both the MOD/MYD 14 active fire and
MCD45A1 burned area detection products have limitations in their ability to monitor
agricultural fires. The MOD/MYD14 detection rate is negatively affected by the widespread
presence of quick burning cropland fires that occur at times other than overpass. As a
combination of the fast temporal dynamic of cropland fires and their low biomass load, the
amount of energy required for the active fire detection is often not released at the time of
satellite overpass, even if the fire is actively burning. Detection rates have been also shown to
be affected by the presence of heavy smoke or cloud cover (Csiszar et al. 2006; Hawbaker et
al. 2008). In case of an active fire detection, the binary (fire/not fire) nature of the algorithm
does not allow for a direct estimate of the actual area burned within the 1-km active pixel
(Kasischke et al. 2003; Giglio et al. 2006; Romanenkov et al. 2014).

The MCD45A1 burned area product also has severe limitations for cropland burned
area detection. Information provided by this product has indicated that ~1.3% of global
cropland area was burned from 1997-2010 (Giglio et al. 2010) and that this is most likely an
underestimation as many cropland fields and fires are much smaller than the 25-ha surface
reflectance pixel (Roy et al. 2008; Lin et al. 2012). Furthermore, the temporal persistence of
agricultural burned areas is often shorter than the minimum persistence time requested by the
MCD45A1 algorithm: in many cases, burning is immediately followed by plowing, with as
little as a single day between the two events. Although the product’s use is sometimes
unavoidable, the combination of these two effects can lead to a significant underestimation of
the total agricultural burned area, and makes MCD45A1 unsuitable as the primary data
sources for studying burned areas in agricultural landscapes (J.L. McCarty, Michigan Tech

Research Institute, personal communication).
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The United States Geological Survey (USGS) has been distributing Landsat data at no
charge via the internet since 2008 (Woodcock et al. 2008), allowing for unprecedented
opportunities for long-term and large-scale environmental monitoring at the 30 meter scale,
including systematic burned area mapping (Boschetti et al. 2015). There are advantages and
limitations in the potential use of Landsat for mapping agricultural burned areas. The high
spatial resolution (30-m) is compatible with the typical size of agricultural fields, but the low
temporal resolution (16 day revisit time) can be problematic when agricultural practices
include rapid tilling of the burned areas. For example, a field may progress from post-harvest
agricultural residue to burned residue and then to tilled soil between Landsat overpass
periods. By missing this progression, it would be impossible to know whether the field was
burned and then tilled or if the field was only tilled.

Even at the Landsat scale some heterogeneity remains, due to pixel mixing caused by
weathering, management effects and the terrain’s heterogeneous nature (Watts et al. 2009). In
order to avoid commission errors from other forms of land cover or land cover change
(harvesting or tilling), most burned area algorithms will require a large fraction of an
individual pixel’s area to undergo a complete burn event in order for detection to be
successful (Roy and Boschetti 2009; Randerson et al. 2012). Roy and Landmann (2005) have
addressed the problem of mixed pixels by developing a specific mixture model for burned
areas.

The objective of the paper are to evaluate whether linear and non-linear spectral
mixture models provide any improvement over common burned area spectral indices in
identifying agricultural burned areas when applied to Landsat data on an agricultural region

where cropland burning is a common management practice.
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Methods

a. Study Area

The study was conducted in the east central Palouse Prairie region. The Palouse bioregion
covers 16,000-km? in southeastern Washington, west central Idaho, and northeastern Oregon
(Bailey 1995). The region is characterized by hot, dry summers followed by wet and
relatively warm winters. The east central Palouse region was once a widespread prairie
composed of perennial grasses such as Blue bunch wheatgrass (Psuedoregneria Spicata) and
Idaho fescue (Festuca idahoensis). Today it is virtually all planted in agricultural crops (Black
et al. 1998).With a rolling landscape of mostly developed loess hills, soils are often more than
100-cm deep giving the region some of the world’s most fertile soils for producing cereal
crops such as wheat and barley (Williams 1991).

For the collection of pre- and post-harvest agricultural residue measurements, study
sites were selected at two primary locations east of Genesee Idaho, USA while exposed soil
and burned agricultural residue endmember measurements were collected in separate sites
west of Potlatch Idaho, USA (Fig. 2). Pre-harvest ground measurements are not presented

here, but were used to compare to satellite data.



Fig.2 Palouse bioregion outlined in the inland northwest, USA (top left). Locations of primary
sites A- D illustrated as white diamonds and burned/soil land cover spectral data collection
sites illustrated as red diamonds (bottom left). Close up of site A and B overlaid on individual
Landsat 8 OLI pixels of interest in false composite: R: SWIR 1.5 (1.57-1.65 um) G: NIR

(0.85-0.88 um) B: Red (0.64-0.67 um) (right).

This study adapted methods from the VALERI field campaign in order to upscale our site
field measurements to a single 30x30-m Landsat 8 OLI pixel (Baret et al. 2005). Sites
contained two center-crossed 30-m transects with sample locations occurring every 5-m in
addition to each of the corners, totaling 17 samples per site. The precise position of each site
was pre-determined by selecting Landsat 8 OLI pixels in cropland areas that were relatively
flat and homogenous crops. The geographic coordinates of the selected pixels were located in

the field and the center-crossed transects were arranged on the precise location based on the
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center-pixel coordinates retrieved from the downloaded Landsat 8 OLI scene. Selected plot
metadata describing characteristics of each site are summarized in (Table 4). The field sites
were specifically selected areas free of interference from man-made objects (e.g. power lines,
roads, etc.). The cereal crops were chosen due to their abundance in the Palouse and for the
regularity of post-harvest biomass residue burning as a management practice. Ground data
was collected during the Landsat 8 OLI overpass immediately following harvest (within eight
days). For a more detailed description of the VALERI protocol, refer to the appendix at the
end of this document.

Table 4. Plot crop type and ancillary data

. Crop/Land cover Center pixel coordinates . .
Site type (decimal degrees) Elevation (m)  Date of sample collection
Spring wheat
. 46.498390 N, 116.816900 W

A (Hard white) 768 August 2nd

B Barley 46.500271 N, 116.816122 W 749 August 11th

C Sprigwheat 0 26164 N, 116.833084 W 879 August 27th
(Hard red)

D Springwheat e o287 N 116.833481 W 871 August 27th
(Hard red)
Bumed 6 962334 N, 117.053902 W 773 September 11th

agricultural reside
F Exposed soil 46.855170 N, 117.024664 W 821 September 11"/ December 8th

Burned agricultural endmembers were collected within a day of each prescribed fire. Dry soil
measurements were collected on the same day, at the end of the dry season. Because of the
weather pattern in the Palouse it was not possible to collect wet soil measurements for the
whole summer; the measurements were collected instead in late fall, after a long period of
precipitation.

Soil and burn measurements were made at separate sites because it was not possible to

locate a field that had the definite expectation of later burning or tilling after harvest due to
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the unpredictable nature of management practice based off of field conditions. Access was
granted for repeated sampling of sites A-D while the burn and soil sites were later chosen for
their similar landscape, crop types and seasonal spectral profile. Given this information, it is
reasonable to assume that the averaged measurements of sites A-D are an adequate
characterization of pre-fire conditions of cereal crops in the study area. The burn sites were
located using local MOD14/MYD14 active fire detections. No prescribed fire data (including

fire or tilling management data) was collected.

b. Data

Spectral ground measurements were made using an Analytical Spectral Devices
(ASD) FieldSpec Pro with a spectral range of 350-2500 nm and 1.4-nm sampling interval
(Analytical Spectral Devices, Boulder, Colorado, USA). A hand-held wand device was
designed and built to house the pistol grip and fore-optic 0.5 m away from the researcher to
minimize shadow or object interference. The cable fore-optic has a field of view of 25°.
Measurements were taken from the nadir viewing angle, 0.5 m above canopy. Sampling
occurred in the direction of solar irradiance to minimize the effects of bi-directional
reflectance uncertainty.

ASD spectral reflectance data was converted into the band equivalent reflectance of
Landsat 8 OLI bands 1-8 through a convolution process using a suite of relative spectral
response functions for each ground collection (Trigg and Flasse 2001; Smith et al. 2005). The
17 samples were then averaged across the plot to estimate the spectral signature of the
Landsat 8 OLI pixel. For the present study, four spectral endmembers are considered:
unburned agricultural residue, dry soil (post-tilling), wet soil (post-tilling), burnt agricultural

residue. Each endmember was estimated by upscaling the 17 ground collected spectral
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samples at the corresponding ground plot. The averaged endmembers were used as input data
for the mixture modeling phase of the study. Wet (saturated) soil was considered a unique
endmember given patches of standing water were not a realistic component of the Landsat 8
OLI pixels.

All collections, including measurements for determining burned agricultural residue
endmembers, were coincident with Landsat 8 OLI overpasses during clear and sunny local
weather conditions. A more detailed description of the Landsat 8 OLI data set can be found at

the end of this document (See Appendix).

C. Mixture Modeling

Two modeling approaches were used to simulate a variety of mixtures of land cover
within a Landsat 8 OLI pixel. Following Roy and Landmann (2005) we simulated the spectral
response of varying pixel mixtures of unburned post- harvest and burned agricultural residue
as a function of combustion completeness and fraction of observed land cover area that
burned within the pixel (Eq. 1). The second approach is a simple linear mixture model (Eqg. 2)
which was used to simulate the spectral response of varying pixel mixtures of unburned post-
agricultural residue with exposed soil surface (wet and dry) as a function of the fraction

observed soil land cover area in the pixel.

pe = (1= fec)py + fecpy 1)

pe = (1 —flpy + fps 2)

Where p; is the target reflectance of a mixed pixel, p,, is the unburned agricultural residue

endmember input, p, is the burned agricultural residue endmember input, p is the exposed
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soil endmember input, f is the fraction of observed area (exposed soil or burned residue) (0 <
f < 1) and cc is the combustion completeness (0 < cc <1).

All model calculations were computed using the R statistical environment (R
Development Core Team 2014). The normalized burn ratio (NBR = pNIR-
pSWIR, 1/pNIR+pSWIR; 1) (Key and Benson 1999), normalized difference vegetation index
(NDVI = pNIR-pRed/pNIR+pRed) (Rouse Jr et al. 1974) and mid-infrared burn index
(MIRBI =10pSWIR;1-9.8pSWIR; 5+2) (Trigg and Flasse 2001) were selected as the spectral
indices of interest. The spectral indices selected in this study have been widely applied in
burned area detection in non-forested ecosystems (e.g., savannahs, grasslands, and sage-
steppe), which given the non-vertical canopy nature of agricultural fields was considered a
reasonable analogue (Fraser et al. 2000; Domenikiotis et al. 2002; Escuin et al. 2007; Zhang
and Kondragunta 2008). The spectral indices for post-harvest endmembers were calculated
using averaged band values from sites A-D to simulate typical index values for post-harvest

residue.

Results

The calculated endmembers gathered from the field campaign are presented (Table 5).
Post-harvest values shown in figure 3 are calculated by averaging each channel value from
sites A-D. Averaged post-harvest ground data did not appear to be inconsistent from typical
Landsat 8 OLI measurements of post-harvest residue for cereal crops in the Palouse.

By applying equation (1) and (2) it is possible to simulate reflectance values and
spectral indices of a mix of agricultural residue, burned residual, dry and wet soils. The

spectral trajectories of the reflectance values, plotted as a function of the fraction of area
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burned and combustion completeness and as a function of the exposed bare soil are presented

in Figure 3. The corresponding trajectories for the spectral indices are presented in Figure 4.

Table 5. Spectral endmembers and burn indices considered. Values are derived from convolution of ASD ground data
into Landsat 8 OLI surface reflectance values per band. Index values are calculated from averaged bands 4-7 surface

reflectance values for sites A-D.

Land cover Band 4 Band 5 Band 6 Band 7 NBR MIRBI NDVI
Averaged A-D  0.393469 0.543632 0.511143 0.328222 0.247072 0.273015 0.160243
Wet soll 0.048526 0.080429 0.136967 0.10843 -0.14827 1.742002 0.247391
Dry Soil 0.132128 0.185262 0.264224 0.240641 -0.13003 1.817009 0.167411
Burned 0.047826 0.070418 0.132904 0.13852 -0.32595 2.082741 0.191065
f f
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Fig.3. Mixture model trajectories for Landsat 8 OLI bands 4-7.The solid line represents the

post-harvest agricultural residue and burned agricultural mix trajectory as a function of the



31

product of fraction of observed burned area and combustion completeness (f.) which is
expressed on the bottom x-axis. The dashed line represents the post-harvest agricultural
residue and dry soil mix trajectory as a function of the fraction of observed area of exposed
soil (f) which is expressed on the top x-axis. The dotted line represents the post-harvest
agricultural residue and wet soil mix trajectory as a function of the fraction of observed area

of exposed soil (f) which is reported on the top x-axis.
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Fig. 4. Mixture model trajectories for Landsat 8 OLI burn indices. The solid line represents
the post-harvest agricultural residue and burned agricultural mix trajectory as a function of the
product of fraction of observed burned area and combustion completeness (f..) which is
expressed on the bottom x-axis. The dashed line represents the post-harvest agricultural
residue and dry soil mix trajectory as a function of the fraction of observed area of exposed
soil (f) which is expressed on the top x-axis. The dotted line represents the post-harvest
agricultural residue and wet soil mix trajectory as a function of the fraction of observed area

of exposed soil (f) which is reported on the top x-axis.
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The simulated spectral indices and bands 4-7 performed as expected, showing a
reduction in reflectance as the surface transition from unburned agricultural residue to burned
area, or to exposed soil. It should be noticed that, in all bands, the burned endmember and the
wet soil endmember are extremely similar. Of the investigated indices, NDVI was wholly
unsuitable, consistent with the literature on burned area mapping (Roy et al. 2005). Figure 4
highlights that, as post-harvest residue progresses to wet soil and burned residue, a slight
increase in reflectance are observed potentially due to the presence of regenerating vegetation.
All the other indices showed a good burned-unburned separation, but a poor separation
between burned areas and soils. The burn residue spectral samples collected from the field
included some soil and possibly very small amounts of left over senesced plant material. This
follows what one would expect to see in reality since total combustion of the entire pixel area
may never be the actual result of a cropland burn. In summary, all indices in figure 4
demonstrate minimal separation between burned areas and soils, indicating that the indices
have poor performance if employed to map burned areas in cropland regions where both
burning and tilling are common practices.

The upscaled ground spectral measurements were compared to the contemporaneous
Landsat 8 OLI data, collected for each site’s pixel at the time of the field measurements (Fig.
5 & 6). The figures demonstrated the temporal trajectory of the spectral values at each of the
observed pixels throughout the growing season. In order to facilitate the interpretation of the
trajectories, the bottom right quadrant of Figure 6 reports the land cover status for each site at
each overpass date, and table 6 reports the harvest/burning/tilling dates.

All of the sites show a similar progression of spectral values throughout the growing

season, with sharp increases in bands 4-7 immediately after harvest, with the exception of site
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E. The increase in reflectance is consistent with the ground spectral measurements, and is due
to dry, very reflective loose straw, almost completely covering the ground after harvest. The
slight decrease in bands 4 and 5 for site E was only a local phenomenon as most of the
neighboring pixels had increases in bands 4-7 during pre-harvest to post-harvest land cover
change. No ground observations exist for site E immediately after harvest so it is not clear

what may have caused the slight decrease in reflectance.
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Table 6. Date of first Landsat 8 OLI overpass after site surface cover
change. Surface cover change type is listed.

Site Harvest Tilled Burned
August 2 -- --
August 11 -- --
August 27 -- --
August 27 -- --
August 18 -- September 12

August 27 September 12 --

mMTmoOO >

Consistent with the pattern observed in the mixture analysis of figure 4, figure 6 shows
that the NDVI trajectories for burned and unburned sites are not separable. NBR performed
slightly better as an index used for detecting changes caused by burning or tilling. Out of the
three indices compared in figure 6, MIRBI provides the most explicit information for when a
change occurs, with sharp decreases during harvesting and sharp increases during burning or
tilling.

Reflectance values for all studied bands slowly decrease over time after harvest as
loose straw is removed by the wind exposing the underlying soil. Plant matter decomposition
and weathering may also play a role in the decrease of reflectance. This transformation is
important to consider as it will affect the differenced index values between post-harvest
residue and tilled or burned residue. For example, differencing averaged immediate post-
harvest MIRBI from bare soil MIRBI results in a MIRBI value ~1.14. A near identical is
produced (~1.17) after differencing September 12™ post-harvest MIRBI from burned residue
MIRBI, illustrating the temporal dimension of management practices effect on the indices
ability to characterize burned area from tilled soil.

These channels and indices are also sensitive to the intrinsic variability of spectral

signatures for soil and burned residue. The results from figure 3 and figure 4 illustrate that wet
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soil is darker than dry soil in all the bands that were considered; thus lowering the probability
of distinction in tilling and burning land cover changes. In addition to this, the burn residue
included in this study was not calculated from a site that experienced a high-temperature fire,
which occasionally occurs during prescribed cropland burning. High-temperature fires deposit
white ash, which, if existing in sufficient quantities (e.g., >2% of a pixel), can act to reduce
the total decrease in surface reflectance due to a burn event (Stronach and McNaughton

1989).

Conclusion
This study presented an original combination of ground data collection and
spectral mixture models to investigate the spectral characteristics of agricultural burned areas.
In particular, the study focused on understanding whether it is possible to reliably use spectral
indices to detect agricultural burning, and to discriminate between agricultural burning and
other agricultural practices such as tilling. Agricultural burned areas experience quick
transitions from vegetation to soil or burned residue as an effect of management strategies,
thus exhibiting temporal and spectral patterns very distinct from wildland fires. The study was
conducted using six locations across the east-central portion of the Palouse region in western
Idaho. Of these, four locations were used to characterize the spectral characteristics of post-
harvest unburned residue, one for exposed soils following tilling, and one for burned
residuals.
Spectral measurements of reflectance were performed using an ASD FieldSpec Pro
instrument, and adopting the VALERI protocol (Baret et al. 2005). The ground sampling
protocol allowed upscaling the measurements to the level of single Landsat pixels. Spectrally,

the measurements were convoluted using the Landsat 8 OLI spectral response functions,
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resulting in Landsat reflectances simulated from ground spectra. These simulated Landsat
reflectances were used with the spectral mixture model proposed by Roy and Landmann
(2005) to calculate the reflectance of mixed pixels as a function of the fractional cover of
unburned residual, burned area and soil.

The results showed good separation of the NBR and MIRBI indices between unburned
and burned spectra, but minimal separation between burned areas and soils, especially for low
combustion completeness and fraction of area burned (f.c). The NDVI index was instead
insensitive to burning, showing in one case a slight increase.

The results provide an insight on the reasons why global burned area algorithms,
usually designed to map wildfires (Roy et al. 2005), underperform over agricultural areas:
with a low separability between the signal due to burning and the signal due to tilling, either
commission errors (e.g. tilling mapped as burning) or omission errors (e.g. burning
erroneously discarded as tilling) are inevitable.

Further research will target the specific problem of discriminating between the
temporal trajectories of spectral indices caused by burning and tilling, and will include a
comprehensive evaluation of the behavior of spectral indices, in particular investigating the

potential of the joint use of several indices (Stroppiana et al. 2012).
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Appendix: Description of Data and Processing

This appendix describes the VALERI protocol (Baret et al. 2005) used to collect
ground measurements in detail as well as providing a greater description of collected data sets

used in the chapter 2 analyses.

VALERI protocol

The protocol established by Baret et al. (2005) is presented as a basis for validating
medium resolution satellite products. In their document, the authors outline necessary
measurements to be considered based on a site’s size, homogeneity, topography and biome
type. The spatial sampling schemes for an established site, which they refer to as elementary
sampling unit (ESU) also depends on the before mentioned parameters. Since Landsat 8 OLI
exists at a higher spatial resolution than the medium resolution sensors they address, we
followed methodology for scaling high spatial resolution imagery. This means we scaled only
once as opposed to multiple scaling up or down multiple levels.

For our analysis, ESUs were established in the field based on scaling parameters
necessary for Landsat 8 OLI and to account for factors which could bias results (e.g. local
topography and man-made elements). These sites were established in mid-June after the
growing season had already begun. The spatial sampling contained within one ESU is
presented (Fig.7). We adapted the spatial sampling scheme by combining the “square” and
“cross” patterns for our sites. As our crop sites were neither sparse nor discontinuous in

vegetation distribution, this method was deemed optimal for our needs.
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30
meters

30
meters

Fig. 7. Established ESU for sampling protocol. One ESU is established for the Landsat
8 OL.I pixel of interest. Center pixel coordinates are taken from the center individual sampling

site where the crossed transects intersect.

Data processing

The steps taken for ground data processing are presented in a conceptual diagram (Fig.
8). The relative spectral response functions used to average the ASD data into Landsat 8 OLI
surface reflectance values were downloaded from NASA Landsat website:

(http://landsat.gsfc.nasa.gov/?p=5779).
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Fig.8. Conceptual diagram of processing procedure from binary ASD data to usable

endmember inputs.

Coincident Landsat 8 overpass data is represented (Table 7). Ground measurements
were taken throughout the summer at each of the overpass dates with interest in characterizing

the similarity of ground obtained ASD measurements with Landsat 8 OLI overpass data.



Table 7. Coincident Landsat 8 OLI scene with date of overpass and ground collection.
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Landsat 8 OLI scene

Date of overpass / ground collection

Sites sampled

LC80430272014182L.GNOO
LC80420282014191LGNOO
LC80430272014198LGNOO
LC80420282014207LGNOO
LC80430272014214LGNOO
LC80420282014223LGNOO
LC80430272014230LGNOO
LC80420282014239LGNOO
LC80420282014255LGNOO

July 1
July 10
July 17
July 26

August 2
August 11
August 18
August 27
September 12

AB,C,D
AB,CD
AB,C,D
AB,C,D
AB,CD
AB,C,D
AB,CD
AB,CD
EF

The results of each scatter plot r* value are presented in Table 8. The comparison

revealed the weakest correlation existing in the NIR channel. We expect that this correlation

may have been influenced by site disturbances to sampling throughout the summer.

Table 8. R-squared values for comparison of Landsat 8 OLI overpass data and

ASD averaged data. Bands in bold are channels used in analyisis.

Landsat 8 OLI band

R-Squared value

Band 2
Band 3
Band 4
Band 5
Band 6
Band 7

0.834
0.908
0.9414
0.6818
0.9221
0.8963

Site B which had the experienced the heaviest disturbance, had a number of flattened areas

throughout the pixel surface caused by nesting wildlife (Fig.9). We suspect that this

disturbance is the reason for the least comparability among all the sites (r>=0.06).
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Fig 9. Hemispherical image taken from within site B on July 1%, 2014. The image shows
heavy disturbance of vegetation structure which was typical throughout the site.
Hemispherical lens was used as subsequent sampling of LAl was taking place for other

studies.



