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Abstract: Alaska has witnessed a significant increase in wildfire events in recent decades that have
been linked to drier and warmer summers. Forest fuel maps play a vital role in wildfire management
and risk assessment. Freely available multispectral datasets are widely used for land use and land
cover mapping, but they have limited utility for fuel mapping due to their coarse spectral resolution.
Hyperspectral datasets have a high spectral resolution, ideal for detailed fuel mapping, but they
are limited and expensive to acquire. This study simulates hyperspectral data from Sentinel-2
multispectral data using the spectral response function of the Airborne Visible/Infrared Imaging
Spectrometer-Next Generation (AVIRIS-NG) sensor, and normalized ground spectra of gravel, birch,
and spruce. We used the Uniform Pattern Decomposition Method (UPDM) for spectral unmixing,
which is a sensor-independent method, where each pixel is expressed as the linear sum of standard
reference spectra. The simulated hyperspectral data have spectral characteristics of AVIRIS-NG
and the reflectance properties of Sentinel-2 data. We validated the simulated spectra by visually
and statistically comparing it with real AVIRIS-NG data. We observed a high correlation between
the spectra of tree classes collected from AVIRIS-NG and simulated hyperspectral data. Upon
performing species level classification, we achieved a classification accuracy of 89% for the simulated
hyperspectral data, which is better than the accuracy of Sentinel-2 data (77.8%). We generated a
fuel map from the simulated hyperspectral image using the Random Forest classifier. Our study
demonstrated that low-cost and high-quality hyperspectral data can be generated from Sentinel-2
data using UPDM for improved land cover and vegetation mapping in the boreal forest.

Keywords: simulation; hyperspectral; UPDM; spectral reconstruction; boreal forest

1. Introduction

Wildfires are of great importance when it comes to plant succession, natural regenera-
tion, reducing debris accumulation, maintaining ecosystem health, diversity, nutrient cycle,
and energy flow [1]. Since excess of anything causes harm, increase in wildfire frequency
and area burned also poses a risk to the ecosystem’s health and diversity. Severe wildfires
are occurring globally every year, causing unprecedented ecological and economic damage.
In 2019, a massive fire occurred in the Amazon rainforest, which attracted global attention.
Again, in 2020, the Amazon forest suffered a severe loss from wildfires that burned an
area of approximately 20,234 sq. km [2]. In the same year, Australia recorded a huge
bushfire that burned an area of around 186,155 sq. km and nearly 3 billion animals were
displaced [3]. In 2020, 17,230 sq. km in California burned from wildfires that spread over
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the West Coast of the United States, making 2020 the largest wildfire season recorded in
California’s modern history [4].

Alaska, the northernmost state of the US, has 509,904 sq. km of forested land [5].
Wildfires are a natural and essential part of Alaskan ecosystems. Nonetheless, wildfires
in Alaska are increasing in frequency, area burned, and severity, mirroring the global
increase in wildfire events [6,7]. In the last two decades (2001-2020: 127,671 sq. km),
wildfires in Alaska have burned 2.5 times more forest than the previous two decades
(1981-2000: 57,060 sq. km) [7]. In 2019, Alaska had 719 wildfires that burned nearly
10,500 sq. km of forest [8], making it the 10th largest fire year in recorded history. Many of
these fires were near major population centers along the Wildland Urban Interface (WUI).
The societal impacts of WUI fires (i.e., risk to life and property, unhealthy air quality, and
cost of suppression) can be reduced if fire managers have access to reliable fuel maps (that
is, boreal vegetation maps) for the development of effective fuel and fire management
strategies [9,10]. Enhanced fuel mapping is also essential for the strategic planning of
wildfire mitigation [4].

Remote sensing is a viable approach to map the vegetation of the boreal forests,
considering the region’s remoteness and vastness [11-15]. The Landscape Fire and Resource
Management Planning Tools Project (LANDFIRE) provides geospatial products to state
and federal fire suppression agencies for wildfire mitigation [16,17]. The traditional map
products provided by the LANDFIRE for Alaska’s boreal domain lack granularity needed
for fire management at the fire incident (meter) scale. LANDFIRE products are derived
from Landsat 8 multispectral data, which has few spectral bands and moderate spatial
resolution (30 m). Additionally, these products have classification accuracies in the range
of 20% to 45%, leaving considerable room for improvement [18]. In Alaska, effective
management of fuels and active fire requires improved fuel maps at the species level.

Advancements in airborne hyperspectral remote sensing provide an efficient approach
to retrieve essential information for better characterization of forest fuels [14,19-21]. A
number of studies have shown that hyperspectral data is much more effective than mul-
tispectral data for detailed vegetation mapping at species or stand scales [14,22-30]. The
narrower bandwidths and improved spatial resolution of airborne hyperspectral datasets
makes them much more effective than multispectral datasets at distinguishing visually
similar vegetation classes. However, one of the major challenges with airborne hyperspec-
tral technology is the cost of data acquisition. Currently, available hyperspectral datasets
collected as part of the NASA Arctic-Boreal Vulnerability Experiment (ABoVE) and God-
dard’s LiDAR, Hyperspectral, and Thermal Imager (G-LiHT) programs cover only a small
portion of the boreal domain. There is a need for greater spatial coverage and frequency
while providing detailed spectral information similar to hyperspectral datasets.

Few studies have attempted to address this need through the simulation of hyperspec-
tral data using publicly available multispectral datasets [31-33]. Zhang et al. [33] proposed
a spectral response approach that used the Universal Pattern Decomposition Method
(UPDM) for hyperspectral simulation from Landsat 7 Enhanced Thematic Mapper Plus
(ETM+) and Moderate Resolution Imaging Spectroradiometer (MODIS) data. Liu et al. [31]
followed a similar approach in which they simulated 106 hyperspectral bands from EO-1
Advance Land Imager (ALI) multispectral bands using standard ground spectra of water,
vegetation, and soil. They performed Land-Use and Land-Cover (LULC) classification
using the Spectral Angle Mapper (SAM) classifier and obtained an overall accuracy of 87.6%
from the simulated hyperspectral data compared to 86.8% from ALI data. Tiwari et al. [32]
used a similar simulation technique to generate a LULC map for a site located in northern
India. They simulated hyperspectral data from Landsat 8 Operational Land Imager (OLI)
multispectral data using spectra of vegetation, water, and sand as the endmembers. Using
a SAM classifier, they obtained an overall accuracy of 69.4% from simulated hyperspectral
data compared to 63.0% accuracy from OLI data.

Airborne Visible/Infrared Imaging Spectrometer-Next Generation (AVIRIS-NG) is the
most advanced imaging spectrometer developed by NASA's Jet Propulsion Laboratory
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(JPL). The AVIRIS-NG sensor offers a higher signal-to-noise ratio, excellent system calibra-
tion, and more accurate image geo-rectification [34]. The data are available at wavelengths
ranging from 380 to 2510 nm with a 5 nm bandwidth, at spatial resolutions of a few meters
(depending on flying height) (Figure 1). Previous studies [31,32] attempted to simulate
Hyperion data from EO-1 ALI and Landsat 8 OLI multispectral datasets in order to improve
LULC classification. The Hyperion sensor flew on the EO-1 satellite from 2000 to 2017,
and it has 242 spectral bands in the range of 400-2500 nm and 30 m spatial resolution [35].
Simulation of AVIRIS-NG data is as yet unexplored, and that offers an opportunity to
explore AVIRIS-NG data simulation to generate low-cost hyperspectral data for improved
vegetation and LULC mapping. Sentinel-2 is the most recent multispectral sensor with
global coverage and open data access. It has 13 spectral bands (spatial resolution: 10 m
for visible-near infrared bands, and 20 m for SWIR bands) (Figure 1), especially the pres-
ence of red edge, NIR, and SWIR bands, and higher spatial resolution makes it apt for
hyperspectral simulation [36-38].

SENTINEL-2 AVIRIS-NG
(Multispectral) (Hyperspectral)

1t i
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Figure 1. The graph at the center shows the overlap of AVIRIS-NG and Sentinel-2 bands. A reflectance
profile of a vegetation pixel extracted from AVIRIS-NG (blue line). The columns represent Sentinel-2
bands (cream color); numbers at the top of the column are Sentinel-2 band numbers.

The overarching goal of this study is to generate low-cost and high-quality hyperspec-
tral data from widely available Sentinel-2 data to meet the need for greater spatial and
temporal coverage of hyperspectral data for improved vegetation and fuel mapping in
the boreal forest. In this study, we simulated an AVIRIS-NG hyperspectral dataset from
a Sentinel-2 multispectral dataset using the UPDM spectral reconstruction approach for
the boreal forest of Alaska. Since birch (Betula papyrifera: a deciduous species) and spruce
(Picea mariana: a coniferous species) are the dominant trees at the test site, and accurately
distinguishing coniferous and deciduous forest is essential for fire behavior modeling,
we used the spectra of birch, spruce, and gravel (bare ground and rocky areas) as the
endmembers for simulation. We visually and statistically compared the results of the
simulated hyperspectral dataset with the AVIRIS-NG dataset.

2. Materials and Methods
2.1. Study Area

The Caribou-Poker Creeks Research Watershed (CPCRW) is spread over a 104 square
km area reserved for scientific study, including ecology, meteorology, and hydrological
research. CPCRW is located in interior Alaska, 64 km northeast of Fairbanks (65.15° N,
147.50° W). We selected a test site within CPCRW for this study (Figure 2), where we had
availability of an AVIRIS-NG scene. The air temperature varies from winter minima of
—50 °C to summer peaks reaching 33 °C, with a long-term annual mean temperature of
—3 °C. This area is typically under snow cover between October and April. The mean
annual precipitation is about 262 mm, and 30% of it is in the form of snowfall [39].
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Caribou-Poker Creeks Research Watershed,
(Interior Alaska)
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Figure 2. Study area: Caribou-Poker Creeks Research Watershed (CPCRW). Right: AVIRIS-NG subset
(R:54, G:36, B:18; date acquired: 21 July 2018); white dots show the field survey locations.

2.2. Processing Workflow

Figure 3 shows the processing workflow. The input data consists of Sentinel-2 mul-
tispectral imagery, the Spectral Response Function (SRF) of Sentinel-2 and AVIRIS-NG
sensors, and spectra of birch, spruce, and gravel collected using the Spectral Evolution® PSR
+ 3500 hand-held spectroradiometer (Spectral Evolution Inc., Lawrence, MA, USA). The
PSR + 3500 provides reflectance data in the range of 350-2500 nm at 1 nm spectral resolution
for a total of 2151 channels.

The methodology is divided into four major phases: (1) field data collection, (2) remote
sensing data preprocessing, (3) hyperspectral simulation, and (4) validation.
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Figure 3. Flowchart showing processing workflow of hyperspectral simulation and validation.

2.3. Field Data Collection

We collected all field data during the summer of 2019 and 2020. We collected several
leaf spectra samples for different tree/shrub species using a PSR + 3500 Field Spectrora-
diometer. We collected the field spectra on 17 August 2019 between 11:00 to 14:00 (weather:
sunny with clear sky; solar noon: 14:06). We collected spectra holding the optic 2 inches
away from leaves and collected a minimum of 4 samples for each endmember. We used
the mean endmember spectra in the simulation [20].

For the image classification, we recorded tree locations from stands where one type
of tree species was present in clusters or groups. This enabled us to identify near to pure
pixels for training and testing the image classifier as well as to reduce the background noise.
In Figure 2, the white dots denote the locations of the sample sites. We surveyed sample
sites using a Trimble Real-Time Kinematic (RTK) Global Positioning System (GPS) unit that
offers millimeters positional accuracy. The study site (CPCRW) is part of protected state
forests. The vegetation change at this site due to natural succession takes places at multiple
decade to century time scales. However, dramatic vegetation change can occur due to
wildfires or insect outbreaks. During the field survey, we did not observe any evidence
of fire or insect outbreak within the study area. Also, we are not aware of any report of
forest damage or change in the study areas since 2018 (when the AVIRIS-NG image was
collected). So, we are certain that the use of field data collected in 2019 and 2020 for image
classifier training and classification accuracy assessment are reasonable and resulted in
accurate and reliable map products.

2.4. Remote Sensing Data Preprocessing
2.4.1. Multispectral Data Preprocessing

We used atmospherically corrected Sentinel-2 Level-2A reflectance data available
from the European Space Agency (ESA) Copernicus Open Access Hub [38] acquired on
24 July 2018. Sentinel-2 bands are available in different resolutions. The visible bands
(band 2, 3, and 4) and the NIR band (band 8) have 10 m resolution, while the vegetation
red edge bands (bands 5, 6, 7, and 8A) and the SWIR bands (band 11 and 12) have 20 m
resolution. We resampled the pixels of all the bands with 20 m resolution to the lowest pixel
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resolution of 10 m to keep the pixel counts the same for all bands in the simulation. We
removed coastal aerosol, water vapor, and cirrus bands from the data, and layer-stacked
the remaining bands. From the stacked data, we clipped out the study area. Sentinel-2 data
preprocessing was performed in the Quantum GIS (QGIS) software version 3.4 developed
by the QGIS development team [40].

2.4.2. Hyperspectral Data Preprocessing

In this study, we used an AVIRIS-NG level 2 [41,42] product acquired on 21 July
2018, which covers a portion of CPCRW. The AVIRIS-NG scene has 425 bands and 5 m
spatial resolution. Some of these bands were removed since they were from wavelengths
dominated by water vapor and methane absorption and contained noise due to atmospheric
scattering and poor radiometric correction. We refer to such bands as bad bands. All the
bad bands were removed from the original scene using the ENVI classic software [43].
We manually visualized each band and removed the noisy bands, resulting in a 332-band
subset. Table 1 identifies all the bands which we removed from the original AVIRIS-NG
data [44]. We used a spatial subset of the AVIRIS-NG scene for the study.

Table 1. List of bad bands removed from AVIRIS-NG.

Bands Wavelength (nm) Remarks
1-30 376.85-522.09985 Noise due to atm0§pheri§ scatjcering and
poor sensor radiometric calibration
196-210 1353.55-1423.67 Water vapor absorption bands
288-317 1814.35-1959.60 Water vapor absorption bands
Noise due to poor radiometric calibration
408-425 2415.39-2500.00 and strong water vapor and methane
absorption

2.5. Hyperspectral Simulation

The process of hyperspectral data simulation is divided into three steps: (1) ground
spectra normalization, (2) calculation of weighted fractional coefficients, and (3) hyperspec-
tral data simulation.

2.5.1. Ground Spectra Normalization

We used ground spectra from multiple locations for all three endmembers: birch,
spruce, and gravel, and used their mean spectra in the simulation. We normalized each
endmember spectrum by convolving it with the spectral response function (SRF) of both
the multispectral and the hyperspectral sensors. The SRF is the probability that the sensor
will detect a photon of a given frequency and it depends on the central wavelength and
the bandwidth of the sensor [45]. The Sentinel-2 SRF was obtained from the Sentinel-2
document library [46]. The SRF of AVIRIS-NG was not directly available, but the Full
Width at Half Maximum (FWHM) values were available. We used a Gaussian function
to generate the AVIRIS-NG SRF [31], assuming that the peak of the Gaussian curve with
respect to the central wavelength is at 1 (Equation (1)). We used Equation (2) to determine
the bandwidth, c.

_ A=A
g(Aj, o) =exp 27 1)
~ FWHM;

N @)

where:
g = gaussian function
i = band number
A = central wavelength
0 = bandwidth
A = wavelength
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FWHM; = Full Width at Half Maximum values for each band
Using the above Gaussian function, we constructed the SRF for all the bands of
AVIRIS-NG.

2.5.2. Calculation of Weighted Fractional Coefficients

In this step, we used the Universal Pattern Decomposition Method (UPDM), a linear
unmixing method, used to model landcover in proportion to the endmember spectrum
present in each pixel of the image [31,32,47]. This method uses normalized ground spectra
and the reflectance from multispectral data to estimate weighted fractional coefficients. This
method assumes that each pixel of the multispectral data is a linear mixture of normalized
ground spectra in the image using Equation (3):

R; =X, (P;. C) ®3)

where:

i = Number of bands (1 to m)

j = Number of endmember or class (1 to n)

R; = Reflectance value of i pixel in the image

Pj; = Field spectra of the jth component, i.e., classes

C;j = Fraction of coefficient of the j component within the pixel

We can represent the linear unmixing equation for all the pixels in the image in matrix
form using Equation (6):

R =PC 4)
R = Pbe + PsCs + PgCg (5)
Ry Py Py Pyq
Ry Py P Py Co
. = . . . . Gs (6)
. . . : Cg
Ry Py Pys Png

where:
R = total pixel reflectance
C = proportion of class
P = normalized ground reflectance

b = birch
s = spruce
g = gravel

n = number of bands
For a multispectral sensor, we can represent Equation (4) as:

Ry = PuCum (7)

Cm can be calculated via inversion by applying the least squares method in Equation (7):

-1
Cm = (P\f. Py) . P\L. Ryt 8)

We calculated Cy; using the multispectral data and Equation (8). It is the fraction of
each endmember in a pixel (i.e., fractional coefficient) in the form of a matrix for the whole
image. Ry is the matrix with reflectance values from Sentinel-2 multispectral data and Py,
is a matrix that contains the normalized ground spectra (birch, spruce, and gravel).

2.5.3. Hyperspectral Data Simulation

This step requires the fractional coefficient image of the multispectral data and the
SRF of the hyperspectral sensor as inputs. For a pixel, the proportion occupied by an
endmember will be the constant at a constant spatial resolution, irrespective of the sensor
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type. The simulated hyperspectral data will have the same spatial resolution as Sentinel-2
data. Therefore, the fractional coefficients (Cps) calculated using the multispectral data
(Section 2.5.2.) will be the same. We also normalized the ground spectra of the three classes
using SRF of hyperspectral data, as mentioned in Section 2.5.1. By using these two matrices,
we calculated the simulated reflectance values using Equation (9):

Ry =Py.Cqy 9)

Since Cy = Cp, we can replace Cy in Equation (9) with value Cy, from Equation (8):
-1

Ry = Py. (P\]. Py) - P\L. Ry (10)

Here, in Equation (10), Ry contains the reconstructed band values of the hyperspectral
data, in the form of a matrix. This matrix was written as a raster file (GeoTiff format).

We performed hyperspectral data simulation in Python 3 [48] using Pandas library [49]
to handle the data in a data frame format. Further, we used the Numpy library [50] to
perform the matrix calculations. Finally, we used the GDAL library [51] to work with raster,
especially to read and write the image data.

2.6. Validation

We validated the simulated hyperspectral data using visual interpretation, statistical
analysis, and by comparing image classification results.

2.6.1. Visual and Statistical Analysis

We observed spectral signatures of different classes collected from AVIRIS-NG data,
Sentinel-2 data, and simulated hyperspectral data, and further validated them using the
field data. We compared the reflectance values and visually analyzed the pattern of the
spectra. We also calculated the Pearson’s correlation coefficient to evaluate the relationship
between the spectra of simulated hyperspectral data and AVIRIS-NG data.

We performed a visual comparison using the Colored Infrared (CIR) image, also
known as False-Color Composite (FCC) image, generated with bands 97, 56, and 36 as RGB
for the AVIRIS-NG and simulated hyperspectral image, and with bands 8, 4, and 3 as RGB
for the Sentinel-2 image. We considered and analyzed different areas of interest based on
how they differ visually in terms of the landcover pattern.

We computed the band-to-band correlation between the simulated hyperspectral data
and the AVIRIS-NG data. This analysis indicated the degree of similarity to AVIRIS-NG
bands and allows us to identify bands with low correlation values.

2.6.2. Classification

We classified the simulated hyperspectral data, AVIRIS-NG hyperspectral data, and
Sentinel-2 data, and then compared results to validate the simulated hyperspectral data.
Due to the presence of a large number of bands in both hyperspectral datasets, it was
essential to select a suitable classifier. We chose a Random Forest (RF) classifier [52] to
perform the classification due to its ability to deal with many features (bands). Another
advantage of using RF was that there are only two user-defined parameters: the number
of decision trees and the number of features per subset. RF produces each decision tree
independently, and it splits each node of the decision tree using a number of features [53].
We performed RF classification using the ‘RandomForestClassifier” function of the scikit-
learn library [54] in Python 3, and both user-defined parameters were kept constant in all
three cases. A low number of decision trees tend to create a bias in the result when dealing
with multidimensional datasets, while with a high number of trees, the error gets stabilized.
Hence, we took 500 decision trees for training the classifier [53]. We obtained the features
per subset by calculating the square root of the total number of bands. Therefore, in our
case, the number of features per subset will be 1/(332) ~ 18. We trained the RF classifier
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using the field survey locations as a guide and performed species-level classification in all
three cases.

We surveyed vegetation at 29 plots in the field, of which 30% were used for testing the
classification accuracy while the remaining plots were used to train the classifier. The total
number of pixels surveyed on the ground for each class are presented in Table 2.

Table 2. Class-wise total number of pixels surveyed on the ground during fieldwork.

Class Number of Pixels
Spruce 1847

Birch 426

Alder 302
Gravel 129

When using a machine learning classifier for LULC classification, it is preferable to
have the same number of pixels in all the classes [55]. In our case, the number of pixels
in the training and testing datasets for each class was different (Table 2), so to balance
the pixels in all the classes, we applied the Synthetic Minority Oversampling Technique
(SMOTE) [56]. SMOTE is an oversampling technique that duplicates the classes having
fewer samples using the minority data population. While it increases the data, it does not
add any new information to the machine learning model.

For accuracy assessment of the three classification outputs, we calculated confusion
matrices [57], which indicate how many pixels are correctly identified. From the confusion
matrix, we can evaluate the accuracy of each class in terms of producer accuracy, user
accuracy, and kappa value. Producer accuracy identifies how often the real features on the
ground are correctly shown on the map. Conversely, the user accuracy indicates how often
the class on the map will be present on the ground.

2.7. Fuel Type Classification

We classified the simulated hyperspectral data using a Random Forest classifier to
generate a fuel map of the study area. We identified different fuel classes from the ground
data based on the fuel guide provided by the Alaska Wildland Fire Coordinating Group [58].
We used ground data from 58 surveyed field plots in 2019 and 2020 and were able to identify
a total of 7 fuel classes.

3. Results

We simulated 332 bands of AVIRIS-NG based on the Sentinel-2 multispectral data and
performed species-level as well as fuel-level classification. Figure 4 shows color infrared
(CIR) images of the simulated hyperspectral data along with the AVIRIS-NG and Sentinel-2
data at the study site. Visual comparison of AVIRIS-NG and simulated hyperspectral data
demonstrated high spatial and spectral similarity (Figure 4). Since these images are in
CIR composition, broadleaf vegetation appears bright red. The central region of the study
site mostly consists of deciduous forest and dense canopy. The top and the bottom region
of the study site are dark green due to the dominance of needle-leaved species (mostly
black spruce).
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Figure 4. CIR image of Sentinel-2 (R: 8, G: 4, B: 3) data, simulated hyperspectral data (R: 97, G: 56,
B: 36), and AVIRIS-NG data (R: 97, G: 56, B: 36).

3.1. Spectral Profile Comparison

The simulated hyperspectral data capture most of the absorption features and re-
flectance patterns present in the original AVIRIS-NG data. Figure 5 shows the comparison
between spectral profiles of birch vs. spruce. The spectral signatures were selected from
the regions where clusters of respective species were available on the ground.
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Figure 5. Cont.
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Figure 5. Comparison of spectral signature of (a) birch and (b) spruce for the three datasets.

We found correlation coefficients (r) of 0.97 and 0.92 between the reflectance values of
the simulated hyperspectral data and the AVIRIS-NG data for birch and spruce, respectively.
We also observed that for both cases, the spectra almost overlapped in the NIR region,
while there were some minor deviations in the visible and the SWIR regions. The strong
positive correlations confirm that the simulated hyperspectral data is capturing most of the
absorption features and reflectance patterns present in the original AVIRIS-NG data.

3.2. Visual Interpretation

The simulated hyperspectral data match very well with the actual hyperspectral data
upon visual inspection (Figure 6). In Figure 6a, a trail can be identified in the middle of
the study area. In the Sentinel-2 image, the trail was hardly visible, and it was difficult to
discriminate between the different vegetation classes, while in the case of the simulated
hyperspectral image, the vegetation classes were easily differentiable, and the trail is clearly
visible (enlarged in yellow circle). Indeed, the simulated hyperspectral image conveys a
level of detail that looks similar to that of the original AVIRIS-NG image. In Figure 6b,
we highlight a square patch of young alder and birch on the ground (in the yellow circle).
In the simulated hyperspectral data and AVIRIS NG image, the features of the patch are
easily distinguishable, but less so in the Sentinel-2 image. A third area with patches of
low-growing vegetation including moss, cottongrass, tussock, and low shrub (blueberry
and dwarf birch) was distinguished by the simulated hyperspectral image and AVIRIS-NG
but not in the Sentinel-2 image (see yellow circle, Figure 6¢). In the simulated hyperspectral
image, more features and vegetation classes can be identified, similar to the AVIRIS-NG
data. In contrast, in Sentinel-2, most of the area is covered by a single class.
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Sentinel-2 data Simulated hyperspectral data AVIRIS-NG data

/

Figure 6. Visual analysis of the simulation result using CIR image composite for 3 areas: (a) central
trail, (b) birch and alder patch, and (c) moss, blueberry, and dwarf birch.

3.3. Statistical Analysis

In the simulated hyperspectral image, most bands showed good correlation with
AVIRIS-NG, while a few showed a low correlation (Figure 7). There was high correlation
in the NIR region, while correlation was poor in the visible and SWIR ranges.
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Figure 7. Band-to-band correlation between simulated hyperspectral and AVIRIS-NG data.

3.4. Image Classification

Figure 8 highlights the results of species-level Random Forest classification. We
performed the classification with four major classes: black spruce, birch, alder, and gravel.
We obtained higher classification accuracy for simulated hyperspectral data than Sentinel-2
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data. Table 3 shows the accuracy assessment of the three classification outputs. Since we
considered only near to pure pixels for both training and testing, all three classes showed
good classification accuracies. AVIRIS-NG performed the best with 94.6% accuracy and
kappa = 0.93, followed by the simulated hyperspectral data showing 89% accuracy and a
kappa value of 0.85, and finally Sentinel-2, with 77.8% accuracy and a 0.70 kappa value
(Table 4).

Random Forest Classified Images

AVIRIS-NG

Legend

Classes

I Black Spruce
Birch
Alder
Gravel

%% W Unclassified

Figure 8. Tree species classification map generated using the Random Forest classifier for the
three datasets.

Table 3. Confusion matrices of classification results for the three datasets.

Sentinel-2 Classification Confusion Matrix (Test Data)

Reference Data Producer
Black Spruce Birch Alder Gravel Total Accuracy(%)
- Black Spruce 642 33 9 22 706 90.9%
E Birch 0 488 218 0 706 69.1%
§ Alder 0 61 543 102 706 76.9%
Gravel 183 0 0 523 706 74.1%
Total 825 582 770 647 2824
User Accuracy (%) 77.8% 83.8% 70.5% 80.8%
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Table 3. Cont.

Simulated Hyperspectral Classification Confusion Matrix (Test Data)

Reference Data Producer
Black Spruce Birch Alder Gravel Total Accuracy
m Black Spruce 666 0 40 0 706 94.3%
g Birch 53 653 0 0 706 92.5%
§ Alder 0 42 563 101 706 79.7%
Gravel 0 21 53 632 706 89.5%
Total 719 716 656 733 2824
User Accuracy (%) 92.6% 91.2% 85.8% 86.2%
AVIRIS-NG Classification Confusion Matrix (Test Data)
Reference Data Producer
Black Spruce Birch Alder Gravel Total Accuracy
. Black Spruce 688 0 17 1 706 97.5%
g Birch 0 679 5 22 706 96.2%
§ Alder 0 39 667 0 706 94.5%
Gravel 38 0 37 631 706 89.4%
Total 726 718 726 654 2824
User Accuracy (%) 94.8% 94.6% 91.9% 96.5%

Table 4. Overall accuracies of the classification results for the three datasets.

Data Overall Accuracy
Sentinel-2 77.8%
Simulated hyperspectral data 89.0%
AVIRIS-NG data 94.4%

For all the classes, the classified AVIRIS-NG dataset gave the best results for the
user and the producer accuracy (Figure 9). Also, there was a substantial improvement in
the accuracy of all the classes in the case of simulated hyperspectral data results when
compared to the Sentinel-2 results.

Producer Accuracy Comparison User Accuracy Comparison
100% 100%
80% 80%
e &
& s0% T 60%
: 5
S a0% O 40%
- $
20% 20%
0% 0%
Black Spruce Birch Alder Gravel Black Spruce Birch Alder Gravel

Tree Species Tree Species

mSentinel2 mSimulated wAVIRIS-NG m Sentinel 2 m Simulated mAVIRIS-NG
(a) (b)

Figure 9. Class-wise comparison of (a) producer accuracy and (b) user accuracy obtained from the
classification results for the three datasets.

To assess the effects of the different reflectance values on image classification accuracy,
we reduced the reflectance of the original AVIRIS-NG data by 5% to 25% at an interval of
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5% at each step and performed image classifications and accuracy assessments. We did
not find any significant change in classification accuracy (Figure 10) due to a reduction in
reflectance values. Based on these observations, we conclude that (up to 25%) differences
in reflectance values (between original AVIRIS-NG and simulated hyperspectral data) have
little or no impact on overall image classification accuracy.

Variation in Classificaiton Accuracies with
Reduction in Reflectance Values (AVIRIS-NG)

o
o

|

Classification accuracy
fod ©
(3] o

@
o

0% 5% 10% 15% 20% 25%
Percentage reduction in Reflectance Values

Figure 10. Variation of Accuracy with reduction in reflectance values of AVIRIS-NG data.

3.5. Fuel Map

Upon fuel type classification, we found that the simulated hyperspectral data provided
65% overall accuracy, while classification accuracy of Sentinel-2 data was 56%. Figure 11
shows the fuel map, where we classified a total of 7 fuel types.

Random Forest Classified Fuel Map for Caribou-Poker
Creeks Research Watershed (CPCRW)

A Alaska

60°0'N -

70°0'N

65°0'N

55°0'N

60°0'N

50°0'N = A, _, 3000 800 tem- 56°0'N
il

180°0°  170°0'W 160°0'W 150°0'W 140°0'W

Fuel Classes
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[771 Black Spruce-Tamarack Forest

[ Closed Tall Alder-Willow
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Il Spruce-Paper Birch-Aspen Forest

I Gravel

Il Unclassified

Figure 11. Fuel type map for study area generated using Random Forest classification on the
simulated hyperspectral dataset.
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4. Discussion

This study demonstrated the potential of simulated hyperspectral data for the purpose
of forest fuel mapping. Visual inspection of RGB composites shows that the simulated
hyperspectral image is similar to AVIRIS-NG image in texture, tone, and shading. The
spectral comparison shows that the band-to-band correlations vary by wavelength, with
highest correlations found in the NIR region, moderate in the SWIR region, low in the
visible region, and very low along the red-edge region (Figure 7). This is likely due to NIR
scattering and non-linear mixing. In a study by Roberts et al. [19], non-linear mixing results
in residual errors along the red-edge. These errors are present because plants do not scatter
much in the visible region but do scatter in the NIR region. Since the NIR dominates the
mixture, this results in high NIR correlation, but lower visible and SWIR correlation. We
can minimize this problem by using field spectra collected at a scale that includes multiple
scattering [20].

We found that the difference in reflectance values over the near infrared region
(700-1400 nm) is relatively small, and the visual pattern of the spectra is also similar.
Notable differences in the reflectance values in the SWIR region (1500-1800 nm) were
observed. Zhang et al. [47] performed a similar simulation in which the simulated spectra
showed little to no difference below 1000 nm, but a notable difference was found above
1000 nm wavelength when compared with the original spectra. This difference could be
due to the variation in spatial resolution, especially in the SWIR region, 20 m for Sentinel-2
vs 5 m for AVIRIS-NG. The pixel resampling also contributed to the difference in reflectance
value, where we resampled the 20 m pixel size of the Sentinel-2 SWIR region to a 5 m pixel
size. The atmospheric corrections applied to Sentinel-2 data and AVIRIS-NG data were
different due to the fact that Sentinel-2 data was captured from space while AVIRIS-NG
data was captured from an aircraft at an altitude of 10.6 km, and that the data had different
acquisition dates [59]. Therefore, the instantaneous field of view and the atmospheric cor-
rections for these sensors are appreciably different, contributing to differences in reflectance
values [31,60].

Visually, the simulated hyperspectral data appears similar to the AVIRIS-NG data,
with minute spatial details preserved. The overall observation is that the simulated hyper-
spectral imagery provides an improved spectral resolution from Sentinel-2 imagery. We
used three endmembers, and yet, areas of different vegetation cover types (moss, blueberry,
and dwarf birch), which are not distinguishable in Sentinel-2 data, are clearly differentiable
in the simulated hyperspectral data. In an open forest setting, woody materials such as
downed logs, standing tree boles, dry grass, and leaf litter, together referred to as non-
photosynthetic vegetation (NPV), can contribute to the reflectance of an image pixel [19].
In this study, we did not use NPV as an endmember. It would be interesting to further
experiment with this simulation by adding a NPV variable in the UPDM equation as an
endmember. Shade is another endmember that could be added to the equation, especially
when working on the boreal forest where the canopy density is low.

In agreement with Liu et al. [31] and Tiwari et al. [16], we obtained higher classification
accuracy from simulated hyperspectral data than the Sentinel-2 data (Table 4). The majority
of misclassifications were gravel pixels. Gravel is mostly present on the narrow trails, and
the young alder and birch patches present along the gravel trails were responsible for
the misclassifications. Gravel was also misclassified with black spruce due to the open
canopy structure, resulting in training pixels which included portions of ground reflectance
reducing signal purity. In the case of Sentinel-2 results, birch was often misclassified with
alder because of their spectral similarity, while simulated hyperspectral data performed
better in discriminating these two species. This finding supports the notion that the
simulated hyperspectral data can capture the minute spatial and spectral details of real
hyperspectral data. The strength of this simulated dataset lies in providing spectrally
enhanced data which can be used for detailed LULC classification. Tiwari et al. [32]
used the UPDM technique to simulate Hyperion data for land cover classification at a
test site in northern India, and obtained 6.45% improvement in mapping accuracy over
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ALI multispectral data. Likewise, in this study, we successfully simulated AVIRIS-NG
hyperspectral data for species-level and fuel-level vegetation mapping at a test site in the
boreal forest and obtained 11.2% improvement in mapping accuracy over Sentinel-2 data.

When we performed the fuel type classification, the simulated hyperspectral data
achieved an overall classification accuracy of 65%. Smith et al. [14] carried out a detailed
fuel type mapping from the original AVIRIS-NG data for the same study site and reported
an accuracy of 61%. This suggests that simulated hyperspectral data can provide compa-
rable mapping accuracy to real AVIRIS-NG data. Overall, these findings suggest that the
generation of fuel maps from low-cost simulated hyperspectral data using the UPDM is
feasible for Alaskan boreal forests.

5. Conclusions

The study aimed to simulate hyperspectral data from multispectral data and evaluate
its utility compared to real hyperspectral data for fire fuel mapping. We found the universal
pattern decomposition method (UPDM) to be a reliable algorithm for spectral unmixing.
This algorithm requires ground measured spectra, and SRF from both multispectral and
hyperspectral sensors. The algorithm is sensor-independent. Using UPDM, we successfully
simulated 332 bands of AVIRIS-NG data from Sentinel-2 multispectral data. We validated
the simulation results through visual interpretation, statistical comparison, and image
classification. The visual inspection of simulated hyperspectral imagery reveals details
of the vegetation fuel complex that are significant for predicting fire behavior but not
discernible in the 30 m resolution multispectral imagery. There was a high correlation
between the spectral signature of the tree species generated from actual and the simulated
hyperspectral data as well as high band-to-band correlation between both of the datasets.
Finally, the classification results validated the improvement in fuel mapping accuracies for
each class when compared with Sentinel-2 data. Our simulation results are encouraging
and offer a path forward to generate a detailed fuel map for the entire boreal domain,
which would be extremely useful for fire management and fuel treatment.
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